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Featured Application: The results from these studies apply to local environmental health depart-
ments, resource managers, scientists studying wastewater systems, and agricultural operations
using land applications of septage, since there are few studies that have quantified phosphorus
and heavy metal concentrations in residential septage collected from septic systems.

Abstract: Septic systems are used for wastewater treatment in rural areas. Septic tanks promote
stratification of wastewater into solid (sludge and scum) and liquid layers. Pollutant concentrations
in the layers of residential septic tanks may be highly variable, and thus septage pumped from tanks
with different layer thicknesses may also be variable. The goal of this study was to quantify the total
phosphorus (TP) and heavy metal concentrations and masses of residential septage. The solid and
liquid layer thicknesses were measured in 37 septic tanks. Samples were collected from each layer
for pollutant concentration analysis. The median TP concentration (10.6 mg L−1) was greatest in the
sludge layer, followed by the scum (5.3 mg L−1) and liquid (1.8 mg L−1) layers. Concentrations of
heavy metals were highly variable for each layer type. The masses of the TP, cadmium, copper, lead,
nickel, and zinc contained median (range) values of 19.4 g (0.9–1041 g), <0.01 g (<0.01–1.99 g), 1.3 g
(0.1–520 g), 1.8 g (<0.01–44.2 g), 1.3 g (<0.01–4.3 g), and 13.8 g (0.3–788 g), respectively. Since septage
is typically applied on land as a soil amendment for crop growth, it is important that representative
composite samples are collected to prevent excess buildup of TP and metals, which may harm yields
or environmental health.

Keywords: residential septage; phosphorus; heavy metals; onsite wastewater; septic systems; land
application; biosolids

1. Introduction

Many rural and suburban areas across the United States rely on septic systems as their
primary method of wastewater treatment. For example, approximately 25% of US residents
and half of the population of North Carolina utilize septic systems [1]. Conventional-style
septic systems collect raw wastewater and discharge septic tank effluent to the subsurface.
Pollutants in the effluent are treated in soil via various processes (e.g., adsorption, filtration,
precipitation, and/or dilution), and the treated effluent eventually mixes with groundwater
and may drain to adjacent surface water [2,3]. Primary treatment occurs in the septic tank,
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where raw wastewater stratifies into 3 layers—scum, liquid, and sludge—and collectively,
these layers are called septage [3]. The scum and sludge layers gradually thicken overtime
and, without routine maintenance (e.g., pumping the tank every 3–5 years), can potentially
cause sewage backup or premature failure of the drainfield via clogging with solids [4]. In
the United States, septic system malfunction rates are estimated to be <7–13% [5], whereas
other work has estimated this range as typically being between 10 and 20% [3], and some
communities have reported up to 70% failure rates [6]. Poorly operated or maintained
septic systems increase the risk of hydraulic malfunctions, which may result in ponding of
effluent at the surface. Common reasons for hydraulic malfunction include effluent loading
rates that exceed the infiltration capacity of soils, presence and thickness of the biomat layer
under drainfield trenches and the infiltration rate through the biomat, septic tanks that
are damaged or overloaded with soils, and clogged drainfield trenches [5,7]. Hydraulic
malfunctions resulting in surfaced effluent can greatly reduce the treatment of nutrients,
since these failures bypass subsoils beneath the drainfield where most of the treatment
occurs [2,7–10]. Septage pumped from tanks is often lime stabilized and later applied on
agricultural, forested, pastoral, or disturbed lands for use as a soil amendment [11–13].

Land application of septage replenishes soil nutrients (e.g., nitrogen and phosphorus),
organic matter, and micronutrients (e.g., nickel, zinc, and copper) and improves soil texture
and water holding capacity [12]. To maximize the soil fertility benefits from land application,
biosolids should be applied to agricultural or pastoral lands before or during the growing
season [14]. In addition to organic compounds and nutrients, septage can contain trace
elements including heavy metals [15–20], microorganisms, and micropollutants [15], which
may pose an exposure risk for humans if attenuation of the pollutants does not occur in the
soil beneath the application fields, or sediment-bound contaminants may be transported to
local surface waters via overland flow. Repeated application of biosolids on agricultural
lands can eventually result in the buildup of phosphorus and metals in the soil and increase
the potential for leaching of these elements to groundwater [18,21–23]. Toxic concentrations
of heavy metals in soil may also lead to elevated concentrations in crops, which can be
harmful for humans upon consumption [15]. Therefore, it is important that the mass of
phosphorus and metals in septage is accurately measured, especially for lands that have
received biosolids for many years.

Wastewater contains elevated concentrations of total phosphorus (TP) [3,24–29], where
76–99% of TP occurs as orthophosphate (PO4-P) [24,28–31]. Previous studies [3,24–27] have
shown that TP in raw wastewater and septic tank effluent can range between 2.90 and
39.5 mg L−1, though the concentrations in septic tank effluent tend to be lower than those of
raw wastewater due to the primary treatment [29]. These studies characterized phosphorus
concentrations in the liquid layer of septic tanks. Phosphorus and metal concentrations in
the sludge and scum layers of the septic tank are currently underrepresented in the litera-
ture. Septic tanks are designed with baffles, sanitary tees, or effluent filters to retain sludge
and scum. However, these solids are applied to agricultural fields via land application,
along with the liquid portion of the wastewater [11–13]. Septage is periodically sampled
prior to land application to assess the nutrient and metal contents and to gain perspective
on the loading rate of phosphorus and metals via land application. If significant differences
between phosphorus and metal concentrations are observed when comparing the liquid
layer to the scum and sludge layers, then protocols for obtaining a representative composite
sample will be important for accurate estimates of nutrient and metal loading to soil via
land application of septage. Therefore, quantifying the nutrient and metal concentrations in
these layers and the thickness of the layers may help improve the management of septage.

