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A NITROGEN-RICH SEPTAGE-EFFLUENT PLUME IN A 
GLACIAL AQUIFER, CAPE COD, MASSACHUSETTS, 
FEBRUARY 1990 THROUGH DECEMBER 1992 

By Leslie A. DeSimone, Paul M. Barlow, and Brian L. Howes 

Abstract 

A nitrogen-rich septage-effluent plume was moni-
tored to quantify the physical, chemical, and microbial 
processes that affect the transport and fate of selected 
constituents in the plume within the aquifer. The plume 
of contaminated ground water resulted from the infiltra-
tion of wastewater at the Tri-Town Septage Treatment 
Facility in Orleans, Cape Cod, Massachusetts. The 
septage-effluent plume was monitored from the begin-
ning of effluent discharge in February 1990 through 
December 1992. Lithologic, hydrologic, and pre-dis-
charge water-quality data were used to characterize the 
glacial aquifer. The physical transport and chemical 
characteristics of the septage-effluent plume were mon-
itored by analyzing water-quality samples from 83 
wells. The physical development of the plume also was 
delineated with borehole electromagnetic-induction 
logging. Chemical and microbial processes affecting 
constituents in the plume were inferred from water-
quality data, mass-balance analyses, and the direct mea-
surement of reactive processes involving nitrogen 
(ammonium sorption and denitrification of nitrate). 

By December 1992, the septage-effluent plume 
extended about 200 feet westward and 450 feet north-
westward of the infiltration beds. The primary direction 
of transport was toward aquifer discharge areas in a 
nearby coastal marsh and Cape Cod Bay. The plume 
preferentially flowed through a 5- to 60-foot thick litho-
logic unit of medium to very coarse sand at a mean 
linear velocity of 0.4 to 0.5 foot per day. Concentrations 
of total dissolved nitrogen ranged from more than 40 
milligrams per liter as nitrogen in the center of the 
plume to less than 10 milligrams per liter as nitrogen 
near the boundaries of the plume. Concentrations near 
the boundaries of the plume were diluted by mixing 
with ambient ground water, which contained relatively 
little nitrogen. Nitrate was the primary form of nitrogen 
in the septage-effluent plume. Lower concentrations of 

dissolved ammonium were present. The center of the 
septage-effluent plume in ground water was anoxic. 
Much of the nitrate in ground water was produced by 
nitrification of effluent ammonium in the unsaturated 
zone. The nitrification process in the unsaturated zone 
decreased the pH (7.2 in effluent and 5.0 in the septage-
effluent plume) and produced high concentrations of 
dissolved nitrous oxide (as much as 0.4 milligram per 
liter as nitrogen). 

Ammonium sorption was the primary process 
affecting nitrogen transport in the saturated zone. 
Sorbed ammonium was about 17 percent of the total 
nitrogen in the plume in December 1992. Ammonium 
sorption was best described by a Langmuir isotherm and 
was strongly dependent on the ionic strength of the 
aqueous phase. Denitrification, the microbiological 
reduction of nitrate to dinitrogen gas, was limited by the 
low dissolved and solid-phase concentrations of organic 
carbon in the plume. The mean denitrification rates 
measured in aquifer-core incubations and from 
dinitrogen production were 9.6 and 3.0 nanograms of 
nitrogen per cubic centimeter of sediment per day, 
respectively. The dinitrogen-production rate, which best 
reflects in situ rates, corresponds to a nitrate reduction 
of 1.5 milligrams per liter as nitrogen per 100 feet of 
travel distance under anoxic conditions. Significant 
attenuation of nitrate concentrations from denitri-
fication was not observed in the field due to the short 
distance traveled by anoxic ground water and the 
masking effect of variations in the effluent-nitrogen 
concentrations during the study. On a mass basis, 
denitrification had transformed about 2 percent or less 
of the total nitrogen mass discharged in the effluent or 
found in the plume by December 1992. Mass-balance 
analyses also indicated that calcium, sodium, magne-
sium, potassium, sulfate, and boron were involved in 
ion exchange and (or) sorption reactions in the 
unsaturated and saturated zones. 

Abstract 1 



INTRODUCTION 

Land disposal of municipal wastewater can be a 
cost-effective alternative to direct discharge to surface-
water bodies. However, infiltration of wastewater also 
may pose health and environmental problems by con-
taminating ground water with nitrogen. Ground water 
containing high concentrations of nitrate-nitrogen can 
be toxic to small children. Thus, the U.S. Environmental 
Protection Agency has set a Maximum Contaminant 
Level of 10 mg/L as N for drinking water (Hem, 1985, 
p. 125). Nitrogen-contaminated ground water that dis-
charges to a surface-water ecosystem also may stimu-
late plant and algal growth (productivity). Coastal 

•marshes and water bodies are particularly sensitive to 
nitrogen contamination, because productivity in coastal 
ecosystems is most often nitrogen limited (Schlesinger, 
1991, p. 245). Excessive productivity (or eutrophica-
tion) may alter the natural balance of plant and animal 
species, lead to dissolved-oxygen depletion, and 
adversely affect fish and shellfish in coastal waters. 

The Tri-Town Septage Treatment Facility in 
Orleans, Cape Cod, Massachusetts (fig. 1) has disposed 
of treated septage effluent since February 1990. The Tri-
Town Septage Treatment Facility is a municipal facility 
owned and operated by the Orleans, Brewster, and East-
ham Groundwater Protection District. The facility treats 
septage, the semisolid residue pumped from residential 
and commercial septic tanks. The treatment facility was 
constructed in response to recent Federal and State reg-
ulations prohibiting open-pit disposal of untreated sep-
tage. The treatment produces a nitrogen-rich effluent 
that is disposed of through infiltration into the sandy 
aquifer underlying the facility. Infiltration occurs within 
1 mi of the regional ground-water discharge area at 
Cape Cod Bay (LeBlanc and others, 1986) and about 
700 ft from the coastal Namskaket Marsh. Namskaket 
Marsh has been recognized by the Commonwealth of 
Massachusetts as an Area of Critical Environmental 
Concern, and the tidal creek that drains the marsh is des-
ignated as an Outstanding Resource Water. Thus, the 
effluent discharge from the septage- treatment facility 
may affect ground-water quality and valuable coastal 
resources. 

Purpose and Scope 

The U.S. Geological Survey (USGS), in coopera-
tion with the Massachusetts Department of Environ-
mental Protection, Office of Watershed Management, 
monitored the development of a nitrogen-rich plume 
resulting from wastewater infiltration from the Tri-
Town Septage Treatment Facility. The purpose of this 
study was to determine the effects of the effluent dis-
charge on ground-water quality and to determine the 
factors that controlled the transport of chemical constit-
uents in the septage-effluent plume in ground water. 
Transport processes involving nitrogen, the constituent 
of primary concern, were studied in detail. 

This report describes (1) the general characteristics 
of the aquifer, including pre-discharge water quality, (2) 
quantity and quality of the effluent, (3) changes in efflu-
ent quality in the unsaturated zone, (4) physical devel-
opment and chemical characteristics of the septage-
effluent plume, (5) mass-balance estimates of plume 
constituents, and (6) reactive processes involving nitro-
gen in the septage-effluent plume. The report is based 
on data collected from October 1988 through December 
1992 (DeSimone, 1995). 

Approach 

The geology, sediment hydraulic properties, 
hydrology, and pre-discharge ground-water quality 
were determined as part of the general characterization 
of the aquifer. The aquifer geology was determined 
from examination of sediment samples collected during 
well installation, from natural-gamma logs, which can 
indicate the relative abundance of fine- and coarse-
grained sediments (Fetter, 1988, p. 437), and from 
literature sources. Hydraulic conductivity, used for 
analysis of plume movement, was determined from 
particle-size-distribution data, slug tests, and literature 
sources. Porosity, used for physical-transport and mass-
balance analyses, was determined from literature 
sources and aquifer core samples. Description of pre-
discharge water quality was based on the analyses of 
samples collected in September 1989. 
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Figure 1. Location of the Tri-Town Septage Treatment Facility, Orleans, and location of wells outside 
the study area, Cape Cod, Massachusetts. (Modified from Oldale, 1976, and Guswa and LeBlanc, 
1985, fig. 1.) 

Effluent quality was determined from analysis of determined by comparing effluent chemistry with 
water samples collected every 2 weeks to monthly from ground-water chemistry at the water table beneath the 
March 1990 through December 1992. The daily volume infiltration beds. This ground water, from a well 
of effluent discharge was obtained from facility records. screened across the water table, was sampled 
Changes in effluent quality in the unsaturated zone were concurrently with effluent samples. 
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The physical development and chemical character-
istics of the septage-effluent plume in ground water 
were determined from analysis of ground-water 
samples and borehole EM (electromagnetic-induction) 
logs. Monthly ground-water sampling at several cluster 
sites, June 1990 through December 1992, was used for 
detailed analysis of physical and reactive transport in 
the plume. Large-scale (36 to 69 wells) synoptic sam-
pling, March, June, and September 1991, and June and 
December 1992, was used to describe the distribution of 
contaminants in the aquifer and to estimate mass losses 
and gains of dissolved constituents in the plume. 
Borehole EM logging, concurrent with monthly and 
synoptic sampling, was used to describe physical 
transport processes and to calculate mass balances. 

Reactive processes involving nitrogen were 
inferred from nitrogen concentrations in effluent and 
ground water, measurements of ammonium sorption 
and denitrification in plume sediments, and solid-phase 
nitrogen and carbon concentrations. Ammonium sorp-
tion and denitrification (the microbial reduction of 
nitrate to nitrogen gases) were measured directly 
because they are the processes most likely to attenuate 
dissolved nitrogen concentrations in the plume. Ammo-
nium sorption was measured with batch tests, sediment 
extractions, and mass-balance estimates. Denitrification 
was measured with incubations of sediment cores and 
slurries, analysis of dissolved nitrogen gases, and nitro-
gen stable-isotope ratios. Factors controlling denitrifi-
cation rates were identified through an addition experi-
ment and relation of rates with concentrations in ground 
water. A nitrogen budget was constructed that compares 
ammonium sorption, denitrification, and other reactive 
processes involving nitrogen on a mass basis. 

Acknowledgments 

The authors thank the personnel of Tri-Town 
Septage Treatment Facility and Town of Orleans 
officials for their assistance and cooperation with this 
project, especially: Wayne McDonald, District 
Administrator, and James Burgess, Chief Operator, 
Orleans, Brewster and Eastham Groundwater 
Protection District; and Nancy Schwinn, Adminis-
trative Assistant, Town of Orleans. The technical 
laboratory assistance of Dale Goehringer, David White, 
Susan Brown-Ledger, David Schlezinger, and Newton 
Millham, Woods Hole Oceanographic Institution, also 
is greatly appreciated. 

Cation-exchange capacity and exchangeable cat-
ions analyses were provided by Steven Bodine, Univer-
sity of Massachusetts, Soil and Plant Tissue Lab, 
Waltham, Mass. X-ray diffraction analyses were pro-
vided by L.J. Poppe and A.M. Moffett, USGS, Geologic 
Division, Woods Hole, Mass. Stable-isotope analyses 
were completed by a private contractor. 

METHODS OF INVESTIGATION 

Observation-Well Network 

A network of 83 ground-water observation wells at 
33 cluster sites was installed by the USGS on and 
nearby the treatment-facility site during the study 
(fig. 2). The wells were used to monitor water-level 
fluctuations and ground-water quality. Wells were 
installed in the anticipated path of the plume in phases. 
These wells were located and screened based on litho-
logic, water-level, borehole-geophysical, and water-
quality data collected throughout the study. Wells were 
installed using hollow-stem augers and consist of 2-inch 
inner diameter polyvinylchloride (PVC) pipe, with 1-, 
5- or 10-foot-long slotted PVC screens (slot size 0.010 
in.). Water levels also were measured in nine additional 
wells installed at the site by private engineering firms, 
and OSW 25, a USGS well within 0.5 mi of the site that 
has been used to monitor water-level fluctuations in the 
aquifer since 1975. The locations of cluster sites and 
locations and screened intervals of wells are provided in 
table 12 (at back of report). In this report, individual 
wells are referred to using the prefix "OSW," whereas 
cluster-site locations are referred to by number only. 

Sediment Sampling 

Sediment samples for ammonium-sorption and 
denitrification measurements were collected with a 
Waterloo wireline-piston core barrel (Zapico and 
others, 1987). The core barrel is designed to retain pore 
water in the sample and is used with a hollow-stem 
auger drill rig. A 2-inch-diameter core, up to 5 ft in 
length, was collected in an aluminum core liner. Cores 
were sealed immediately on collection and held on ice 
or at 4°C. Incubations of aquifer sediments were begun 
within 12 hours of collection for sediment core methods 
and extractions and within 48 hours for slurry incuba-
tions. At least 4 in. from each end of the cores was dis-
carded to prevent drilling fluids from contaminating 
incubation sediments. 
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Sediment samples for lithologic determination 
were collected using a split-spoon sampler or the wire-
line-piston core barrel at irregular intervals during drill-
ing. Sand-, silt-, and clay-sized fractions were 
determined for 25 samples (R.A. Ludlow, U.S. Geolog-
ical Survey, written commun., November 1989 and Jan-
uary 1993). The sand-sized fractions of an additional 78 
samples were determined using standard particle-size 
sieve-analysis techniques (Guy, 1969). 