Septic tank pumping is one of the most important routine maintenance activities
associated with owning a septic system [32,33]. The frequency that a tank needs to be
pumped is based upon several factors, including the size of the septic tank and wastewater
generation rates [4]. As the solid layers thicken, the liquid capacity is reduced, and the
residence time of wastewater in the tank decreases, potentially reducing the primary
treatment efficiency. Septic systems with inadequate clarification in the tank (i.e., primary
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treatment) may experience hydraulic malfunction as solid waste exits the tank and clogs the
drainfield trenches. Pumping the tank removes most of the solid waste and re-establishes
volume for the settling of solid waste in the tank, thereby facilitating more effective primary
treatment. End-of-life management of pumped septage can also result in a net reduction
in nutrients and metals at the watershed scale. For example, if a septic tank is pumped in
one watershed, and the septage is land-applied to a different watershed, then there is a net
reduction in nutrients and metals in the watershed of origin. Thus, septic tank pumping
may be considered a best management practice for reducing nutrient and metal loading in
instances where the septage is applied to lands in different watersheds.

The goal of this study was to improve understanding of phosphorus and metal charac-
teristics in residential septage. Few studies have focused on quantifying phosphorus and
metal concentrations in the scum and sludge layers in residential septic systems [34,35], and
those that did were published decades ago. More specifically, the objectives of this study
were to (1) determine the thickness of the scum, liquid, and sludge layers in residential
septage, (2) quantify concentrations and masses of TP and metals in the scum, liquid, and
sludge layers, (3) estimate the total mass of TP and metals present in residential septage
within the studied sub-watershed to Lick Creek, and (4) discuss the broader implications of
land application of septage. This project provided funds for various septic system mainte-
nance activities including septic tank pumping, replacing broken system components, and
cleaning sanitary tees and effluent filters.

2. Materials and Methods
2.1. Study Area, Site Selection, and Tank Pumping

The current study occurred in the Lick Creek Watershed, which is 1 of 14 sub-
watersheds that drain to the Falls Lake reservoir. The reservoir serves as a source of
water, prevents flooding, mitigates downstream water quality issues during droughts,
and provides recreational opportunities [36]. Lick Creek is a water supply watershed for
more than 600,000 residents in Wake County and is also a nutrient-sensitive watershed, as
designated by the state of North Carolina [37]. Water use impairment of Lick Creek has
been an issue since 1998, when it was originally listed on the North Carolina 303(d) list for
fair, poor, or severe bioclassification of benthic habitat [38]. Furthermore, the Lick Creek
arm of Falls Lake exceeded the 40 µg L−1 standard for chlorophyll a, and the turbidity
assessment was inconclusive [38], indicating that nutrients and sediment are potentially
problematic pollutants in the Lick Creek Watershed.

The studied watershed contained a high-density (>1 system ha−1) of septic systems
and was the focal point of a project to improve water quality via the improvement of
wastewater management (Figure 1). Most of the septic systems in the Lick Creek Watershed
have been in operation for at least 40 years. Septic tanks that received pump-outs were
selected based on which homeowners volunteered for the project (n = 37). Eight of the
37 pumped tanks were not located within the selected high-density watershed, but these
systems were located nearby. Local contractors were employed to provide tank pumping
services. The studied septic systems were pumped from August 2015 to February 2017.

2.2. Septage Characterization and Sampling

Before pumping began, the scum, liquid, and sludge layers were measured using
a Sludge Judge to determine the total thickness of each layer and the total depth of the
septage in the tank. The Sludge Judge is a wastewater sampling device consisting of a plastic
tube with graduated depth markings, and at the base of the tubing is a ball valve. The
Sludge Judge was lowered into the septic tank until the bottom was reached, which engaged
the valve and allowed septage to enter the sampler. The Sludge Judge was removed from
the tank, and the thickness of each layer was measured. Physicochemical parameters (pH,
dissolved oxygen, temperature, specific conductance, and oxidation-reduction potential)
were determined in the field using a YSI-556 multiparameter meter for each septage layer.
Samples from the scum, liquid, and sludge layers were transferred to a calibration cup and
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threaded onto a YSI-556 multiparameter meter. When the readings stabilized, the values
were recorded onto field sheets. For each tank, the scum layer was analyzed first, followed
by the liquid and then the sludge layers, and the calibration cup was flushed with tap water
between each layer. Wastewater samples were collected in clean polypropylene bottles and
were lime-stabilized to kill any pathogenic microorganisms present. The lime consisted
of pulverized dolomitic limestone comprised of a combination of calcium, magnesium,
calcium oxide, magnesium oxide, calcium carbonate, and magnesium carbonate and did not
contain any of the analytes discussed later in this subsection. The samples were transported
on ice to the NC Department of Agriculture and Consumer Services laboratory, where they
were analyzed for TP and heavy metals (Cd, Cu, Pb, Ni, and Zn). These heavy metals were
the only metals included in the laboratory’s suite of analytes at the time of the current
study. This laboratory was selected based on its proximity to the monitoring sites and,
more importantly, is commonly used by growers and land appliers to analyze septage
samples to ensure compliance before land application.
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TP and metals were analyzed using acid digestion according to EPA Method 200.7 us-
ing inductively coupled plasma-atomic emission spectrometry [39,40]. For TP, a 5.0-mL
aliquot of liquid waste and a 0.5-g aliquot of dried and ground solid or semi-solid waste
was digested in 10 mL of 15.6 N nitric acid. For heavy metals, liquid waste was analyzed in
a similar manner to TP. However, for solid or semi-solid waste analysis, a 1.0-g aliquot of a
dried and ground sample was digested in 15 or 10 mL of nitric acid, respectively. For TP
and heavy metals, liquid waste was digested for 20 min at 180 ◦C in a Mars 6 microwave
digestion system [41], whereas solid waste was digested for 30 min at 200 ◦C in the same
microwave system [39–41]. The digested samples were mixed with deionized water up to
50 mL in volume and then filtered through acid-washed filter paper before measurement.
After digestion and filtration, concentrations of TP and heavy metals were quantified
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using a Spectro Analytical Spectro Arcos EOP and Arcos II EOP spectrometer. The method
detection limits for each pollutant in liquid and solid waste were the following: 0.22 and
1.10 mg L−1 for phosphorus; 0.020 and 0.100 mg L−1 for cadmium; 0.06 and 0.31 mg L−1

for copper; 0.060 and 0.300 mg L−1 for lead; 0.040 and 0.200 mg L−1 for nickel; and 0.10 and
0.50 mg L−1 for zinc.

2.3. Data and Statistical Analysis

TP and heavy metal concentration data were converted to masses (in grams) us-
ing Equation (1)

Mass = C × 0.00835 lbs
1000 gal

× 453.592 g
1 lb

× Tanksize(gal), (1)

where C is the pollutant concentration (mg L−1).
To determine the relative percent of scum, liquid, and sludge present, the thickness

of each layer was divided by the total depth of the septage. The mass for each layer was
calculated by multiplying the pollutant concentration by the volume. The relative percent
of scum, liquid, and sludge for each tank was determined. A total mass was calculated for
each tank by multiplying the mass of each layer by its percent thickness and adding these
masses together. Watershed masses of TP and metals were estimated by multiplying the
median mass by the total number of septic tanks in the watershed. A Kruskal–Wallis H-test
was used to determine if statistical differences existed in concentrations and masses of TP,
cadmium, copper, lead, nickel, and zinc between the scum, liquid, and sludge layers at a
95% confidence interval. If a significant result was found using the Kruskal–Wallis test,
then post hoc Wilcoxon rank sum tests were used with the Holm p-adjustment factor. All
statistical analyses were completed using the R statistical framework [42]. The data were
compiled into figures using the R statistical framework [42] and the following packages:
“ggplot2” [43], “readxl” [44], and “cowplot” [45].

3. Results and Discussion
3.1. Physical and Chemical Characteristics of Septage

The liquid layer contained the greatest median thickness (73.66 cm) across all pumped
tanks, followed by the sludge (27.43 cm) then scum (2.54 cm) layers (Figure 2). In some
cases (n = 2), the scum and/or sludge layers were thicker than the liquid layer, likely
from infrequent septic maintenance. The US EPA [46] suggests that homeowners should
regularly pump their septic tank, typically every 3–5 years. However, depending on the
size of the septic tank and the number of residents served by the system, the pumping
frequency may need to be adjusted to maintain design performance. Households with
smaller tank volumes and/or those with a greater number of occupants typically require
more frequent pump-outs [4,47]. In the current study, the septic tanks were typically
3785 L (1000 US gallons), and the average person per household in Durham County, North
Carolina was 2.36 people [48]. Assuming the US Census estimate was accurate for the study
area, then the pumping frequency should be approximately 3.7–5.9 years for year-round
residences [47].

The median septic tank contained a total septage thickness of 103.63 cm, with the
scum, liquid, and sludge layers comprising approximately 2%, 72%, and 26%, respectively
(Figure 2). The layer thickness data suggest that most of the tanks pumped in the current
study likely followed routine maintenance guidance. Septic systems should be pumped
whenever the solids level is >33% of the liquid depth in any compartment (15A NCAC
18A.1961(a)(2) [3]). The median septic system contained solid layers (e.g., scum and sludge)
that were approximately 29% of the liquid layer, suggesting that most septic systems were
near the recommended threshold for pumping. At the time of pumping, the percentage of
solids in the tanks ranged from 1% to 90%. There were 4 residences that contained solids
levels that were ≤10%. Therefore, approximately 11% (4 out of 37) of the homeowners
that participated in the study pumped their tank before they needed to with regard to
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solids accumulation. The study area has a predominance of expansive clays with very low
permeability rates that often lead to hydraulic malfunctions and the surfacing of effluent
for conventional-style septic systems [10]. It is possible some system owners may have
pumped their tanks to relieve the hydraulic pressure from saturated drainfield trenches.
The homeowners were informed that the grant would cover expenses to pump the tank,
and thus they may also have been motivated to participate earlier than necessary to pump
their tanks. There were 18 residences with solid levels that exceeded 33% of these residences
and 11 tanks that contained solid levels that constituted >50% of the liquid volume. These
findings suggest that homeowners may benefit from planning tools or guidance to develop
a routine maintenance schedule.
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Physicochemical parameters were similar between the scum, liquid, and sludge layers
(Table 1). Dissolved oxygen values indicated hypoxia and oxidation-reduction potential
indicated a strongly reducing environment in all layers, though the liquid and sludge
layers contained lower values for both parameters than the scum layer. These values were
expected, since the septic tank is an anaerobic environment designed to facilitate primary
treatment, digestion of organic matter, and conversion of organic nitrogen to ammonium [2].
The mean and median values of specific conductance were greatest in the sludge layer,
followed by the liquid and scum layers, but these layers contained considerable overlap in
their ranges.

3.2. Total Phosphorus and Metal in Septage
3.2.1. Total Phosphorus Concentrations and Masses

The results indicate that TP concentrations were elevated in the sludge and scum
layers relative to the liquid layer (Figure 3). Median concentrations of TP in the sludge
(10.60 mg L−1) were double the concentrations observed in the scum (5.30 mg L−1). Despite
differences in median TP concentrations, this difference was not statistically significant
(p = 0.44), which was likely due to the large variability in TP concentrations. The scum
layer contained TP concentrations that ranged from 1.00 to 835 mg L−1, whereas sludge
concentrations ranged from 0.70 to 252 mg L−1. The liquid layers typically contained
the lowest concentrations of TP relative to the scum and sludge layers. The median TP
concentration across all tanks in the liquid layer was 1.77 mg L−1, and the concentrations
ranged from 0.48 to 56.20 mg L−1. The concentration differences were statistically significant
when comparing the liquid to the sludge (p < 0.01) and scum (p = 0.01) layers.

The masses of TP tended to be elevated in the sludge layer, followed by the liquid
and scum layers (Figure 3). The sludge layer contained the greatest median TP mass
(35.60 g), which was approximately 5 and 9 times greater than the liquid (6.70 g) and scum
(3.79 g) layers, respectively. These differences were statistically significant at p < 0.01. The
median TP mass in the liquid layer was approximately double the median of the scum
layer, although this difference was not significant (p = 0.18). Trends between the scum and
liquid layers reversed for TP masses because there were 12 septic tanks (32% of the total)
where the scum layer was less than 1 cm at the time of pumping, and thus there was little
to no TP present. However, the scum layer contained the highest maximum TP value of
3162 g, which was about 3 and 15 times greater than the max values in the sludge and
liquid layers, respectively.