Effluent and Ground-Water Sampling 

Effluent samples were collected either from the 
treatment facility's 8-hour composite sampler or 
directly from the distribution system during discharge. 
Ground-water samples were collected using a stainless 
steel submersible pump or a Teflonl bailer after removal 
of at least three well volumes. Effluent and ground-
water samples were analyzed for field parameters and 
concentrations of major chemical constituents (chloride 
only for monthly ground-water samples), dissolved 
nitrogen and phosphorus species, dissolved organic 
carbon, and boron. Total nitrogen, total phosphorus, and 
total organic carbon also were measured in effluent 
samples collected from March through December 1992. 
Samples were filtered (dissolved constituents), pre-
served with nitric acid (cations), light exclusion and 
mecuric chloride (nitrogen and phosphorus), or light 
exclusion and silver filtration (dissolved organic 
carbon), and chilled on site; the samples were shipped 
on ice to the USGS water-quality laboratory in Denver, 
Colorado, for analysis (Wershaw and others, 1987; 
Fishman and Friedman, 1989). 

Ground-water samples for analysis of dissolved 
dinitrogen, nitrous oxide, and inorganic carbon also 
were collected during synoptic samplings. Samples for 
analysis of dissolved dinitrogen and nitrous oxide con-
centrations were collected with a syringe; 15-mL sam-
ples were injected into sealed 25-mL serum bottles. The 
serum bottles contained 0.1 mL 8-N sodium hydroxide 
(a preservative) and were flushed with helium immedi-
ately prior to sampling (Smith and others, 1991). Sam-
ples for analysis of dissolved inorganic carbon also 
were collected with a syringe; 5-mL samples were 
injected into sealed 15-mL serum bottles. These bottles 

'Use of brand names in this report is for identification 
purposes only and does not constitute endorsement by the 
U.S. Geological Survey. 

contained air headspace and were later injected with 0.5 
mL 2-N sulfuric acid (to transform all inorganic carbon 
to dissolved carbon dioxide; Smith and others, 1991). 
Triplicate samples were collected for all three analyses. 
Dinitrogen samples were analyzed within 12 h of col-
lection; nitrous oxide and dissolved inorganic carbon 
samples were analyzed within 2 to 5 days of collection. 

Ground-water and effluent samples for analysis of 
nitrogen stable-isotope ratios were collected in 1-L 
acid-washed glass bottles using the submersible pump 
(ground-water samples) or a peristaltic pump (effluent 
samples) with in-line filtration. Samples for analysis of 
stable-isotope ratios in dissolved dinitrogen gas were 
collected with the sample bottle submerged in an 8-L 
glass overflow vessel. The sample bottle was filled with 
the filter-discharge line placed at the bottom of the 
bottle. The sample was collected after the overflow 
vessel was filled at least to capacity. The sample bottle 
was sealed while submerged with a gas-tight rubber 
stopper. Samples were shipped on ice to a private 
contractor for analysis. 

Borehole Electromagnetic-Induction 
Surveying 

Borehole EM logs were made with a Geonics EM 
39 borehole conductivity logger. The logger measures 
the total electrical conductivity of the aquifer sediments 
and pore water (McNeill, 1986). The maximum 
response of the probe to aquifer conductivity occurs at 
a radial distance of about 1 ft from the center of the 
borehole (McNeill, 1986). Because the effluent had a 
high specific conductance relative to background 
values, the EM logger readily detected the septage-
effluent plume in ground water as zones of high electri-
cal conductivity. The EM logger was used to determine 
the presence or absence, thickness, and variability with 
depth of the plume at cluster sites. The logs also were 
used to determine optimum depths to install new wells 
for water-quality sampling. 

Ammonium-Sorption Methods 

Four batch tests on three uncontaminated sediment 
samples were conducted following a procedure similar 
to that of Ceazan and others (1989). The sediment sam-
ples consisted of silty fine to medium sand. Each sedi-
ment sample was homogenized and divided into 15-g 
subsamples. Subsamples were combined with 30 mL of 
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ambient ground water, double-distilled water, or a solu-
tion similar in ionic composition to the effluent (artifi-
cial effluent). The artificial-effluent solution contained 
concentrations of 860 mg/L of chloride, 400 mg/L of 
calcium, and 100 mg/L of sodium and was prepared 
using double-distilled water. The sediment slurries were 
spiked with a concentrated solution of ammonium chlo-
ride, resulting in 12 initial ammonium concentrations 
ranging from 0.1 to 90 mg/L as N. Two sediment repli-
cates per concentration were used in each batch test. As 
a control, a liquid-only replicate (no sediment) also was 
prepared for each concentration. Samples and controls 
were incubated in a mechanical shaker at 4°C to mini-
mize microbial reactions involving ammonium. After 
24 hours, slurries were centrifuged, and the supernatant 
was filtered (0.45-gm filter) and analyzed for dissolved 
ammonium concentration. The ammonium sorbed by 
each sediment subsample was calculated as the differ-
ence between the initial and final concentrations in the 
liquid. Initial concentrations were calculated from the 
ammonium concentrations and volumes of the pore 
water, added liquid, and ammonium spike. 

Sorbed ammonium was measured at six sites in the 
septage-effluent plume on seven occasions (April to 
September 1992), at two uncontaminated sites (May 
1992), and in two infiltration beds (March to April 
1992). Sediment was extracted in duplicate by combin-
ing 20 g wet sediment with 30 mL of 2-N KCI (potas-
sium chloride) solution. Samples periodically were 
shaken and extracted for at least 24 hours at 4°C. At the 
end of the extraction period, the tubes were centrifuged 
and the supernatant was filtered as in the batch tests. 
Concentrations were measured in weight-per-weight 
units and converted to weight-per-volume units. 

Denitrification Methods 

Sediment-Core Incubations 

Measurements of denitrification rate in sediment 
cores were made at six sites in the septage-effluent 
plume in ground water on 10 occasions from July 1991 
through September 1992. Cores were collected at about 
5- to 10-foot intervals vertically through the plume. 
Denitrification rates were determined from an acety-
lene-block technique and measurement of nitrous oxide 
(Balderston and others, 1976; Yoshinari and others, 

1976). The aluminum-encased cores were sectioned 
into 5.5-inch segments under a helium atmosphere. Two 
to three vertically adjacent, 5.5-inch segments were pre-
pared from most (90 percent) cores as replicates. Acet-
ylene was introduced into each saturated core segment 
by a central vertical-line injection of 15 mL of acety-
lene-saturated ground water. Cores were sealed and 
incubated at in situ temperature (11 to 12°C) for 5 to 7 
days. The incubation period was guided by concurrent 
slurry incubations and was selected to maximize nitrous 
oxide production and ensure adequate acetylene diffu-
sion. Acetylene-diffusion rates were estimated using an 
analytical solution for diffusion from an instantaneous 
cylindrical source into an infinite volume (Crank, 1979, 
p. 30). This analysis determined that dissolved acety-
lene concentrations would reach at least 2 percent 
(volume by volume) at the edges of the core after 7 
hours; concentrations of nearly 10 percent would be 
achieved throughout the core segment after 1 day. These 
concentrations are sufficient to inhibit nitrous oxide 
reduction (Ryden and others, 1979; Tiedje, 1982; Tiedje 
and others, 1989). 

Denitrification rates were calculated from nitrous 
oxide production for the incubation period. Initial 
nitrous oxide content was determined from pore-water 
content of the core segment, which was measured gravi-
metrically. Concentrations of in situ nitrous oxide were 
measured in ground water from wells screened at appro-
priate depths at each sampling site during core collec-
tion. Cores were harvested at the end of the incubation 
period for measurement of nitrous oxide by headspace 
equilibration by (1) upward displacement of pore water, 
collection with a gas-tight syringe, and injection into 
gas-tight serum bottles, or (2) transferral of the core sed-
iment and pore water to a gas-tight glass jar with a sam-
pling septum. Measurements were made in weight-per-
weight units and converted to weight-per-volume units. 

Sediment-Slurry Incubations 

Denitrification rates in sediment slurries using an 
acetylene-block technique (Balderston and others, 
1976; Yoshinari and others, 1976) were determined on 
six occasions from three sites in the septage-effluent 
plume in ground water from July 1991 to May 1992. An 
addition test was done in December 1992 with sedi-
ments from a centrally located site. At that time, the site 
had been in the anoxic zone of the plume for at least 
1 year. 
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Slurries consisted of 50 g of sediment and pore 
water plus 50 mL of added ground water (collected 
from a well at the sampling site screened at the same or 
similar depth as the sediment sample) in 125-mL serum 
bottles. In the addition experiment, concentrated solu-
tions of potassium nitrate and(or) glucose were added to 
obtain dissolved concentrations in the slurry water of 69 
mg/L as N and 170 mg/L as carbon, respectively. Con-
trols were prepared by adding 0.4 mL 8-N sodium 
hydroxide to prevent microbial growth. 1\vo or three 
replicate bottles were prepared for each sample. Slurries 
were bubbled with oxygen-free helium for 10 min, 
sealed, and flushed with helium for an additional 5 min. 
Analysis of headspace composition using gas chroma-
tography showed that this procedure resulted in an 
oxygen-free slurry. Acetylene (9 mL) was injected into 
each gas-tight bottle, and the bottles were vigorously 
shaken. Slurries were incubated at in situ temperature. 
Nitrous oxide concentrations in the headspace were 
measured during a 5- to 7-day period. Headspace gas 
(200 1.1L to 1 mL) was withdrawn with a gas-tight 
syringe through the rubber serum stopper and replaced 
with an equal volume of helium. Denitrification rates 
were calculated separately for each replicate using a 
linear regression of nitrous oxide production against 
time for the linear portion of the curve. Measurements 
were made in weight-per-weight units and converted to 
weight-per-volume units. 

Analytical Methods 

Field measurements of specific conductance, tem-
perature, pH, and dissolved oxygen were made during 
sample collection. Specific conductance was measured 
with a temperature-compensated digital meter (Hach 
44600). pH was measured with a digital meter (Beck-
man model Phi 11) equipped with a combination glass 
electrode (Orion) and an automatic temperature com-
pensator. Dissolved-oxygen concentrations were mea-
sured using a temperature-compensated digital meter 
equipped with a pressure-compensated electrode (YSI 
58). The electrode was placed in the well at or near the 
screen and below the submersible pump. This procedure 
minimized atmospheric contact and created flow past 
the probe. Dissolved-oxygen concentrations less than 
1 mg/L were measured colorimetrically (Chemetrics, 
Inc., Calverton, Va.). 

Concentrations of nitrous oxide, dinitrogen, and 
dissolved inorganic carbon were measured by head-
space equilibration. Nitrous oxide concentrations were 
measured with a gas chromatograph equipped with a 
63Ni electron capture detector (300°C). A Porapak N 
column (0.14 in. O.D., 2.17 plus 4.36 ft) with a six-port 
backflush valve (to vent the acetylene) at 90°C was 
used, with methane (5 percent) and argon (95 percent) 
carrier gas (Smith and Duff, 1988; Smith and others, 
1991). Dinitrogen concentrations were measured with a 
gas chromatograph equipped with a thermal conductiv-
ity detector. Porapak Q (0.14-inch O.D., 7.87 ft) and 
Molecular Sieve 5A (0.14-inch O.D., 5.91 ft) columns 
at 60°C were used with helium carrier gas (Smith and 
others, 1991). Samples for measurement of dissolved 
inorganic carbon were acidified with 0.5 mL 2-N sulfu-
ric acid, and carbon dioxide concentrations were mea-
sured with an infrared analyzer (Beckman; Howes and 
others, 1985). Dissolved gas concentrations were calcu-
lated from headspace concentrations using the appropri-
ate Bunsen coefficient (Matthess, 1982; Tiedje, 1982) 
and sample temperature and pressure. 

Dissolved ammonium concentrations in batch tests 
and KCl extractions were measured using an indophe-
nol-blue technique modified from Scheiner (1976). This 
method is similar to method 1-2523-85 of Fishman and 
Friedman (1989). Concentration was determined from 
absorbance at 635 nanometers with a spectrophotome-
ter equipped with a tungsten lamp. The standard curve 
was prepared from 6 to 10 concentrations, each mea-
sured in duplicate. Standard solutions were prepared 
with double-distilled water from a 100 millimolar solu-
tion of ammonium chloride, usually on the same day as 
sample analysis or within 3 days prior to use and stored 
at 4°C. Each sample concentration also was measured 
in duplicate. 

Solid-phase carbon and nitrogen concentrations 
were measured with an elemental analyzer. The analy-
ses were performed on dry (60°C) whole sediment and 
on the silt- and clay-sized (less than 0.063 mm in diam-
eter) fractions. The accuracy of the analysis was ±5.0 
percent and was maintained by including a blank or 
standard after every seven samples. 