The concentrations of TP in liquid wastewater measured by the current study over-
lapped with those of past studies [3,24–26,31,35,49–52]. These studies found that phospho-
rus concentrations in liquid wastewater can be variable, ranging from 1.20 to 39.5 mg L−1.
In the current study, median TP concentration in liquid wastewater was within the low
end of this range (1.77 mg L−1). Furthermore, 23 septic tanks were within this range of
liquid TP concentrations. Of the 14 tanks that were outside this range, 11 were less than
the range, 1 exceeded the range, and 2 were missing data due to laboratory error. For the
tanks that were lower than the range, the median difference between their observed TP
concentration and the minimum range value was 0.3 mg L−1 (0.03–0.72 mg L−1). The tank
that exceeded the range exceeded it by 16.7 mg L−1. The current study found congruence
in TP concentrations in liquid wastewater.
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Table 1. Mean ± standard deviation of layer thickness and environmental readings for domestic septage. DO = dissolved oxygen; ORP = oxidation-reduction
potential; SC = specific conductance.

Tank Layer

pH Temperature (◦C) DO (mg L−1) ORP (mV) SC (µS cm−1)

Median
(Range) Mean (SD) Median

(Range) Mean (SD) Median
(Range) Mean (SD) Median

(Range) Mean (SD) Median
(Range) Mean (SD)

Scum 6.79
(3.91–7.40)

6.45
(1.06)

27.12
(12.40–32.04)

24.14
(6.72)

1.47
(0.45–9.31)

2.72
(2.90)

−174
(−491–−15)

−184
(154)

1038
(226–2426)

1193
(855)

Liquid 6.87
(5.36–8.04)

6.89
(0.52)

26.79
(11.36–34.90)

25.05
(5.83)

0.85
(0.17–10.07)

1.75
(2.43)

−296
(−554–14)

−278
(127)

1380
(129–2742)

1414
(718)

Sludge 6.69
(5.66–7.77)

6.68
(0.44)

25.07
(12.39–32.07)

23.26
(5.53)

0.63
(0.17–8.8)

1.60
(2.37)

−275
(−508–−1)

−262
(121)

1797
(184–3325)

1810
(981)
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were below detection or layers that were absent at time of sampling. Asterisks (*) represent outliers.

Concentrations of TP in the scum and sludge layers exhibited high variability and
tended to have greater TP concentrations relative to the liquid wastewater. Municipal
wastewater treatment facilities also contained TP concentrations in sludge that exhibited
large variability [53,54]. Few studies have quantified the concentrations or masses of TP in
domestic septage from septic systems [35], but more information is available from septage
collected from municipal wastewater treatment facilities [55,56]. Brandes [35] reported
mean TP concentrations of 281, 100, and 96 mg L−1 across 3 sites. Septage from municipal
wastewater treatment facilities contained similar TP concentrations. The US EPA [56]
reported a mean TP concentration of 210 mg L−1, and Krithika et al. [55] found a mean
TP concentration of 77 mg L−1. The reported range of TP values was 7–760 mg L−1 across
both studies. Assuming the range of TP concentrations was representative of septage from
a 3785-L tank, the TP masses ranged from 18.94 to 2878.50 g. Brandes [35] reported mean
TP masses of 957.86 g, 454.50 g, and 872.64 g across 3 different septic systems, which were



Appl. Sci. 2022, 12, 3336 10 of 21

similar to the TP masses estimated from septage collected from municipal wastewater
facilities. In the current study, the median septic tank contained a TP mass of 46.09 g, which
was within the range reported by these studies.

3.2.2. Metal Concentrations and Masses

Zinc, copper, and lead were the most prominent metals observed across all septage
layers (Table 2). The median concentration of zinc was greatest in the liquid layer, which was
approximately 2.5 and 3 times greater than the scum and sludge layers, respectively. This
difference was not statistically significant (p = 0.13). The scum layer contained the greatest
median value of copper and lead relative to the other septage layers (Table 2). Copper
concentrations between the scum and liquid layers were statistically different (p = 0.05).
There were no significant differences found in copper concentrations when comparing
the sludge to the scum (p = 0.13) or liquid (p = 0.27) layers. While slight differences in
the median concentrations of lead between septage layers were observed, there was no
statistically significant difference (p = 0.56). Median concentrations of nickel were similar
across all septage layers (Table 2). Cadmium concentrations were routinely below the
detection limit in all septage layers, thus the median concentrations were <0.01 mg L−1

(Table 2). The concentrations of these metals were not statistically significant between the
septage layers for both nickel (p = 0.79) and cadmium (p = 0.99).

Table 2. Median (range) and mean (standard deviation (SD)) of trace metal concentration (Conc) and
mass in each septage layer.

Metal
Median (Range) Mean (SD)

Scum Liquid Sludge Scum Liquid Sludge

Cadmium

Conc (mg L−1)
<0.01

(<0.01–0.80)
<0.01

(<0.01–0.30)
<0.01

(<0.01–0.60) 0.09 (0.27) 0.03 (0.08) 0.07 (0.20)

Mass (g) <0.01
(<0.01–3.03)

<0.01
(<0.01–1.14)

<0.01
(<0.01–2.27) 0.14 (0.66) 0.11 (0.32) 0.24 (0.72)

Copper

Conc (mg L−1)
1.15

(0.06–206.00)
0.40

(0.04–4.80)
0.60

(0.05–222.00) 18.21 (56.53) 0.85 (1.28) 11.63 (43.87)

Mass (g) 0.23
(<0.01–780.22)

1.51
(0.15–18.18)

1.89
(<0.01–840.82) 35.86 (155.43) 3.24 (4.85) 41.39 (161.22)

Lead

Conc (mg L−1)
0.60

(<0.01–24.50)
0.50

(<0.01–4.30)
0.40

(<0.01–12.50) 3.19 (8.00) 0.79 (1.17) 1.61 (3.51)

Mass (g) <0.01
(<0.01–92.79)