Nitrogen stable-isotope ratios of dissolved nitrate-
and ammonium-nitrogen (Minagawa and others, 1984) 
and dissolved dinitrogen gas (Miyake and Wada, 1967) 
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were determined by a private contractor. Stable-isotope 
ratios of total dissolved nitrogen (all species except 
dinitrogen) were obtained as 8I5N ratios in nitrate after 
oxidation of total nitrogen in the filtered samples to 
nitrate using persulfate digestion (D'Elia and others, 
1977). Nitrogen stable-isotope ratios are reported in per 
mil (c)/00) as 8'5N, where 

(15N/14N 
sample) — ( 15N/ "Nstandard )

815N — X 1, 000, (1)
( 15N/ 14Nstan ) 

dard 

where l5NA4N.,„0, is the ratio of 15N to '4N in the sample 
and 15N/I4Nstandard is the ratio of 15N to '4N in air. The 
mean standard deviation of nine duplicate analyses was 
0.1%0. A laboratory-check standard solution of nitrate 
and ammonium was analyzed with each set of samples. 
This solution was prepared from double-distilled water 
and 20 mg/L as N each potassium nitrate (+3.50 O/00) 
and ammonium sulfate (+0.55 0/00; Kendall and Grim, 
1990; Carol Kendall, U.S. Geological Survey, written 
commun, September 1991). Based. on analysis of the 
standards, the 815N ratios for samples analyzed in July 
1992 were adjusted by +0.8 °/00. The January 1993 
results were within 0.2 0/,,,, of the known values and 
were not adjusted. 

GENERAL CHARACTERISTICS OF THE 
GLACIAL AQUIFER 

Geology 

The geology of Cape Cod has been described in 
detail by Strahler (1966), Oldale (1976, 1982), and 
Oldale and Barlow (1986). Surficial geology near the 
septage-treatment facility was described by Oldale 
(1969a) and Oldale and others (1971). Cape Cod is 
underlain by glacial deposits of the Pleistocene epoch 
that include stratified outwash, lake, and morainal 
deposits. The septage-treatment facility overlies strati-
fied drift near the ice-contact head of the Harwich out-
wash plain (Oldale, 1982). Glacial lake sediments 
interfinger with the outwash deposits along the western 
and northern edges of the study area (Oldale and others, 
1971). The glacial outwash and lake sediments in the 
study area have a combined thickness of 300 to 400 ft, 

and most likely rest directly upon crystalline Paleozoic 
or Precambrian basement (Oldale and Tuttle, 1964, 
1965; Oldale, 1969b). 

The stratified glacial drift underlying the study area 
consists primarily of sand, with lesser amounts of silt 
and gravel, discontinuous lenses of clayey silt and silty 
clay, and occasional large granitic boulders near the sur-
face. Mineralogical analysis of 19 sediment samples 
using X-ray diffraction techniques (L.J. Poppe and 
A.M. Moffett, U.S. Geological Survey, written 
commun., December 1990) indicates that the predomi-
nant minerals composing the sand- and silt-sized frac-
tions are quartz and feldspar (62 and 18 percent by 
weight, respectively), with plagioclase more abundant 
than potassium feldspar (mean plagioclase:potassium 
feldspar ratio is 1.5 to 1). Accessory minerals, including 
amphibole (probably hornblende) and siderite, also are 
present. The clay-sized fraction consists primarily of 
illite-mica (49 percent of the clay-sized fraction), 
kaolinite (26 percent), mixed-layer illite-smectite (12 
percent), and chlorite (11 percent). Glauconite, a marine 
sedimentary mineral, also was detected in trace quanti-
ties in all samples analyzed. Thus, in addition to an 
igneous or metamorphic source rock (McMasters and 
Garrison, 1966), the deposit also has a coastal-plain 
source. Glauconite and limonite were the most abundant 
minerals after quartz and feldspar in outwash sediments 
from Falmouth, Cape Cod (Barber, 1990). In these sed-
iments, the small silt- and clay-sized fraction (less than 
1 percent) was mostly quartz and feldspar, although 
kaolinite and illite also were present. 

Aquifer sediments in the study area ranged in size 
from very fine to very coarse sand, contained variable 
quantities of silt, and commonly were poorly to moder-
ately well sorted. Characteristics of particle-size distri-
bution of aquifer sediments (grouped according to 
lithologic units, described below, and sediment type 
within each unit) are presented in table 1. Median parti-
cle size (d50) varied more than three orders of magnitude 
from 0.0048 mm for a sample of clayey silt to 0.98 mm 
for one sample of very coarse to coarse sand. Mean 
graphic standard deviation within sediment type (a mea-
sure of sorting, Folk, 1974) ranged from 1.03 to 1.74 phi 
units (table 1). 
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8 Table 1. Characteristics of particle-size distribution and hydraulic conductivity of aquifer sediments 
>; 
Z [Samples for particle-size analyses were not collected for the lower coarse-grained unit. Graphic standard deviation from Folk (1974). Phi units equal to -In (diameter in 

millimeters)/1n(2). --, no data] 

S 
„, 

Lithologic unit and sediment type 
Number 

of samples 

Particle-size diameter 
(millimeters) 

10th 50th 
percentile percentile 

Mean 
graphic 
standard 
deviation 
(phi units) 

Percentage 
of gravel 

Percentage 
of sand 

Percentage 
of silt 

and clay 

Hydraulic conductivity 
(feet per day) 

Method of
Method 

Krumbein
of Hazen 

and Monk
(1893) 

(1943) 

r 
R. Sand, fine to medium 5 0.09 

Upper Fine-Grained Unit 
0.22 1.09 2.5 92.4 5.1 26 20 

3 Sand, fine to medium, with silt 6 .04 .21 1.83 3.7 80.4 16.0 9.6 7.7 

I 
5 
o 

Sand, fine to very fine, with silt 
Silt, with clay 

14 
1 

.03 

.0011 

.14 

.0048 

1.74 

3.28 
.8 

0 
73.3 
23.1 

24.6 
76.9 

3.6 
.004 

4.3 
.0005 

Average for the unit 26 .04 .16 1.69 76.7 20.9 9.4 7.9 

Intermediate Coarse-Grained Unit 2.5 
Sand, very coarse to coarse, with gravel 17 0.22 0.98 1.43 16.2 77.6 3.2 190 350 

Sand, coarse to medium 18 .16 .47 1.09 2.8 94.0 3.3 96 93 

Sand, medium to fine 5 .07 .19 1.24 2.4 87.4 10.3 20 17 

Average for the unit 40 .17 .65 1.25 8.4 86.2 4.1 130 194 

Lower Fine-Grained Unit 
Sand, medium to fine 3 0.10 0.27 1.03 0.9 85.5 13.5 36 32 

Sand, medium to fine, with silt 8 .05 .21 1.41 1.8 86.8 11.3 10 11 

Sand, very fine to fine, with silt 11 .04 .13 1.40 .6 80.8 18.6 8.213 6.3 

Average for the unit 22 .06 .18 1.36 .8 83.8 15.1 12 

Samples from None of the Above Units 

Sand, coarse to very coarse, with gravel 3 0.16 0.74 1.54 14.1 81.2 4.8 110 140 

Sand, medium to coarse 3 .15 .37 1.07 2.6 94.4 3.0 83 62 

Sand, medium to very fine 6 .06 .21 1.48 2.6 83.7 13.7 11 11 

Sand, very fine, silt and clay 5 .04 .09 1.07 0 65.1 34.9 4.4 

3 



	 
	 
	 

	  

	 

Cation-exchange capacity (CEC) of aquifer 
sediments in the study area ranged from 0.5 meq/100 g 
for very coarse to coarse sand with gravel to 2.0 
meq/100 g for fine to very fine sand with silt and clay 
(table 2). CEC was correlated with percentage of silt 
and clay (Kendall's tau correlation coefficient=0.69, 
p=0.0001, n=18). A correlation was expected because 
the greatest density of exchange sites is associated with 
clay minerals and accessory minerals such as micas, 
rather than with sand-sized quartz and feldspar grains 
(Marshall and Holmes, 1979). The measured CEC's are 
typical of sandy sediments and reflect the dominant clay 
minerals present, illite, kaolinite, and chlorite, which 
have relatively low cation-exchange capacities (Dreyer, 
1988). The CEC's of coarse-grained samples are similar 
to reported values for coarse-grained glacial outwash 
sediments (Dance and Reardon, 1983; Ceazan and 
others, 1989). The exchangeable cations in 
uncontaminated sediments were primarily calcium and 
magnesium, which were present in subequal 
concentrations (table 2). Sorbed potassium was present 
in concentrations about an order of magnitude lower 
than sorbed calcium or magnesium concentrations 
(table 2). The method used to determine exhangeable 
cations (Shoemaker and others, 1961) could not 
measure exchangeable sodium; however, analysis of 
five sediment samples for recoverable sodium by a 

different method (Fishman and Friedman, 1989, p. 425) 
indicated that recoverable sodium was a small fraction 
(0.1 to 2.5 percent) of the total recoverable cations. 

Aquifer lithology in the study area is vertically and 
horizontally heterogeneous, as is typical of glacial-drift 
deposits. However, four lithologic units were identified: 
(1) an upper fine-grained unit consisting of fine to very 
fine or fine to medium sand, with varying amounts of 
silt, 40 to 60 ft thick; (2) an intermediate coarse-grained 
unit consisting of medium to very coarse sand, locally 
with some gravel, 5 to 60 ft thick; (3) a lower fine-
grained unit of interbedded fine to very fine and medium 
to fine sand with silt, 35 to 60 ft thick; and (4) a lower 
coarse-grained unit of medium to coarse sand of unde-
termined thickness. Most of the upper fine-grained unit 
lies above the water table (figs. 3A-B). The intermediate 
coarse-grained unit is thinnest at the western end of the 
infiltration beds and reaches maximum thickness east-
ward and southward (figs. 3A-B). West of the infiltration 
beds, the unit slopes downward and interfingers with the 
upper fine-grained unit (fig. 3A). The thickness of the 
lower fine-grained unit also is highly variable. The 
lower boundary of the lower fine-grained unit was not 
encountered at most sites. This three-to-four lithologic-
unit sequence, however, cannot be recognized in all 
parts of the study area. 

Table 2. Cation-exchange capacity and exchangeable-cation concentrations in aquifer sediments 

[Median particle size is the diameter of a particle of such size that 50 percent of the particles by weight is finer. mm, millimeter] 

Median Percent-
Number particle age of

Sediment type of size silt and
samples (mm) clay 

Sand, very coarse to 
coarse, with gravel 

Sand, coarse to medium 
Sand, medium to fine 
Sand, fine to medium, 

with silt 
Sand, fine to very fine, 

with silt and clay _ 

4 1.00 2.0 
6 .44 3.9 
1 .20 6.5 

2 .22 20.5 

8 .11 27.4 

Cation-exchange properties 
(milliequivalents per hundred grams of dry sediment) 

Mean Mean
Mean Meancation- exchange-exchange- exchangeable

exchange ableable calcium potassiumcapacity magnesium 

0.5 0.27 0.20 0.04 
.5 .28 .21 .03 
.9 .66 .19 .05 

1.4 .66 .77 .07 

2.0 .93 .84 .08 
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Figure 3. Lithologic units, potentiometric contours, and general direction of ground-water flow along (A) section A-A' and (B) section 
B-B' in the study area, December 1992. (Line of hydrogeologic sections shown in figure 2.) 
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Hydraulic Properties of Sediments 

The horizontal hydraulic conductivity of glacial 
outwash deposits on Cape Cod, as determined from 
aquifer-test analyses, ranges from about 150 ft/d for fine 
sand to 380 ft/d for coarse sand and gravel (Palmer, 
1977; LeBlanc and others, 1986, 1988; Barlow and 
Hess, 1993; and Barlow, 1994). These references also 
indicate that the ratio of horizontal to vertical hydraulic 
conductivity for all sediments except fine sand gener-
ally is less than 10 to 1. Ratios of about 30 to 1 and 50 
to 1 were reported for fine sand by Barlow and Hess 
(1993) and Barlow (1994). The hydraulic conductivity 
of lacustrine sediments is much lower; horizontal and 
vertical hydraulic conductivities of 104 to 103 ft/d were 
reported for lacustrine silt and clay sediments from a 
location about 7 mi from the study area (Barlow, 1994). 

Hydraulic conductivity of aquifer sediments in the 
study area was estimated from particle-size data by 
methods of Hazen (1893) and Krumbein and Monk 
(1943). These methods relate hydraulic conductivity to 
characteristics of particle-size distribution through 
empirical equations. Results of the two methods were 
similar except for very coarse-grained sediments, where 
the Hazen method yielded much lower hydraulic 
conductivities than did the Krumbein and Monk method 
(table 1), possibly because the Hazen method is based 
entirely on the 10th percentile particle size. The Hazen 
method, therefore, is sensitive to small amounts of fine-
grained material; even very coarse-grained sediments 
from the study area contained about 3 percent silt and 
clay. The hydraulic conductivity of sediments from the 
three lithologic units calculated by the methods of 
Krumbein and Monk (1943) and Hazen (1893) 
averaged 9.4 and 7.9 ft/d, respectively, for the upper 
fine-grained unit (n=26), 130 and 194 ft/d, respectively, 
for the intermediate coarse-grained unit (n=40), and 12 
and 13 ft/d, respectively, for the lower fine-grained unit 
(n=22) (table 1). Thus, although some sediment types 
were found in all three units, there were large 
differences in permeability among the units (table 1). 