1.89
(<0.01–16.29)

1.51
(<0.01–47.34) 5.18 (20.11) 2.99 (4.43) 5.44 (12.66)

Nickel

Conc (mg L−1)
0.20

(<0.01–3.70)
0.20

(<0.01–1.50)
0.20

(<0.01–4.00) 0.79 (1.27) 0.31 (0.39) 0.52 (0.94)

Mass (g) <0.01
(<0.01–14.01)

0.76
(<0.01–5.68)

0.76
(<0.01–15.15) 1.28 (3.40) 1.16 (1.46) 1.77 (3.43)

Zinc

Conc (mg L−1)
3.00

(0.60–358.00)
7.92

(<0.01–76.80)
2.14

(0.30–256.00) 33.90 (97.65) 13.50 (16.86) 18.62 (55.88)

Mass (g) 2.27
(<0.01–1355.92)

30.00
(<0.01–290.88)

7.76
(<0.01–969.60) 66.76 (269.60) 51.15 (63.87) 66.25 (205.64)

Liquid and sludge layers exhibited similar trends in metal masses as those observed in
the concentration data (Table 2). Similar to the TP data, scum layers exhibited a decline in
median masses of metals, and since there were 12 septic tanks without a measurable scum
layer, the metal mass was 0 g. Median masses for both zinc and lead were the greatest in
the liquid layer (Table 2). The median mass of zinc in the liquid layer was approximately
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4 times greater than that of the sludge layer (p = 0.04) and 13 times greater than the scum
layer (p < 0.01), both of which were statistically significant differences. Furthermore, the
median mass of zinc in the sludge layer was approximately 3 times greater than the scum
layer (p = 0.04). Similar trends were observed in median masses of lead, but differences
between the septage layers were not significantly different (p = 0.07). Copper masses
tended to be elevated in the sludge layer relative to the liquid and scum layers (Table 2),
but this difference was not statistically significant (p = 0.18). The median mass of nickel
was identical between the liquid and sludge layers, both of which were elevated relative
to the scum layer, but this difference was not statistically significant (p = 0.06). Cadmium
masses were negligible in all septage layers and exhibited no statistical differences based
on the layer (p = 0.76).

In the current study, the liquid layer contained median concentrations and masses
of all metals (except cadmium) that were greater than the values reported by past studies
that quantified trace metals in liquid wastewater (Tables 2 and 3). The main mechanism
in reducing metal concentrations in primary effluent is through sedimentation, which is
controlled by factors that affect metal solubility and settling rates [57,58]. The elevated
median concentration of zinc in the liquid layer and similarity of lead across all layers
may be indicative of inadequate sedimentation in septic tanks. Copper, lead, and zinc
can form fine particulates (0.2–35 µm), which may be too fine (typically <35 µm) to be
removed during primary sedimentation [59]. Past research has found that heavy metal
concentrations and masses tend to be elevated in sludge and septage relative to liquid
wastewater regardless of the wastewater treatment approach (Table 3). Both septic and
municipal wastewater treatment approaches contained a high degree of variability in pol-
lutant concentrations in sludge and septage. Municipal wastewater treatment facilities
contain pollutant concentrations that were typically greater than septic systems, which
likely occurred due to differences in scale and wastewater characteristics (Table 3). Mu-
nicipal wastewater treatment facilities generally receive higher volumes of wastewater
given the larger communities that these facilities serve relative to residential septic systems.
Furthermore, some municipal treatment plants receive industrial wastewater, which can
substantially increase the concentrations of heavy metals in sludge or septage [60]. The
current study did not find apparent differences in the median metal concentrations between
scum, liquid, and sludge layers. This was not expected since past research has found that
solid layers typically contain greater concentrations and masses of pollutants relative to
the liquid layers (Table 3). However, the mean concentration for each pollutant in the
sludge and scum layer was elevated compared with the mean concentration reported in
the liquid layer (Table 2). This trend likely occurred because of the large variability in metal
concentrations between septic tanks, which is discussed in greater detail in the next section.

3.3. Mass and Watershed Mass of Pollutants from Domestic Septage

The total masses for TP, zinc, and copper were elevated relative to the other measured
pollutants (Figure 4). The median septic tank contained masses of TP, cadmium, copper,
lead, nickel, and zinc of 20 g, <0.01 g, 2 g, 2 g, 2 g, and 14 g, respectively (Table 4). Total
masses for all pollutants (except cadmium) contained a range that spanned several orders
of magnitude. The estimates of the total pollutant mass in the studied sub-watershed are
summarized in Table 5. The pollutant mass estimates based on median concentrations show
that TP and zinc could have an excess of 1 kg in septic tanks throughout the watershed. The
estimates of the sub-watershed masses based on the mean values suggest that there was
5.8 kg, 4.8 kg, and 1.7 kg of TP, zinc, and copper, respectively, in all septic tanks throughout
the studied sub-watershed, which discharges to the Lick Creek Watershed. The difference
between the median and mean values and the variability of the pollutant masses were
likely due to individual differences across septic systems.
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Table 3. Ranges of concentrations (mg L−1) and masses (g) of phosphorus and trace metals from
past studies. The ceiling concentration refers to the maximum concentration of a trace metal at the
biosolids application site.

Source
Total Phosphorus Cadmium Copper

Conc (mg L−1) Mass (g) Conc (mg L−1) Mass (g) Conc (mg L−1) Mass (g)

Septic, liquid 1 1.20–39.5 4.54–149.61 a <0.01–0.04 <0.03–0.15 b 0.01–0.12 0.03–0.45 b

Septic, sludge 2 18–610 61.36–2079.33 a 0.06–0.35 0.23–1.33 a - -
Sewer, liquid 3 4–180 - 0.56–11 - 52.2–102 -
Sewer, sludge 4 8000–59,500 - 0.49–30 - 0.66–1160 -
Septage, composite 5 5–760 75.75–2879 a 0.005–11 0.07–42 a 0.01–640 2.18–2424 a

Ceiling conc 6 85 39 4300 1500

Source
Lead Nickel Zinc

Conc (mg L−1) Mass (g) Conc (mg L−1) Mass (g) Conc (mg L−1) Mass (g)

Septic, liquid 1 0.01–0.19 0.04–0.72 a <0.02 <0.06 0.04–0.18 0.12–0.68 b

Septic, sludge 2 1.01–7.70 3.83–29.16 a - - - -
Sewer, liquid 3 28.6–98 - 32.2–191 - 0.46–182 -
Sewer, sludge 4 2.72–1600 - 3.37–177 - 79–1980 -
Septage, composite 5 <0.025–791 <0.09–2996 a 0.01–37 0.04–140.14 a <0.01–1273 <0.01–4821 a

Ceiling conc 6 840 300 420 420 7500 2800
a Entire range estimated assuming a 3785-L tank. b Upper endmember estimated assuming a 3785-L tank.
1 Values of phosphorus [3,24–26,31,35,49–52] and trace metals [34,50,61,62] in liquid layer of septic tank. 2 Values
of phosphorus [35] and trace metals [34] in sludge layer of septic tank. 3 Values of phosphorus [31,63] and trace
metals [64,65] in primary effluent. 4 Values of phosphorus [53,54] and trace metals [53,54,60,66,67] in sludge or
biosolids. 5 Values of phosphorus [55,56] and trace metals [55,56,68] in composited septage samples from sewer.
6 Trace metals [69], with masses reported as cumulative mass (kg ha−1).
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Figure 4. Boxplot of total masses for total phosphorus, cadmium, copper, lead, nickel, and zinc in the
studied septic tanks (n = 37). Asterisks (*) represent outliers.
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Table 4. Estimated mass in all septic systems in the studied sub-watershed (n = 87) based on the
median and mean concentrations of total phosphorus (TP) and trace metals from the studied septic
tanks (n = 37).

Pollutant

Median (Range) Mean (SD)

Weighted
Mass (g)

Watershed a

Mass (g)
Weighted
Mass (g)

Watershed a

Mass (g)

TP 19.5
(0.9–1041)

1694
(76.3–90587)

66.6
(178)

5792
(15,483)

Cadmium <0.01
(<0.01–2.0)

<0.9
(<0.9–173)

0.2
(0.5)

15.3
(45.7)

Copper 1.3
(0.1–520)

117
(4.7–45,238)

19.3
(86.9)

1681
(7562)

Lead 1.8
(<0.01–44.2)

152
(<0.9–3847)

4.8
(10.8)

419
(937)

Nickel 1.3
(<0.01–4.3)

112
(<0.9–378)

1.5
(1.4)

129
(121)

Zinc 13.8
(0.3–788)

1202
(26.8–68,514)

55.6
(136)

4838
(11,865)

a These estimates were based on the studied sub-watershed that drains to Lick Creek and not the entire Lick
Creek Watershed.

Table 5. Individual, median (range), and mean (standard deviation (SD)) concentrations of total
phosphorus (TP) and trace metals in septic tanks that had not been pumped in at least 8 years.

Tank Layer
Layer

Thickness Pollutant Concentration (mg L−1)

(%) TP Cadmium Copper Lead Nickel Zinc

1 Scum 0%
2 Scum 19% 835 0.8 206 24.5 2.1 358
3 Scum 4% 54.4 0 9 0 0 1.4
4 Scum 0%
1 Liquid 84% 8.5 0.2 4.5 3.3 0.1 60
2 Liquid 38% 21.6 0.3 4.1 4.3 0.3 76.8
3 Liquid 72% 8.2 0 4.8 0 0 0.8
4 Liquid 72% 9.8 0 1.6 0 0.2 3.8
1 Sludge 16% 199 0.6 112 9 4 192
2 Sludge 44% 252 0.6 222 12.5 1.1 256
3 Sludge 24% 3.2 0 8.2 0 0 1.1
4 Sludge 28% 45.7 0 2.8 0.3 0.1 2.8

Median
(Range)

Scum 2%
(0–19%)

444
(54.4–835)

0.4
(<0.01–0.8)

108
(9–206)

12.3
(<0.01–
24.5)

1.1
(<0.01–2.1)

180
(1.4–358)

Liquid 72%
(38–84%)

9.2
(8.2–21.6)

0.1
(<0.01–0.3)

4.3
(1.6–4.8)

1.7
(<0.01–4.3)

0.2
(<0.01–0.3)

31.9
(0.8–76.8)

Sludge 26%
(16–44%)

122
(3.2–252)

0.3
(<0.01–0.6)

60.1
(2.8–222)

4.7
(<0.01–
12.5)

0.6
(<0.01–4.0)

97.4
(1.1–256)

Mean (SD)

Scum 6%
(9%)

444
(552)

0.4
(0.6)

108
(139)

12.3
(17.3)

1.1
(1.5)

180
(252)

Liquid 66%
(20%)

12.0
(6.4)

0.1
(0.2)

3.8
(1.5)

1.9
(2.2)

0.2
(0.1)

35.4
(38.8)

Sludge 28%
(12%)

125
(119)

0.3
(0.3)

86.3
(104)

5.5
(6.3)

1.3
(1.9)

113
(131)

The studied septic tanks exhibited large variability in layer thickness and concentration,
mass, and total mass of pollutants (Figures 2–4 and Tables 2 and 5). There may be several
reasons for the variability in the data collected by the current study, which include but are
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not limited to the homeowner’s maintenance schedule, household wastewater practices,
wastewater strength, and volume of wastewater generated. Routinely pumping septic
tanks is necessary to maintain the design performance and prevent malfunction [3]. The
solid accumulation rate in septic tanks may vary considerably [70], as it is affected by
household wastewater practices. Using garbage disposals, plumbing greywater into septic
tanks, and flushing household wastes (e.g., tissues, cigarette butts, food waste, oils, grease,
or other cooking wastes) are household wastewater practices that can increase the scum
and sludge accumulation rate. These practices can also increase mass loads of TP and
metals to the septic tank, thereby increasing concentrations of contaminants and requiring
additional treatment [3].