Horizontal hydraulic conductivity also was esti-
mated in the present study from slug tests performed in 
several wells. Slug-test data were analyzed using the 
method of Bouwer and Rice (1976). Slug tests in wells 
screened in coarse-grained sediments were unreliable 
because of irregular water-level recovery and the rapid 
response to the initial displacement of water in the well. 

Horizontal hydraulic conductivity estimated from slug 
tests was 10 and 59 ft/d for wells screened in fine to 
medium sand, 14 ft/d for a well screened in very fine to 
very coarse sand, 7 ft/d for a well screened in medium 
to very fine sand, and 4 and 6 ft/d for wells screened in 
fine to very fine sand and silt. These hydraulic conduc-
tivities are similar to those estimated on the basis of the 
particle-size distribution of fine-grained sediments 
(table 1). 

Hydraulic conductivity estimated from particle-
size distributions in the present study show large varia-
tion and generally were lower than hydraulic conductiv-
ities calculated from aquifer tests in outwash sediments 
on Cape Cod. Aquifer sediments in the study area are 
more heterogeneous and contain greater quantities of 
fine-grained material than do the more distal outwash 
plain deposits, for which many of the reported hydraulic 
conductivities were calculated. Also, hydraulic conduc-
tivity calculated from particle-size distributions reflects 
the variation of individual depositional layers; horizon-
tal hydraulic conductivities calculated from aquifer 
tests generally represent the average horizontal hydrau-
lic conductivities of all the lithologies present. Finally, 
the Krumbein and Monk and Hazen equations relate 
particle-size distribution to hydraulic conductivity mea-
sured by permeameter experiments using repacked sed-
iment cores; such hydraulic conductivities may be 
lower than hydraulic conductivities derived from field 
methods, because the repacking eliminates aquifer 
anisotropy (Wolf and others, 1991; Millham and 
Howes, 1995). 

Porosity of the stratified glacial outwash deposits 
of Cape Cod, estimated from ground-water tracer 
experiments conducted in Falmouth, ranges from 0.38 
to 0.43 (Barlow, 1987; LeBlanc and others, 1988; 
Garabedian and others, 1991). Although these tracer 
tests are the only source of information for porosity of 
glacial-drift deposits of Cape Cod, the estimates are 
consistent with those reported for similar outwash 
deposits in other areas. Morris and Johnson (1967) 
reported a mean porosity for "water-laid" stratified 
deposits of 0.46 for silt, 0.43 for fine-grained sand, and 
0.39 for medium and coarse-grained sand. The authors 
also reported a mean of 0.39 for "washed drift" 
(outwash) sand, and 0.44 for outwash silt. Perlmutter 
and Liever (1970) reported a porosity range of 0.34 to 
0.38 for sand and gravel deposits of Long Island, New 
York. 
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Porosity of aquifer core sediments collected from 
the study area, measured using gravimetric methods, 
averaged 0.34±0.07 (±one standard deviation, n=230). 
The difference between these porosities and those esti-
mated from the tracer test studies cited above most 
likely results from settling of the core sediments during 
sample collection and transport. Standing water was 
always observed at the top of the sediment column 
within the sealed core liner, which probably originated 
as displaced pore water. Such redistribution of sedi-
ments and pore water within the core liner would reduce 
the porosity of the sediment column. Comparison of 
laboratory-measured aquifer properties of core samples 
from the Falmouth site (collected with the same wire-
line-piston core barrel used here) with field values by 
Wolf (1988) and Wolf and others (1991) indicated that 
porosity decreased from 0.39 to 0.31-0.32 during sam-
pling. The authors suggest that the decrease in porosity 
probably resulted from disturbance of ambient packing 
and destruction of zones of high porosity through 
mixing-in of finer material during coring. Porosity mea-
sured in the present study was similar to values mea-
sured by Wolf (1988) and Wolf and others (1991). 
Therefore, a porosity of 0.39, as determined by Garabe-
dian and others (1991) from a tracer test at the Falmouth 
site, was used in the present study in calculations and 
analyses that required a porosity value representing 
field conditions. 

Bulk density measured in aquifer-core sediments, 
1.9 g/cm3 (n=239), also likely reflected compaction. 
Therefore, a bulk density value of 1.6 g/cm3 was used to 
convert weight-per-weight units to weight-per-volume 
units. This value is based on literature sources (Morris 
and Johnson, 1967; Marshall and Holmes, 1979) and the 
bulk density measured in subsurface infiltration-bed 
sediments (median=1.63 g/cm3, n=65), which were less 
likely to be compacted than the saturated aquifer 
samples. 

Hydrology 

Ground water on Cape Cod occurs in six flow 
systems that are hydraulically independent under 
natural recharge and discharge conditions (LeBlanc and 
others, 1986). The septage-treatment facility is near the 
northern discharge boundary of one of these flow 
systems, which extends about 86 mil south and west of 

the facility site (Masterson and Barlow, 1994). 
Precipitation recharge, the primary source of ground-
water recharge on Cape Cod, is about 45 percent of 
mean annual precipitation or about 17 in/yr (LeBlanc 
and others, 1986). 

Mean annual water-level fluctuations in the study 
area range from 1 to 2 ft, as determined from three 
nearby USGS wells with periods of record of 27 years 
(BMW 21) and 17 years (OSW 25 and OSW 22; see 
fig. 1). The magnitude of seasonal water-level fluctua-
tions decreases near the coast where water levels are 
largely controlled by sea level (for example, OSW 133, 
fig. 4). Water-level fluctuations increase as the altitude 
of the water table increases farther inland (for example, 
OSW 25 and OSW 120, fig. 3). Water levels at OSW 25 
during the present study (August 1989 to December 
1992) correlated well with water levels at site 120, at the 
inland end of the observation-well network and outside 
of the influence of the treatment-facility discharge 
(R2=0.98 and 0.90 for the two wells at the site; n=30). 
Fluctuations of water levels in wells near the infiltration 
beds (OSW 90 and OSW 107, fig. 3) were greater than 
those in the inland wells, probably because of the treat-
ment-facility discharge. Water levels during the present 
study generally were lower than those of average condi-
tions, as represented by the mean water level of well 
OSW 25 during 1975-92 (fig. 3). 

Ground-water levels and the direction of ground-
water flow in the study area are affected by the regional-
flow system, local surface-water boundaries, recharge 
rates, and aquifer lithology. The general configuration 
of the water table in December 1992 (fig. 5), after about 
3 years of effluent discharge, is similar to pre-discharge 
conditions except for a steepening of gradient near the 
infiltration beds. Water-level altitudes in the study area 
are about 8 to 15 ft above sea level. The direction of 
flow is from east to west and northwest from the interior 
of Cape Cod toward aquifer discharge boundaries at 
Namskaket Marsh (fig. 5) and Cape Cod Bay (figs. 1 
and 2). There is an area of ground-water mounding 
below the northwestern or downgradient end of the 
infiltration beds, which also was present prior to initia-
tion of effluent discharge. The mounding results from 
the shallow depth of the lower fine-grained lithologic 
unit beneath the northwestern end of the infiltration 
beds. The top of this unit is closest to land surface and 
to the water table in this area (fig. 3A). 
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Figure 4. Water-level fluctuations in the study area, August 1989 through December 1992. 

There are steep vertical potentiometric gradients in 
the study area that were present prior to and after initia-
tion of effluent discharge. Immediately beneath and 
within 250 ft downgradient of the infiltration beds, 
downward gradients as high as 0.033 ft/ft were mea-
sured within the fine-grained deposits. These gradients 
are significantly higher than vertical gradients of about 
0.001ft/ft that are typical for recharge areas of Cape Cod 
underlain by sand and gravel (Barlow, 1994). Lower 
hydraulic conductivities in the fine-grained unit, com-
pared to those in the overlying coarse deposits, cause 
nearly horizontal equipotentials (indicating essentially 

vertical flow) in the fine-grained deposits. Ground water 

in the coarse-grained unit also flows downward in the 

westward direction of flow from the infiltration beds, 

where the top of the coarse-grained unit slopes down-

ward (fig. 3A). Ground-water flow is more nearly hori-

zontal downgradient from the infiltration beds in the 

northwestward direction (fig. 3B). Upward vertical gra-

dients are present near Namskaket Marsh (for example, 

at site 111, fig. 3A). These upward gradients likely are 

the result of proximity to the regional ground-water 

discharge area. 
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Ground-Water Quality Prior to Effluent metamorphic source rocks (Freeze and Cherry, 1979), 
Discharge Concentrations of calcium, magnesium, sodium, potas, 

sium, bicarbonate (as alkalinity), sulfate, and chloride 
Ambient (background) ground water in the study (table 3) are similar to concentrations measured in 

area, sampled prior to effluent discharge, is slightly uncontaminated ground water throughout Cape Cod 
acidic and contains low concentrations of dissolved (Frimpter and Gay, 1979). Sodium and chloride, the 
solids (table 3). These characteristics are typical of dominant ions, likely result from sea spray and(or) 
unconsolidated glacial aquifers derived from igneous or road-deicing salt. 

Table 3. Physical properties and concentrations of major chemical constituents, nutrients, and 
selected trace constituents in ambient (background) ground water in the study area prior to 
effluent discharge, September 1989 

[Summary statistics based on 29 samples. Interquartile range equal to the difference between 25th and 75th percentiles. 
Median and interquartile range for constituents in concentrations less than the analytical detection limits were estimated 
using the robust probability method for censored data of Helsel and Cohn (1988) and Helsel (1990). <, actual value is 
less than value shown. µS/cm, microsiemen per centimeter at 25 °C; °C, degree Celsius; mg/L, milligram per liter; µg/L, 
microgram per liter. --, no data] 

Interquartile
Properties and constituents Minimum Median Maximum 

range 
Physical properties 
Specific conductance (µS/cm) 75 122 304 49 
pH (standard units) 5.6 6.3 7.5 .02 
Temperature, water (°C) 9.2 10.1 11.6 1.0 
Oxygen, dissolved (mg/L) .1 6.8 10.9 8.1 
Dissolved solids, sum of constituents (mg/L) 44 70 170 30 

Major chemical constituents (mg/L) 
Calcium 1.7 3.4 14.0 2.9 
Magnesium 1.3 2.2 8.0 1.6 
Sodium 10.0 15.0 23.0 3.5 
Potassium .6 1.2 2.0 .6 
Alkalinity, total (as CaCO3) 5.0 11.0 33.0 4.0 
Sulfate 2.0 6.0 40.0 6.0 
Chloride 12.0 21.0 77.0 6.5 
Silica 8.3 .13.0 24.0 6.0 

Nutrients (mg/L) 
Nitrite plus nitrate, dissolved (as N) <.10 .07 3.40 .90 
Nitrogen, ammonium, dissolved (as N) <.01 .02 .37 .06 
Nitrogen, dissolved, ammonium plus organic (as N) <.20 .07 .60 .27 
Phosphorus, dissolved (as P)1 <.01 .02 .60 .04 
Phosphorus, dissolved, orthophosphate (as P) <.01 .02 .12 .04 

Trace constituents (pg/L) 
Boron <10 20 110 15 
Iron 3 14 9,000 500 
Manganese 2 54 270 98 

Organic carbon (mg/L) 
Carbon, organic, dissolved (as C) .2 .4 .7 .3 
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Dissolved-oxygen concentrations in ambient 
ground water range from near saturation to nearly zero 
(table 3). The highest concentrations (10 to 11 mg/L) 
were measured in ground water from shallow wells and 
wells screened in coarse-grained material. Low concen-
trations (0 to 0.1 mg/L) were measured in ground water 
from wells screened at depths greater than 80 ft below 
the water table. Reduced material such as organic matter 
or pyrite, which would rapidly deplete dissolved 
oxygen, generally was not found in study-area sedi-
ments (L.J. Poppe and A.M. Moffett, U.S. Geological 
Survey, written commun., December 1990). Thus, the 
low concentrations of dissolved oxygen probably result 
from a long ground-water residence time in the aquifer, 
such as found by LeBlanc (1984) for fine-grained 
sediments near Falmouth, Cape Cod. 

Iron and manganese concentrations also varied 
greatly in the aquifer (table 3) and were related to con-
centrations of dissolved oxygen. Iron and manganese 
are relatively insoluble in oxygenated water at the pH of 
ambient ground water. Iron and manganese oxides and 
oxyhydroxides are likely to be present in the aquifer 
matrix as weathering-product minerals and coatings on 
sand grains (Postma and Brockenhuus-Schack, 1987). 
In fact, reddish-orange iron oxide or oxyhydroxide 
staining on some coarse-grained aquifer sediments was 
noted during drilling, particularly on coarse-grained 
sediments in close vertical contact with fine-grained 
sediments. Iron oxides and hydroxides (limonite) were 
common accessory minerals in outwash deposits in Fal-
mouth, Cape Cod (Barber, 1990). These compounds are 
dissolved under moderately reducing (low dissolved 
oxygen) conditions (Hem, 1967, 1972). High iron 
(1,200 to 9,000 µg/L) and manganese (68 to 270 µg/L) 
concentrations coincided with low dissolved-oxygen 
concentrations (less than 0.1 to 3.3 mg/L). 

Concentrations of nitrogen and phosphorus species 
in the aquifer Were low under natural conditions and 
comparable with typical concentrations reported by 
Frimpter and Gay (1979) for ground water on Cape 
Cod. Median concentrations of all nitrogen species were 
less than 0.10 mg/L as N, and the median phosphorus 
concentration, present as orthosphosphate, was 0.02 
mg/L. Concentrations of organic carbon were uniformly 
low, ranging from 0.2 to 0.7 mg/L. Concentrations of 
nitrite plus nitrate greater than 0.5 mg/L as N measured 

in the study area probably reflect anthropogenic inputs, 
as septic-tank effluent or fertilizer, from residential 
areas upgradient of the site. 

OPERATION OF THE SEPTAGE-TREATMENT 
FACILITY AND EFFLUENT QUALITY 

The Tri-Town Septage-Treatment Facility receives 
septage from the towns of Brewster, Eastham, and 
Orleans and lesser quantities from Truro, Wellfleet, and 
Provincetown (fig. 1). The septage is conditioned with 
ferric chloride and calcium hydroxide (lime) and sepa-
rated into solid and liquid components with a high-pres-
sure filter press. The solid component is disposed of off-
site, while the liquid component receives secondary-
level treatment. Hydrochloric acid is added for pH con-
trol, and phosphoric acid is added as a nutrient base. The 
liquid then passes through rotating biological contactors 
to reduce biological oxygen demand. Finally, it is disin-
fected with ultraviolet irradiation. The final effluent is 
discharged one to two times per day to sand-lined infil-
tration beds (figs. 2 and 3). Effluent discharge to the 
eight infiltration beds is rotated on an irregular basis. 
The beds are 35 by 35 ft each in dimension, about 5 ft 
deep, and were originally excavated in native material. 
The surficial 0.5- to 1-foot of sediment was removed in 
the spring of 1992 and replaced with clean, coarse sand 
to increase permeability. 

The facility was designed to discharge 45,000 
gal/d. However, actual discharge rates rarely reached 
design capacity prior to the summer of 1992. Mean 
daily effluent discharge for the entire period of study 
was 19,000 gal/d. Discharge rates (fig. 6) varied season-
ally, with peak rates occurring during the summer 
months, when the population on Cape Cod substantially 
increases. Mean daily discharge during the summer 
months of June, July, and August (25,100 gal/d) was 
more than twice the mean daily discharge during the 
winter months of December, January, and February 
(11,500 gal/d) during 1990-92. 

The effluent was typically high in dissolved solids 
(median equal to 1,690 mg/L) and had a high specific 
conductance (median equal to 3,330 µS/cm; table 4). 
The major chemical constituents were chloride (median 
equal to 950 mg/L) and calcium (median equal to 440 
mg/L), which were additives in the treatment process. 
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Figure 6. Mean daily discharge and total monthly discharge of effluent, February 1990 through 
December 1992, 

Sodium was present in lower concentrations, and potas-
sium and sulfate were minor constituents. Concentra-
tions of the individual ions were quite variable, with 
interquartile ranges of 17 to 140 percent of median con-
centrations. The effluent also contained significant alka-
linity (median equal to 110 mg/L as calcium carbonate). 
pH, closely controlled in the treatment process, was 
consistently near neutral (median equal to 7.2, 
interquartile range=0.4). 

The median concentration of total dissolved nitro-
gen (sum of nitrate-, nitrite-, and ammonium-nitrogen, 
and dissolved organic nitrogen) was 44 mg/L as N 
(table 4). Variability in total dissolved nitrogen (inter-
quartile range=12, or 27 percent of the median) was low 

compared to that of the major ions. Concentrations of 
individual dissolved-nitrogen species, however, were 
highly variable (interquartile range=130 to 320 percent of 
the medians). The dominant form of nitrogen varied 
seasonally in that ammonium was the primary form in 
January and February. During the rest of the year, there 
was no apparent pattern in occurrence of reduced or oxi-
dized forms. Variation in the dominant nitrogen form 
resulted from the extent to which nitrification, the oxi-
dation of ammonium to nitrate, occurred during treatment. 

Concentrations of total (dissolved plus particulate) 
organic nitrogen exceeded concentrations of dissolved 
organic nitrogen in the 15 samples in which both mea-
surements were made. The difference was statistically 
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Table 4. Physical properties and concentrations of major chemical constituents, nutrients, and boron in 
effluent, March 1990 through December 1992 

[Summary statistics based on 45 samples, unless otherwise noted. Interquartile range equal to the difference between 25th and 
75th percentiles. Median and interquartile range of constituents in concentrations less than the analytical detection limits were 
estimated using the robust probability method for censored data of Helsel and Cohn (1988) and Helsel (1990). µS/cm, 
microsiemen per centimeter at 25 degrees Celsius; mg/L, milligram per liter;gg/L, microgram per liter. --, no data] 

Interquartile range 

Properties and constituents Median Interquartile range 
divided by the 

median, multiplied 
by 100 

Physical properties 
Specific conductance (µS/cm) 3,330 1,100 33 

pH (standard units) 7.2 .4 6 

Dissolved solids, sum of constituents (mg/L) 1,690 530 31 

Major constituents (mg/L) 
440 170 39Calcium 

Magnesium' .8 1.1 140 

Sodium 100 20 20 

Potassium 30 5 17 

Alkalinity, total (as CaCO3) 110 68 62 

Sulfate 19 15 79 
300 32Chloride 950 

Silica 1.1 .6 55 

Nutrients (mg/L) 
Nitrate, dissolved (as N) 9.4 20 210 

Nitrite, dissolved (as N)1 .76 2.4 320 

Nitrogen, ammonium, dissolved (as N) 27 34 130 

Nitrogen, organic,2 total (as N)3 7.2 

Nitrogen, organic,2 dissolved (as N) 4.0 5.5 138 

Nitrogen, total (as N) 46 

Nitrogen, total, dissolved (as N) 44 12 27 

Phosphorus, total (as P) .44 1.2 270 

Phosphorus, dissolved (as P)1 .04 .51 1,300 

Phosphorus, dissolved, orthophosphate (as P)1 .02 .43 2,100 

Trace constituents (1.1g/L) 
Boron 200 80 40 

Organic carbon (mg/L) 
Carbon, organic, total (as C)2 24 

Carbon, organic, dissolved (as C) 14 8 57 

1 Analyses include detections less than analytical detection limits. 
2Organic nitrogen calculated as the difference between separate analyses of ammonium plus organic nitrogen and ammo-

nium nitrogen. 

Median total concentration (dissolved plus particulate) in samples from March 1990 through December 1992 estimated 
using median ratio of total to dissolved concentration in 15 samples collected March through December 1992. 
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significant based on results of the Wilcoxon signed-rank 
test (p=0.007). The median ratio of total to dissolved 
organic nitrogen was 1.8. Thus, particulate organic 
nitrogen was a large fraction of the total organic nitro-
gen but less than 10 percent of the total nitrogen in the 
effluent. Concentrations of total nitrogen (sum of 
nitrate-, nitrite-, and ammonium-nitrogen, dissolved 
organic nitrogen, and particulate organic nitrogen) esti-
mated from dissolved concentrations using this ratio 
had a median concentration of 46 mg/L as N (table 4). 

Concentrations of dissolved organic carbon mod-
erately varied (interquartile range=57 percent of the 
median) with a median of 14 mg/L. As with organic 
nitrogen, concentrations of total organic carbon were 
larger than dissolved concentrations. The median ratio 
of total to dissolved organic carbon in the 15 samples in 
which both measurements were made (1.7) indicated 
that about two-fifths of the organic carbon in effluent 
was in the particulate form. Concentrations of total 
organic carbon were estimated from dissolved concen-
trations using this ratio and had a median of 24 mg/L 
(table 4). 

CHANGES IN EFFLUENT QUALITY IN THE 
UNSATURATED ZONE 

Physical, chemical, and microbial processes affect-
ing solute movement differ in the unsaturated and satu-
rated zones; therefore, changes in effluent quality were 
investigated separately in each zone. The unsaturated 
zone beneath the infiltration beds is about 40 ft thick and 
is composed of fine to medium sand with variable 
amounts of silt. These sediments represent a reservoir of 
sorbed ions and surfaces with which the effluent could 
interact through sorption and ion exchange. Microbial 
communities also transform effluent constituents, espe-
cially through aerobic biological processes. Detailed 
unsaturated-zone sampling to investigate these pro-
cesses was beyond the scope of the present study. 
Therefore, transformations and attenuation of effluent 
constituents in the unsaturated zone were assessed by 
comparing effluent chemistry with ground-water chem-
istry at the water table beneath the infiltration beds. 

Changes Caused By Physical Processes 

Chloride concentrations in effluent and ground 
water from OSW 136 (at cluster site 150, fig. 2, hence-
forth referred to as "water-table ground water") were 
compared to identify effluent-quality changes due to 
physical processes (dilution) in the unsaturated zone. 
Chloride was used as a tracer of physical transport 
because it behaves conservatively in ground water 
(LeBlanc, 1984; Hem, 1985, p. 118). The comparison 
was complicated, however, by the variation in chloride 
concentrations in effluent with time (fig. 7A). Further, 
concentrations in effluent and water-table ground water 
were not statistically independent but were related 
through a time lag, theoretically equal to the unsatur-
ated-zone traveltime. Therefore, the unsaturated-zone 
traveltime was estimated so that chloride concentrations 
in effluent and water-table ground water could be 
compared as paired data. 

The unsaturated-zone traveltime was estimated as 
follows. Chloride concentrations in water-table ground 
water (ye) were correlated separately with data sets of 
time-lagged effluent concentrations, (x1), (xt _1), (xt _2),..., 
(xt_„), where t is the order of the sample in time and n is 
the maximum number of time lags expected to impact 
yt. The nonperiodic data sets, spaced at semimonthly to 
monthly intervals, were transformed into equally 
spaced, monthly values using linear interpolation 
between data points (EXPAND procedure of the 
SAS/ETS module, SAS Institute, Inc., 1988, p. 261). 
The time-lags tested were 1, 2, 3, 4, 5, and 6 months. 
Ground-water samples collected prior to January 1991 
were not used because the concentrations steadily 
increased with time, reflecting initial arrival of effluent 
at the well (fig. 7A). Before correlation, the two trans-
formed data sets were individually tested for serial cor-
relation with the Durbin-Watson statistic, d (Neter and 
others, 1985, p. 450). Because this test indicated that 
both data sets were serially correlated (d was significant 
at the a=0.05 level), an auto-regressive model was used 
for the correlations. The error term of the regression in 
this procedure is assumed to be serially correlated 
(AUTOREG procedure of SAS/ETS, SAS Institute, 
Inc., 1988, p. 171). The strength of each correlation was 
then determined. 
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EXPLANATION 

EFFLUENT--DISSOLVED CONCENTRATIONS 

EFFLUENT--DISSOLVED AND PARTICULATE CONCENTRATIONS 

GROUND WATER AT THE WATER TABLE BENEATH THE 
INFILTRATION BEDS (WELL OSW 136) 

Figure 7. Concentrations of chloride and nitrogen species in effluent and water-
table ground water beneath the infiltration beds (well OSW 136), March 1990 
through December 1992. A. Chloride. B. Nitrate. C. Nitrite. D. Ammonium. E. Organic 
nitrogen. 

Changes in Effluent Quality in the Unsaturated Zone 23 



	 

 	

 

80 
z D.O 
H e e z 602 a_w 
Z O ccLIJ 

< 
Z cc 
0 0 
U 

cc2 

- 202 z 

O 
0 

80 
cc 

z z 
z 60 -o o cc w cc FL- LIJ 0 

CL 0 

• 2  40 -w < z 
• (-) CC V) 
(.9 Z < 

0 Li 
o (..) 20 

0 

M
A

R
.-

A
P

R
.

H U 

95 5 >-
O 0 _1 H 

0 O2 2 

1990 1991 1992 

Figure 7. Concentrations of chloride and nitrogen species in effluent and water-
table ground water beneath the infiltration beds (well OSW 136), March 1990 
through December 1992—Continued. 

The auto-regressive correlation indicated that 
chloride concentrations in effluent and in water-table 
ground water were related, with the maximum correla-
tion at a lag of 3 months (R2=0.63), and a lesser 
correlation at a lag of 4 months (R2=0.47). The esti-
mated 3-month traveltime from land surface to OSW 
136 agrees with time-series measurements of specific 
conductance in ground water at the well. Specific 
conductance greater than background values was first 
measured in mid-May 1990, about 3 months after the 
beginning of effluent discharge. The effects of variable 
flow-paths distances and soil-moisture conditions on 
traveltime were averaged in the 3-month estimate. 
Dispersion, which is another source of variability in 
concentrations, also is not considered in the estimate. 
However, data were not available to evaluate these 

variations. The presence of a time-lagged correlation 
was assumed to imply that variations in traveltime and 
the effects of dispersion were small relative to the 
variation of chloride concentrations in effluent. 