The most dominant sources of TP in septic tank septage are typically human feces,
household cleaning products and detergents, and food wastes [2,71]. Most of these sources
are contributed from toilets and baths, sinks, and appliances [2,3]. Human feces contain
nucleic acids and adenosine tri-phosphate, which are organic forms of phosphorus [2].
Tjandraatmadja et al. [71] detected phosphorus in 97% of 156 household products. Food
products also contain various sugars, phospholipids, and nucleotides that contribute to
organic phosphorus levels in septic tanks. However, these contributions are typically much
lower relative to fecal matter and household products. Most forms of phosphorus enter
the tank as organics or polyphosphates until anaerobic processes convert these forms of
phosphorus into orthophosphate [2,7]. Approximately 70–80% of the TP that enters the
septic tank will leave as effluent [29,51,72,73], which is later discharged to subsoils, where
adsorption and/or mineralization processes can reduce the TP concentrations further [10].
The remaining 20–30% of TP remains in the septic tank, where TP may settle out and
accumulate in the sludge layer [2] or bind with dissolved iron to form vivianite in the
tank [74,75]. These studies suggest that sources of TP are common in residential settings,
where the generation of wastes from humans, household products, and food sources
occurs daily.

Sources of heavy metals are more variable. Zinc and copper are essential micronutri-
ents that catalyze enzymatic processes [76,77], thus food can often serve as a source of these
metals. Nickel is another essential micronutrient [78] which is also important for growth
of cereal crops [79]. Past studies have also quantified trace amounts of lead, nickel, and
cadmium in food [80,81]. Older construction homes may have leaded pipe infrastructures
and/or lead paints, which may leach into septic tanks. In the United States, lead-based
paints were banned in 1978 [82], and the use of pipes, plumbing fixtures, solder, or flux
containing lead was banned in 1986 [83]. Most of the residences in the current study were
originally built between the 1950s and 1970s [84], thus it is possible that leaded materials
were used and, if corroded, may have increased the lead loads to the septic tanks. Two
septic tanks contained higher concentrations and masses of lead than others in the study,
which could be due to corroded leaded pipes, but more investigation is warranted to
confirm this. Corrosion of pipes and taps (i.e., pipe infrastructure constructed from copper
alloy or galvanized steel) is also a potential source of copper or zinc [81,85,86]. Another
possible source of trace metals is drinking water supplies [81], but metal loads may be
highly variable based on the potable water source and surrounding land uses. Household
products (e.g., cleaning products, detergents, soaps, sunscreen, deodorant) are common
sources of zinc, and traces of lead and nickel can also be detected in many products. Copper
and cadmium are typically not found in many household products. Improper disposal
of paints (e.g., flushing down sinks or toilets) can increase copper, nickel, and zinc loads
to wastewater systems [87]. Sörme and Lagerkvist [81] found that flushing artistic paints
can be a source of cadmium. These studies suggest that sources of heavy metals are less
common and more variable in TP. Therefore, the similarities in the median concentrations
and masses of heavy metals could indicate that most households generated trace amounts
of heavy metals.

Pollutant concentrations are generally not considered when planning septic tank
maintenance schedules. The frequency of septic tank pumping is generally planned based
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on the household occupancy and tank size [4,47], which are used to estimate wastewater
generation and solids accumulation rate. In the current study, information regarding
the time since last pumping was not available for every septic tank. However, there
were 4 septic tanks that had not been pumped for at least 8 years, which exceeded the
typical 3–5-year pumping frequency [46]. The concentrations of TP and metals in the
scum and sludge layers in these tanks were elevated relative to the liquid layer (Table 5).
Furthermore, these data were similar to TP and heavy metal ranges in sludge and septage
reported by past studies (Table 3). The median concentrations of contaminants in the liquid
layers of these 4 septic tanks were elevated relative to the median concentrations of TP
(Figure 3) and metals (Table 2) for the liquid layers of all septic tanks. Based on the layer
thickness, Tank 2 was predominantly comprised of solids and typically had the greatest
pollutant concentrations (Table 4). Tanks 3 and 4 were near the recommended maximum
solid volume percent [3], whereas Tank 1 contained the lowest solid content (16%) of the
4 tanks. However, TP and metal concentrations in Tank 1 tended to be greater than those
observed in Tanks 3 and 4. Therefore, the accumulation of solids alone may not be a reliable
predictor of the pollutant concentrations in residential septage. Tanks 1 and 2 tended to
contain elevated metal concentrations relative to Tanks 3 and 4 across all layers, which
may have occurred from differences in the wastewater characteristics. Future work should
incorporate a homeowner survey to ascertain the household wastewater practices, time
since last pumping, water use, and other factors that affect wastewater characteristics.
These data could then be used in conjunction with water quality indicators from domestic
septage quality for further understanding between the septage pollutant concentrations
and homeowner practices.

3.4. Land Application of Septage and Potential Environmental Impacts

Land application of domestic septage and sewage sludge is a common practice in the
United States. One of the primary benefits of land application is to recycle nutrients and
organic matter in the receiving soils [3]. Land application sites are determined by topogra-
phy, soil characteristics, depth to groundwater, proximity to surface waters, floodplains,
wetlands, and other environmentally sensitive areas. While land application of septage
can replenish the nutrients in soils, there remain concerns about potential environmen-
tal impacts. Septage can contain elevated concentrations of phosphorus, heavy metals
(Table 3), nitrogen, and pathogens [15–20]. Repeated application of septage may result
in the accumulation of TP and heavy metals, which increases potential for leaching into
the groundwater [18,21–23]. Groundwater can serve as a conduit for pollutants to enter
surface waters, especially in locations with minimal riparian buffers [88]. Furthermore,
land application should not occur during periods of inclement weather or when the ground
is frozen or snow-covered because of the increased runoff potential and difficulty in using
sludge application equipment [89]. Despite these environmental concerns, land application
can provide watershed scale benefits.