The chloride-correlation estimate of unsaturated-
zone traveltime may be compared with traveltimes 
based on the effluent-loading rate and assumption of 
steady-state pore-water displacement (loading-rate 
method). Traveltimes based on the mean daily effluent-
loading rate (19,000 gal/d or 2,540 ft3/d), area of the 
eight infiltration beds (9,800 ft2), and a specific yield 
range of 0.15 to 0.30 (Morris and Johnson, 1967; Guswa 
and LeBlanc, 1985) were 22 to 43 days, which was 
lower than the chloride-correlation estimate. However, 
the loading-rate method likely underestimates the 
unsaturated-zone traveltime because the method 
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assumes vertical flow. Lateral flow in response to capil-
lary pressure gradients during and between the intermit-
tent effluent discharge is likely to have occurred (Yeh 
and others, 1985). Lateral flow also may have occurred 
during temporary saturation caused by low-permeabil-
ity layers (Hillel, 1980, p. 215). Because of lateral flow, 
effluent would percolate through a larger volume of sed-
iment than that directly overlain by the individual beds, 
thereby increasing the unsaturated-zone traveltime. Lat-
eral flow was detected in the unsaturated zone during 
infiltration experiments in outwash sediments in Fal-
mouth, Cape Cod (Rudolph and others, 1993; Stevens, 
1994). 

Comparison of chloride concentrations in water-
table ground water from January 1991 through Decem-
ber 1992, with concentrations in effluent indicates that 
constituent concentrations in water-table ground water 
throughout this period were slightly diluted. The two 
sets of concentrations were compared by applying the 
Wilcoxon signed-rank test to paired monthly values, 
offset by 3 months. The test indicated that the chloride 
concentrations in effluent and water-table ground water 
were significantly different (p=0.0017). The median dif-
ference determined in this test was 130 mg/L, with a 95-
percent confidence interval of 56 to 180 mg/L (table 5). 
These values correspond to a decrease of 14 percent 
from effluent concentrations (based on the median 
monthly chloride concentration in effluent), and the 95-
percent confidence interval corresponds to a range of 
5.9 to 19 percent. This difference is inferred to result 
from dilution. 

The 14-percent dilution is greater than expected 
from precipitation recharge. Precipitation recharge is 
estimated as 18.7 and 18.6 in. for 1991 and 1992, 
respectively. These values are based on annual 
precipitation of 41.7 and 41.4 in. measured in the nearby 
town of Chatham (Kathryn Vreeland, Northeast 
Regional Climate Center, Ithaca, N.Y., oral commun., 
1994) and the 45-percent recharge estimate of LeBlanc 
and others (1986). Precipitation recharge corresponds to 
4 and 3 percent of the effluent recharge in 1991 and 
1992, respectively, assuming uniform application of 
effluent over the infiltration-bed area. Thus, 
precipitation could account for a significant fraction, but 
still less than one-half, of the dilution in chloride 
concentrations in water-table ground water. Mixing of 
effluent with ambient ground water from upgradient of 
the infiltration beds must account for the remaining 
dilution. The paired differences between chloride 

concentrations in effluent and water-table ground water 
(monthly concentrations) decreased with time 
(p=0.035, Wilcoxon Signed-Rank test), which suggests 
that dilution was decreasing. Decreased dilution is 
expected as the areal extent of the septage-effluent 
plume increased in all directions beneath the infiltration 
beds with time. 

Changes Caused by Reactive Processes 

Changes in effluent quality caused by reactive 
processes in the unsaturated zone were identified, as 
with chloride, by comparing constituent concentrations 
in effluent and water-table ground water. Concen-
trations were compared by applying the Wilcoxon 
signed-rank test for. paired data to lagged monthly 
values as described previously. Differences in 
concentrations between effluent and water-table ground 
water greater or less than that found in chloride 
concentrations were then inferred to result from 
biological or chemical reactive processes. 

A decrease in total nitrogen concentrations from 
reactive processes could not be identified from concen-
trations in effluent and water-table ground water; how-
ever, the distribution of nitrogen species changed 
substantially in the unsaturated zone. Ammonium and 
organic nitrogen composed about 70 percent of the total 
dissolved nitrogen in the effluent, with ammonium pre-
dominating (figs. 7D and E). In contrast, about 90 per-
cent of the total dissolved nitrogen in water-table 
ground water was in the form of nitrate (fig. 7B). 
Organic nitrogen in effluent was mineralized to ammo-
nium and ammonium in effluent was nitrified to nitrate 
in the unsaturated zone. The small amount of nitrite in 
the effluent (fig. 7C) also was oxidized to nitrate. Con-
centrations of total dissolved nitrogen in water-table 
ground water, with a median of 37 mg/L as N, were sig-
nificantly less (p=0.0119) than dissolved concentrations 
in effluent (table 5). The median difference, 8.5 mg/L 
as N or 19 percent of the effluent median, is greater than 
expected from dilution alone. However, the 95-percent 
confidence interval around this median difference (3.6 
to 39 percent) overlaps with the range determined for 
chloride concentrations and so could not be distin-
guished from dilution. The fate of the particulate 
organic nitrogen also could not be evaluated in this 
analysis (particulate nitrogen is discussed in the section, 
"Summary of Reactive Processes Involving Nitrogen 
and Nitrogen Budget"). 
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Table 5. Physical properties and concentrations of major chemical constituents, nutrients, and boron irk 
water-table ground water beneath the infiltration beds, January 1991 through December 1992, and 
comparison with physical properties and chemical concentrations in effluent 

[Summary statistics based on 35 samples. Median values for constituents in concentrations less than the analytical detectioh 
limits were estimated using the robust probability method for censored data of Helsel and Cohn (1988) and Helsel (1990). The 
Wilcoxon signed rank test was used to differentiate between concentrations in effluent and water-table ground water (medihn 
difference and 95-percent confidence interval, Minitab 7.2, Ryan and others, 1985, p. 289). The test was applied to monthly 
concentration values, which were obtained by linearly interpolating between data points (EXPAND procedure of SAS/ETS 
Module, SAS Institute, 1988, p. 261). Positive and negative differences indicate that concentrations in water-table ground Wa-
ter are greater than (+) or less than (-) concentrations in effluent. µS/cm, microsiemen per centimeter at 25 degrees Celsius; 
mg/L, milligram per liter; µg/L, microgram per liter. --, no data] 

Median difference in concentration
Median 

between water-table ground
concentration in 

water and effluent
Properties and constituents water-table 

ground water 
(OSW 136) Difference 

95-percent 
confidence 

interval 
Physical properties 
Specific conductance (µS/cm) 3,010 -470 -290 to -690 
pH (standard units) 5.0 -2.1 -2.0 to -2.3 

Major chemical constituents (mg/L) 
Calcium 330 -120 -75 to -160 
Magnesium' 44 +50 +59 to +40 
Sodium 100 -9.1 -1.4 to -18 
Potassium 16 -14 -12 to-17 
Alkalinity, total (as CaCO3) 1.2 
Sulfate 1.1 -20 -16 to -24 
Chloride 870 -130 -56 to -180 
Silica 17 +16 +15 to +16 

Nutrients (mg/L) 
Nitrate, dissolved (as N) 35 +20 +15 to +26 
Nitrite, dissolved (as N)1 .04 
Nitrogen, ammonium, dissolved (as N) 1.0 -23 -13 to -32 
Nitrogen, organic,2 dissolved (as N) 1.0 -4.0 -2.1 to -6.5 
Nitrogen, total, dissolved (as N) 37 -8.5 -1.6 to -17 
Phosphorus, dissolved (as P)1 .02 
Phosphorus, dissolved, orthophosphate (as P)1 .02 

Trace constituents (1.tg/L) 
Boron 140 -60 -40 to -80 

Organic carbon (mg/L) 
Carbon, organic, dissolved (as C) 1.8 -15 -11 to -23 

'Analyses include detections less than analytical detection limits 

2Organic nitrogen calculated as the difference between separate analyses of ammonium plus organic nitrogen and ammonium nitrogen. 
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Nitrification generates acidity by releasing two 
hydrogen ions for every ammonium ion oxidized. The 
decrease in pH of about two standard units between 
effluent and water-table ground water (table 5) likely 
resulted at least partly from nitrification. A similar pH 
decrease associated with unsaturated-zone nitrification 
in on-site septic-system effluent was found by Robert-
son and others (1991) in a low-carbonate sandy aquifer. 
Nitrification-generated acidity and the consumption of 
inorganic carbon by nitrifiers also may explain the 
decrease in alkalinity, which was almost entirely 
depleted in the unsaturated zone (table 5). Finally, the 
acid conditions may have favored absorption of sulfate 
(Schlesinger, 1991, p. 172), also depleted in the unsat-
urated zone (table 5), although biological uptake is 
another likely explanation for this change. 

Concentrations of total dissolved phosphorus and 
orthophosphate in water-table ground water generally 
were low (table 5) and similar to those of ambient 
ground water. Dissolved and particulate phosphorus in 
effluent was removed in the unsaturated zone. Phospho-
rus is highly reactive with soil minerals in oxic condi-
tions, through precipitation and anion absorption, 
especially in the presence of iron and maganese oxyhy-
droxides (Hem, 1985, p. 128). Phosphorus may be 
mobile at a large time scale in anoxic conditions (Walter 
and Stollenwerk, 1994). Phosphorus removal in the 
unsaturated zone also occurs in septic-system effluent 
(Robertson and others, 1991; Weiskel and Howes, 
1992). 

Organic carbon concentrations decreased in the 
unsaturated zone from medians of 14 mg/L (dissolved) 
and 24 mg/L (total) in effluent to 1.8 mg/L in ground 
water at the water table beneath the infiltration bed 
(table 5). Organic carbon may have been removed 
through aerobic respiration, filtering of particulate 
organic material by soil particles, and sorption (espe-
cially for synthetic compounds, Barber 1990). Organic 
carbon consumption through aerobic respiration also 
may have contributed to the decreases in pH and alka-
linity, through carbon dioxide production and oxidation 
of organic acids, respectively. 

Cation exchange in the unsaturated zone altered 
the ionic composition of the effluent. Calcium 
concentrations decreased by about 28 percent, or about 
14 percent more than attributable to dilution (table 5). In 
contrast, magnesium concentrations increased. 

Magnesium concentrations in effluent generally were 
less than 1 mg/L, but concentrations in water-table 
ground water were much higher. Magnesium 
concentrations in ground water decreased from a 
maximum of 120 mg/L in December 1990 to about 30 
mg/L by December 1992; the latter concentration is still 
an order of magnitude higher than that in ambient 
ground water (2.2 mg/L). The loss in calcium and gain 
in magnesium, as differences in concentrations between 
water-table ground water and effluent, decreased with 
time and apparently were approaching zero (fig. 8). 
These data suggest that, as the calcium-rich, 
magnesium-poor effluent percolated .through the 
unsaturated-zone sediments, calcium ions displaced 
sorbed magnesium ions. Sorbed magnesium was 
originally present in about equal concentrations as 
calcium, as discussed previously. The exchange process 
was most active as effluent was initially transported 
through the unsaturated zone, when contrast between 
dissolved and sorbed concentrations was greatest. The 
exchange diminished as the dissolved and sorbed 
phases approached a new equilibrium. The loss of 
calcium ion generally was greater than the gain in 
magnesium ion (fig. 8) and must have been balanced by 
loss of negatively charged ions and(or) gain of 
hydrogen ion. Similar transient ion-exchange reactions 
commonly occur during artificial recharge when 
recharge waters are chemically distinct from ambient 
pore water or ground water (Wood and Signor, 1975; 
Valocchi and others, 1981; Idelovitch and Michail, 
1984). 

Changes in other constituents were small relative 
to changes in calcium and magnesium (fig. 8). Sodium 
concentrations decreased significantly (p=0.0192), but 
not more than expected from dilution. The large 
decrease in potassium concentrations (45 percent) indi-
cates that a significant fraction of potassium was sorbed 
or exchanged onto unsaturated-zone sediments (table 
5). However, potassium concentrations in water-table 
ground water increased during the study period from 
less than 10 mg/L in January 1991 to about 25 mg/L in 
December 1992, suggesting that the sorption or 
exchange process was diminishing with time. 

Finally, concentrations of silica and boron, minor 
constituents of effluent, also were altered in the unsatur-
ated zone (table 5). Silica concentrations increased from 
a median of 1 mg/L in effluent to 17 mg/L in water-table 
ground water through reaction of effluent with silicate 
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Figure 8. Monthly differences between ion concentrations in water-table ground water and in 
effluent, January 1991 through December 1992. Difference is equal to concentration in water-table 
ground water minus concentration in effluent, where concentrations are equally spaced monthly 
values. Monthly values obtained from linear interpolation between sample data and paired with a 
3-month offset (the unsaturated-zone traveltime). Positive and negative differences correspond to 
increases and decreases, respectively, during transport through the unsaturated zone. 

minerals. Increase in silica concentrations during artifi-
cial recharge of wastewater also was reported by Wood 
and Signor (1975). Boron concentrations decreased, 
and, as with potassium, the attenuation appeared to 
decrease with time. Adsorption of boron as borate is a 
possible mechanism for removal of boron from solution 
(Sposito, 1989). 

In summary, changes in effluent properties and 
constituent concentrations during transport to the water 
table indicate the importance of reactive processes in 
the unsaturated zone. A decrease in the concentrations 
of total dissolved nitrogen was not identified, but the 
distribution of nitrogen species was altered. Reactions 

involving calcium, magnesium, sodium, potassium, and 
boron were approaching steady-state conditions after 34 
months of effluent discharge. Major changes in the qual-
ity of effluent in the unsaturated zone included (1) trans-
formations of dissolved organic nitrogen to ammonium 
and ammonium to nitrate; (2) attenuation of organic 
carbon, phosphorus, calcium, potassium, sulfate, alka-
linity, and boron concentrations; and (3) increases in 
concentrations of hydrogen ion (measured as decrease 
in pH), magnesium, and silica. These changes are 
assumed to result from the microbial processes of nitro-
gen mineralization, nitrification, and aerobic respiration 
and the chemical processes of sorption and (or) ion 
exchange. 
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PHYSICAL DEVELOPMENT AND CHEMICAL 
CHARACTERISTICS OF THE SEPTAGE-
EFFLUENT PLUME 

The horizontal and vertical extent of the septage-
effluent plume in ground water and rates and controls on 
its movement in the aquifer are described in this section. 
This distribution of specific conductance, chloride, dis-
solved oxygen, nitrogen species, phosphorus, dissolved 
organic carbon, and other constituents and properties in 
the aquifer also are presented. Constituent concentra-
tions in December 1992 are depicted in maps, which 
show the maximum concentration measured in ground 
water from one to six wells at each cluster site. For dis-
solved oxygen, which was depleted in the maximum-
contamination zones, minimum concentrations are 
depicted. 

Specific Conductance, Chloride, and 
Physical Development of the Plume 

Specific conductance and chloride are indicators of 
the physical development of the plume. Specific con-
ductance, which is proportional to the dissolved-solids 
concentration (Hem, 1985, p. 167), can be used for a 
qualitative description of plume movement. Specific 
conductance of ground water in December 1992 ranged 
from more than 3,000 µS/cm in the center of the plume 
to less than 500 µS/cm near the boundaries of the plume 
(fig. 9 and table 6). The maximum areal extent of the 
plume slightly exceeds the line of equal specific con-
ductance equal to 500 µS/cm in figures 9 and 10, 
because 500 µS/cm is significantly greater than typical 
background values (75 to 304 AS/cm, table 3). Chloride 
can be used for qualitative and quantitative description 
because it travels conservatively in ground water. The 
areal distribution of chloride, which made up about one-
half of the dissolved solids, was similar to that of spe-
cific conductance (fig. 10). Chloride concentrations in 
the center of the plume were greater than 800 mg/L and 
equaled the median concentration in effluent at site 147 
(table 6 and fig. 11). 

The areal distributions of specific conductance and 
chloride in the aquifer (figs. 9 and 11) show that the 
leading edge of the plume had traveled 200 to 450 ft 
downgradient from the beds by December 1992. The 

plume also had split into two lobes by March 1991 (fig. 
10). One lobe moved westward and the second lobe 
moved northwestward from the beds. By December 
1992, the bilobate shape was less pronounced. The 
plume's initial bilobate shape resulted from the irregular 
geometry of the lower fine-grained unit near the infiltra-
tion beds. The top of this unit is close to the water table 
under the northwestern end of the infiltration beds, as 
described previously. Ground water preferentially 
flowed through thick coarse-grained sediments to the 
south and north of the northwestern corner of the beds. 

The plume also extended at least 100 to 130 ft east 
and south of the infiltration beds by December 1992. 
This radial expansion, much of which occurred between 
September 1991 and June 1992, probably resulted from 
two factors. First, the water table beneath the infiltration 
beds was relatively flat even under pre-effluent dis-
charge conditions. Second, the predominant area of 
effluent recharge to the aquifer changed during the 
study. During the winter and spring months of 1992, the 
four easternmost beds were used more frequently for 
effluent discharge, whereas previous to that time, the 
four westernmost beds were most frequently used. 

Vertically, the septage-effluent plume is in the 
upper fine-grained and intermediate coarse-grained 
units near the infiltration beds and preferentially flows 
through the coarse-grained unit (figs. 12A-B). Farther 
downgradient, the plume generally was constricted to 
the intermediate coarse-grained unit by the underlying 
fine-grained unit. Along section A-A', which transects 
the westward lobe, the plume expanded vertically east 
and west of the downgradient end of the infiltration 
beds, because the coarse-grained unit thickens and 
mounding induced flow in these directions (fig. 12A). 
The downward displacement in the westward direction 
also is consistent with the strong downward gradients 
measured in that direction (fig. 3A). In contrast, the flow 
path was more horizontal in the northwestward direc-
tion (fig. 12B). In the northwestward direction, the sep-
tage-effluent plume had a more regular shape, was 
thinner, and was located at shallower depths (figs. 12B-
C) than in the westward lobe (fig. 12A). These charac-
teristics reflect the water-level altitudes and distribution 
of the coarse-grained and lower fine-grained units in the 
northwestward direction. 
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Figure 9. Areal distribution of specific conductance in the septage-effluent plume, December 1992. 
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Table 6. Physical properties and concentrations of major chemical constituents, nutrients, and boron in 
ground water in the septage-effluent plume, December 1992 

[Summary statistics for center of plume based on 11 samples in which chloride concentrations are greater than 800 milligrams 
per liter; summary statistics for leading edge of plume based on 11 samples in which chloride concentrations range from 200 to 
500 milligrams per liter. Interquartile range is equal to the difference between 25th and 75th percentiles. Median concentrations 
for constituents less than the analytical detection limits were estimated using the robust probability method for censored data of 
Helsel and Cohn (1988) and Helsel (1990). µS/cm, microsiemen per centimeter at 25 °C; °C, degree Celsius; mg/L, milligram 
per liter; µg/L, microgram per liter. --, no data] 

Center of plume Leading edge of plume 

Interquartile InterquartileProperties and constituents Median Median 
range range 

Physical properties 
Specific conductance (1.1S/cm) 3,020 230 1,500 540 

pH (standard units) 5.4 .1 5.6 .2 

12.1 1.4 10.5 1.3Temperature, water (°C) 
.05 <.05 3.9 1.5Oxygen, dissolved (mg/L) 

1,440 97 679 183Dissolved solids, sum of constituents (mg/L) 

Major constituents (mg/L) 
350 48 88 22Calcium 
28 8 59 26Magnesium 

Sodium 110 8 51 10 

22 8 4.2 1.3Potassium 
1 4.6 9 3.9Alkalinity, total (as CaCO3) 
2 5.3 1.3 2.6Sulfate' 

53 390 130Chloride 860 

Silica 14 3 12 2 

Nutrients (mg/L) 
32 4.9 12 7.2Nitrate, dissolved (as N) 

Nitrite, dissolved (as N) .08 .05 .02 .01 

Nitrogen, ammonium, dissolved (as N)1 6.4 2.6 .02 .03 
.7 .06Nitrogen, organic,2 dissolved (as N)1 .5 .2 

8.5 7.5Nitrogen, total, dissolved (as N) 41 12 

.01 .03 .03Phosphorus, dissolved (as P)1 .02 

.02 .02 .01Phosphorus, dissolved, orthophosphate (as P)1 .02 

Trace constituents (pg/L) 
Boron 200 70 30 30 

Organic carbon (mg/L) 
Carbon, organic, dissolved (as C) 1.9 .6 .5 .2 

'Analyses include detections less than analytical detection limits. 

2Organic nitrogen calculated as the difference between separate analyses of ammonium plus organic nitrogen and 
ammonium nitrogen. 
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Figure 11. Areal distribution of chloride concentrations in the septage-effluent plume, December 1992. 
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Density effects also may have caused downward 
movement of the plume. These effects would have been 
largest near the infiltration beds where density differ-
ences between effluent-contaminated and ambient 
ground water were greatest. Density differences are 
diminished with distance from the beds by mixing with 
ambient ground water through dispersion. The density 
difference between effluent-contaminated and ambient 
ground water was on the order of 0.001 g/cm3, as deter-
mined from dissolved-solids concentrations and water 
temperatures in effluent and ground water. This differ-
ence was likely sufficient to add to the downward move-
ment resulting from vertical head gradients and 
lithologic heterogeneity (Schincariol and Schwartz, 
1990; LeBlanc and Celia, 1991). 

Sequential EM logs at individual cluster sites 
illustrate the small-scale vertical variation in 
concentrations in the plume that resulted from velocity 
differences along vertically adjacent flow paths 
(fig. 13). The EM logs show a general pattern of 
expansion of initially thin, discrete conductivity peaks. 
At site 93 in the westward lobe, the plume expanded 
from an initial 8-foot-thick single peak (June 1990) to a 
28-foot-thick bilobed zone extending from the water 
table to the bottom of the coarse-grained unit (March 
1991; fig. 13A). At site 96, 100 ft downgradient, the 
initial 10-foot-thick peak (December 1990) occurred at 
an altitude of -45 to -55 ft (fig. 13B). The 40-foot 
vertical displacement of the leading edge of the plume 
between these two sites resulted from the vertical head 
gradients, lithologic variability, and also possible 
density differences, as discussed previously. The single 
peak at site 96 expanded upward into a 40-foot thick 
zone of uniformly high conductivity (July 1992); 
subsequently, a second peak zone developed near the 
water table (December 1992; fig. 13B). The initial thin, 
discrete conductivity peaks shown by the EM logs 
represent intersection of the cluster site with the most 
rapidly moving "fingers" of the leading edge and(or) 
with the shortest flow paths from the infiltration beds. 
Vertical differences in plume velocity likely were due to 
hydraulic-conductivity variations associated with the 
high variability in particle-size characteristics of aquifer 
sediments, such as found by Hess and others (1992) in 
outwash deposits elsewhere on Cape Cod. 

Small-scale spatial differences in velocity that 
result from aquifer heterogeneity contribute to disper-
sion, which is the spreading out of the contaminant front 
with time and space. Dispersion results from the molec-
ular diffusion and the mechanical mixing of effluent-
contaminated ground water with ambient ground water 
during flow. Dispersion generally is greatest in the 
direction of flow (longitudinal dispersion) and can 
increase with travel distance from the source (LeBlanc 
and others, 1991). Dispersion also occurs in directions 
perpendicular to flow (transverse dispersion). More-
over, transverse and longitudinal dispersion in three-
dimensional flow occur over multiple flow paths of 
varying direction and velocity. The effects of dispersion 
are evident in the decreasing chloride concentrations 
with distance from the infiltration beds (fig. 11). The 
slow increase in chloride concentrations with time at 
individual sampling points (fig. 14), or breakthrough 
curve, also results from dispersion. Chloride concentra-
tion in ground water is expressed relative to the median 
effluent concentration in the breakthrough curves 
shown in figure 14. 

Chloride concentrations increased most rapidly 
where the screened interval of the sampled well most 
closely coincided with the peak conductivity zone at a 
site and where the site was near the center line of plume 
transport. For example, concentrations at OSW 90 (fig. 
14A) increased less rapidly than at OSW 98 (fig. 14B). 
This is contrary to expectation because OSW 90, at site 
93, is much closer to the infiltration beds than OSW 98, 
at site 96 (fig. 10). However, OSW 98 was screened in 
the initial peak conductivity zone, whereas OSW 90 
was not. Thus, OSW 90 (screened at 3.1 to 4.1 ft below 
sea level) intercepted a more slowly moving vertical 
zone of the plume that had experienced greater disper-
sion than the peak zone at that site (at 2 to 10 ft above 
sea level), which was not sampled. Similarly, concentra-
tions at OSW 98 increased more rapidly than at OSW 
114 (fig. 14C), which was screened above the peak con-
ductivity zone at site 96. Finally, concentrations at OSW 
107 (fig. 14D) illustrate the effect of horizontal distance 
from the center line of plume transport. OSW 107 (site 
149, fig. 10) was screened in the peak conductivity zone 
and is about the same distance from the infiltration beds 
as OSW 98. However, concentrations at OSW 107 
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Figure 13. Vertical heterogeneity in the septage-effluent plume illustrated by sequential 
electromagnetic-induction logs at two sites in the westward lobe. A. Site 93. B. Site 96. (Location of sites 
shown in figures 2 and 10.) 