Septage is commonly treated and applied on land [3]. If land application sites are
outside of the watershed of origin, then pumping out tanks acts as a watershed benefit
by exporting TP and heavy metals, especially if the original watershed is vulnerable
to nutrients, heavy metals, or other pollutants. Nutrients and some heavy metals are
essential to biological functioning, but excessive concentrations of these compounds can
destabilize aquatic habitats. Lick Creek is classified as a nutrient-sensitive water [90], thus
additions of nitrogen and/or phosphorus can degrade the aquatic habitat by facilitating
eutrophication, harmful algal blooms, and/or fish kills [91,92]. Septage may also contain
elevated concentrations of heavy metals, many of which (e.g., cadmium, chromium, cobalt,
copper, mercury, lead, nickel, and zinc) are highly toxic both in their elemental and soluble
salt forms [93]. An abundance of heavy metals in the biosphere endangers ecological
functioning of terrestrial and aquatic habitats [94]. In the current study, removal of TP and
heavy metals provided environmental benefits for Lick Creek. However, the end-of-life
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management of residential septage requires careful planning, lest these benefits result in
translocation of environmental problems to other watersheds.

Land application is a common practice to supplement the use of commercial fertilizers
and add value to a byproduct of wastewater treatment processes. Application rates are
primarily designed around the crop’s nutrient needs compared to the fertility of the arable
soil [89]. In the US, most states use soil phosphorus indices to identify fields at risk for
phosphorus losses [95]. Soils that exceed the critical level are rated as “high” or “very high”
indicating that these soils will not likely respond to additions of fertilizer [96]. Despite the
adoption of soil phosphorus indices, many southern states were unable to limit phosphorus
application despite soils being classified as “very high”, thereby increasing the potential for
phosphorus runoff [97]. In North Carolina, a significant relationship was found between
higher soil phosphorus index ratings and increased masses of TP and dissolved phosphorus
in agricultural runoff [98]. These studies suggest that the application of septage (which
may contain up to 760 mg L−1 of TP (Table 3)) to soils with critical soil phosphorus
indices increases the potential for transport of TP to downstream water resources via
agriculture runoff. This is a particular concern for land application sites located within
nutrient-sensitive waters, since eutrophication can result in environmental [91,92] and
economic [99] damages.

Similar concerns exist regarding the accumulation of heavy metals in land application
sites and the potential environmental and public health impacts. Of the heavy metals
analyzed in the current study, copper, nickel, and zinc are essential plant micronutrients,
whereas cadmium and lead are not essential elements [94]. The long-term use of septage at
application sites may cause an accumulation of highly persistent toxic metals in soils that
may inhibit crop growth and eventually translocate into plant tissues [15,94,100]. Consum-
ing crops grown in metal-contaminated soils can endanger human health [15], potentially
resulting in the development of acute or chronic diseases [100]. To mitigate environmental
and public health damages from land application, the US EPA [69] mandates (40 CFR
503.13) that any biosolid material applied must not exceed the ceiling concentrations for
heavy metals that pose a risk. The ceiling concentrations and mass loads for the 5 heavy
metals focused on by the current study are summarized in Table 3.

In the current study, heavy metal concentrations were substantially lower than the
ceiling concentrations mandated by the US EPA (Table 3), indicating that it may take long-
term application of septage to exceed these concentrations. Septage is monitored before it
can be applied to land to ensure compliance. Compliance samples should be a homogenized
sample of septage (scum, liquid, and sludge). If the compliance sample only contains the
liquid portion of wastewater, past studies and data from the current study suggest that the
concentrations of TP and heavy metals may be underestimated. Continued application
of septage with underestimated pollutant concentrations and masses may likely result
in environmental health risks (e.g., eutrophication from TP leaching, metal accumulation
in the soil profile, or leaching to water resources). Toxic metal accumulation in the tilled
horizon of agricultural soils could result in lower crop yields or bioaccumulation in plant
matter, resulting in human health risks. Currently, the US EPA’s [13] guide for land appliers
contains a monitoring section with general recommendations, but it does not emphasize
the importance of collecting a representative composite sample of all septage layers in the
context of environmental and public health. By excluding the scum and sludge layers in
compliance samples, the mean concentrations and masses of TP could be underestimated
by up to 15 times. Similarly, the mean concentrations and masses of heavy metals may
be underestimated by between 1.4 and 21 times depending on the metal and the source
of septage.

4. Conclusions

The goal of this study was to measure the layer thicknesses of the scum, liquid, and
scum layers and quantify concentrations and masses of TP and heavy metals in septage
collected from residential septic tanks. The median percent thickness of the liquid layer
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was 72%, suggesting that most septic tanks received adequate maintenance. The sludge
and scum layers contained a median percent thickness of 25% and 3%, respectively. Median
concentrations and masses of TP were greatest in the sludge layer, containing median
values of 10.6 mg L−1 and 35.6 g, respectively. Except for zinc, the median concentrations
of heavy metals were similar across all layers. The layer thickness, pollutant concentration,
and pollutant masses all exhibited large variability, suggesting that household behaviors,
wastewater strength, the volume of wastewater generation, and frequency of maintenance
may have differed substantially between tanks. These factors in turn have the potential
to affect TP and heavy metal concentrations observed in septage. Masses and watershed
estimates indicate that the septic tanks in the current study may have been a substantial
source of TP, zinc, and copper.

The broader implications of this work highlight the importance of residential septage
management. Land appliers base application rates on a combination of soil fertility, crop
needs, and the concentrations of pollutants in the septage. Therefore, it is imperative that
compliance samples are collected after homogenizing septage to ensure that a solid-liquid
mixture is sampled and analyzed. Otherwise, TP and metal concentrations may be vastly
underestimated. Underestimating these concentrations may endanger environmental and
public health through the accumulation of TP and heavy metals in the topsoil of arable lands.
Future work should consider focusing on quantifying other traditional water pollutants
(e.g., nitrogen and pathogens), other heavy metals with established ceiling concentrations
by the US EPA (e.g., arsenic, mercury, molybdenum, and selenium), organic pollutants
(e.g., pesticides, plasticizers, detergents, etc.), pharmaceutical and personal care products
(e.g., estrogen compounds, caffeine, lofepramine, etc.), and other emerging contaminants
(e.g., per- and poly-fluoralkyl substances) in residential septage. Additionally, partnering
water quality data with septic system age data and household wastewater behaviors and
practices would provide further insights into how these factors impact solid accumulation
rates and pollutant concentrations in residential septage.
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