required about twice the time required at OSW 98 to The mean linear velocity of ground water in the 
reach one-half of the input concentration. This results plume can be determined by dividing the distance to a 
from the slower velocities and greater dispersion that sampling point by the time required for chloride 
occur near the plume's lateral edges than along the concentrations to reach one-half of the effluent-input 
center line of transport. The slow increases in concen- concentration (the midpoint of the breakthrough curve; 
trations near the lateral edges also may result from lat- Freeze and Cherry, 1979, p. 391). Mean linear ground-
erally diverging flow paths in the plume as it moves water velocity was calculated from breakthrough curves 
away from the infiltration beds. for OSW 98 (site 96) in the westward lobe and OSW 
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161 (site 156) in the northwestward lobe. At these sites, initiation of discharge to the midpoint of the break-
the sampled wells were closest to the vertical and through curve, adjusted for the unsaturated-zone 

horizontal center line of plume transport. The length of traveltime. Flow-path distances of 188 and 431 ft were 
estimated for OSW 98 and OSW 161 from map anda three-dimensional flow path extending from the water 
sectional views of the ground-water-flow system. Meantable beneath the infiltration beds to the well was 
linear velocities of 0.44 ft/d in the westward lobe and

divided by the time-of-travel to obtain velocity. The 
0.47 ft/d in the northwestward lobe were thus

time-of-travel was estimated as the time from the 
determined. 
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Figure 14. Concentrations of chloride, total dissolved nitrogen, and dissolved 
oxygen with time at five wells at four sites in the septage-effluent plume. 
(Location of sites shown in figures 2 and 10.) A. OSW 90, screened at 3.1 to 4.1 
feet below sea level, site 93. B. OSW 98, screened at 47.8 to 48.8 feet below sea 
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Hydraulic conductivity was calculated from the where v is the mean linear velocity in feet per day, K is 
plume movement to verify the estimated flow paths and the hydraulic conductivity in feet per day, n is the poros-
velocities. Hydraulic conductivity was calculated from ity (as a ratio of void volume to total volume), and dh/dl 
the Darcy relation, is the hydraulic gradient in foot per foot. Hydraulic gra-

dients were 0.0050 ft/ft for the flow path to OSW 98 and 
K dh a range of 0.0057 to 0.0062 ft/ft for the flow path tov = n— X , (2)

dl OSW 161. Porosity was assumed equal to 0.39, as dis-
cussed previously. The resulting estimates of hydraulic 
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Figure 14. Concentrations of chloride, total dissolved nitrogen, and dissolved 
oxygen with time at five wells at four sites in the septage-effluent plume— 
Continued 

conductivity are 34 ft/d for the flow path to OSW 98 and 
a range of 30 to 33 ft/d for the flow path to OSW 161. 
These values are within the range estimated from parti-
cle-size-distribution data for the intermediate-coarse 
grained unit (table 2). They fall between the estimates 
for medium to fine sand and coarse to medium sand. 
Because the hydraulic conductivity estimates from 
plume movement integrate the hydraulic conductivity 
of all sediments transited by the plume, they are lower 
than the hydraulic conductivity of the coarsest-grained 
sediments in the unit. They also may reflect the plume's 

three-dimensional flow paths and anisotropy in hydrau-
lic conductivity of the aquifer sediments. The hydraulic 
conductivity of the coarse-grained sediments in the 
direction of flow is less than the horizontal hydraulic 
conductivity, when the direction of flow had a vertical 
component. The close agreement between the hydraulic 
conductivity determined from the actual plume move-
ment and values independently estimated from other 
methods confirms the interpretation of lithologic and 
hydrologic controls on the physical development of the 
plume. 
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Figure 14. Concentrations of chloride, total dissolved nitrogen, and dissolved 
oxygen with time at five wells at four sites in the septage-effluent plume— 
Continued 

Chemical Characteristics were first measured in September 1991 at site 147 
(fig. 16). The anoxic zone had expanded considerably 
by June 1992 (fig. 15).Dissolved Oxygen 

Dissolved-oxygen concentrations in the center of Dissolved-oxygen concentrations at individual 

the plume were near zero in December 1992 (fig. 14A). wells decreased with time from background concen-
The central anoxic zone was surrounded by a suboxic trations of 8 to 10 mg/L as the septage-effluent plume 
zone (fig. 15), where concentrations were greater than expanded in the aquifer (indicated by increasing 
0.05 mg/L but less than background concentrations. chloride concentrations). At OSW 90, OSW 98, and 
Dissolved-oxygen concentrations less than 0.05 mg/L OSW 107, most of the decrease in dissolved-oxygen 
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Figure 14. Concentrations of chloride, total dissolved nitrogen, and dissolved 
oxygen with time at five wells at four sites in the septage-effluent plume— 
Continued 

concentrations took place over a 1- to 2-month period 
that approximately coincided with the midpoint of the 
chloride breakthrough curve (figs. 14A, B, and D). This 
suggests that the anoxic zone expanded at a rate 
comparable to the mean ground-water velocity and was 
characterized by sharp boundaries. At OSW 90, the 
gradual decrease in dissolved oxygen through 
September 1991 was punctuated by anomalously low 
measurements, each accompanied by a slight chloride 
peak. This further suggests that the anoxic zone was a 

sharply bounded thin layer at site 93. At times, this 
anoxic layer approached the screened interval of the 
well or could be induced to do so through pumping. 

The development of anoxic conditions in the 
plume is conceptually depicted in figure 17 (modeled 
after Borden and Bedient, 1986, fig. 1). Effluent, when 
discharged, contains dissolved-oxygen concentrations 
of about 7 to 9 mg/L (James Burgess, Orleans, Eastham, 
and Brewster Groundwater Protection District, Orleans, 
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Figure 14. Concentrations of chloride, total dissolved nitrogen, and dissolved 
oxygen with time at five wells at four sites in the septage-effluent plume— 
Continued 

Mass., written commun., 1990-92). Dissolved oxygen is 
consumed in the unsaturated zone through aerobic res-
piration and nitrification; it also may be replenished 
through unsaturated-zone gas transfer. The suboxic 
zone of oxygen depletion extends for a short distance 
into the saturated zone. In the anoxic zone, farther 
downgradient in the saturated zone, dissolved-oxygen 
concentrations are near zero. Beyond the anoxic zone is 
a suboxic zone of dispersive mixing, where dissolved-
oxygen concentrations vary from anoxic-zone to 

background concentrations. The decrease in dissolved 

oxygen with time at a site thus corresponds to transport 

of the mixing zone past the site. The anoxic zone 

expands primarily through advective transport of the 

anoxic ground water. This is evidenced by the 

coinciding midpoints of the breakthrough curves for 

oxygen depletion and chloride (fig. 14). At the boundary 

between the anoxic and the suboxic mixing zones, the 

residual dissolved organic carbon and ammonium in the 

44 A Nitrogen-Rich Septage-Effluent Plume in a Glacial Aquifer, Cape Cod, Massachusetts, February 1990 Through December 1992 
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--, no data 

Figure 15. Areal distribution of dissolved oxygen in the septage-effluent plume, December 1992. 
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plume. (After Borden and Bedient, 1986, fig. 1. Location of sites shown in figures 2 and 16.) 

anoxic zone are oxidized. This further depletes oxygen zone would, therefore, be steeper than the breakthrough 
at the inner boundary of the mixing zone, and should curve of a conservative constituent such as chloride, as 
lead to a sharper boundary than can be explained by apparent at OSW 90, OSW 98, and OSW 107 (figs. 14A, 
dispersion alone. The breakthrough curve for the anoxic B, and D). 
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Nitrogen, Phosphorous, and Organic Carbon 

Concentrations of total dissolved nitrogen in the 
plume center were greater than 40 mg/L as N (table 6) 
and similar to the median concentration of total nitrogen 
in effluent (table 4). Most of the nitrogen was in the 
form of nitrate (table 6). The distribution of nitrate con-
centrations in December 1992 (fig. 18) and the develop-
ment of the nitrate plume with time were similar to the 
chloride and specific conductance plumes. By Decem-
ber 1992, ammonium also was a significant fraction of 
the total dissolved nitrogen in the center of the plume 
(fig. 19 and table 6). The distribution of ammonium was 
related to the distribution of dissolved oxygen. Ammo-
nium concentrations were greater than 1 mg/L as N only 
in the anoxic zone in December 1992 and in the previ-
ous synoptic samplings. Nitrite and organic nitrogen, 
minor constituents of the septage-effluent plume, also 
were restricted to the anoxic zone (table 6). 

Concentrations of phosphorus and dissolved 
organic carbon were low throughout the septage-efflu-
ent plume. Phosphorus concentrations, either as total 
phosphorus or orthophosphate, were indistinguishable 
from background concentrations in December 1992 
(table 6) and in all synoptic samplings. Concentrations 
of dissolved organic carbon did not exceed 2.5 mg/L 
(fig. 20) and increased slowly from background concen-
trations (0.3 to 0.6 mg/L). The development of the 
organic carbon plume with time was similar to the 
development of the ammonium plume and of anoxic 
conditions with time. 

Breakthrough curves of total dissolved nitrogen at 
five wells (for example, figs. 13A-D) were compared to 
breakthrough curves of chloride to identify reactive 
transport of nitrogen (table 7). A reactive process that 
depleted nitrogen would make nitrogen concentrations 
increase more slowly than chloride concentrations. 
Breakthrough curves for nitrogen and chloride were 
compared in terms of the time required for concentra-
tions to reach one-half of the input concentration. The 
median concentration of total nitrogen in effluent (46 
mg/L as N) was used as the input concentration. Thus, 
the breakthrough curves for nitrogen reflect saturated-
and unsaturated-zone processes that might affect dis-
solved or particulate nitrogen. The ratio of time required 
for nitrogen to reach one-half of the input concentration 

relative to the corresponding time for chloride ranged 
from 0.61 to 0.91 (table 7). Therefore, retardation and 
(or) attenuation of nitrogen in effluent did occur. 

Other Constituents and Properties 

Calcium, sodium, and potassium were significant 
constituents of the septage-effluent plume (table 6) and 
were distributed similarly to chloride and specific con-
ductance in the aquifer. Magnesium was distributed dif-
ferently, in that maximum concentrations (about 100 
mg/L) were in a zone that encircled the center of the 
plume. This pattern resulted from transport of magne-
sium that was desorbed from unsaturated-zone sedi-
ments in the first weeks or months of effluent discharge. 

The effects of unsaturated-zone processes involv-
ing pH, alkalinity, sulfate, silica, and boron also were 
apparent in the saturated zone (table 6). The pH was 5.4 
in the center of the plume—significantly lower than the 
pH of ambient ground water. Concentrations of alkalin-
ity and sulfate, depleted in the unsaturated zone, were 
lower in the plume than in ambient ground water. In 
contrast, concentrations of silica in the plume, which 
increased in the unsaturated zone, were similar to back-
ground concentrations and the distribution of silica in 
the aquifer was fairly uniform. Finally, boron attenua-
tion in the unsaturated zone had become negligible by 
December 1992. By that time, maximum boron concen-
trations in the center of the plume were slightly greater 
than the median boron concentration in effluent. 

Water temperatures in the septage-effluent plume 
were higher than in ambient ground water. Tempera-
tures ranged from 10.1 to 13.1°C in December 1992 
with a median of 12.1°C (table 6). Temperatures as high 
as 14.3°C were measured in June 1992. The high tem-
peratures in the plume probably resulted from the sea-
sonal pattern of effluent discharge, because more 
effluent was discharged in the summer when the effluent 
was warmer than ambient ground water (LeBlanc, 
1984). 

Breakthrough curves of calcium, sodium, potas-
sium, and boron were compared with breakthrough 
curves of chloride to identify reactive transport of these 
constituents (fig. 21). As with breakthrough curves of 
nitrogen, this comparison includes saturated- and 
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Figure 18. Areal distribution of nitrate in the septage-effluent plume, December 1992. 
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Figure 21. Calcium, sodium, potassium, chloride, and boron in ground water from two 
wells at site 96 in the westward lobe of the septage-effluent plume, March 1991 through 
December 1992. (Location of site shown in figures 2 and 10.) A. OSW 98, screened at 47.8 
to 48.8 feet below sea level. B. OSW 114, screened at 26.5 to 27.5 feet below sea level. 
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Table 7. Comparison of chloride and nitrogen 
breakthrough curves at five wells at four sites in the 
septage-effluent plume 

[The breakthrough curve is a plot of concentration and time, 
where concentration (C/Co) is the ratio of measured concen-
tration in ground water to median concentration in effluent. 
The midpoint on the breakthrough curve is the point where 
CYC, is equal to 0.5. The velocity of the midpoint is the dis-
tance in feet of the saturated-zone flow path to the well divid-
ed by the time interval between initiation of effluent 
discharge and the midpoint of the breakthrough curve, adjust-
ed for the unsaturated-zone traveltime. Locations of cluster 
sites shown in figure 2; screened intervals of wells listed in 
table 12] 

Velocity of the 
midpoint of the Ratio of 

breakthrough curve nitrogen
Cluster USGS well 

Nitrogen, to total
site identifier 

total, chloride 
Chloride 

dissolved velocity 
(as N) 

93 OSW 90 0.20 0.17 0.85 
96 OSW 98 .44 .25 .57 
96 OSW 114 .32 .27 .84 

149 OSW 107 .24 .19 .79 
1 .45156 OSW 161 .47 .96 

1 Estimated by extrapolation of available data (see 
figure 14E). 

unsaturated-zone processes. Concentrations in ground 
water from OSW 98 and OSW 114, site 96, were 
compared. Boron, calcium, and potassium concen-
trations increased more slowly than chloride and 
sodium concentrations relative to effluent-input 
concentrations. The calcium and boron curves are 
similar, suggesting that calcium and boron were 
similarly retarded. Both attenuation and conservative 
transport of boron have been reported during recharge 
and ground-water transport of secondary level 
wastewater (Bouwer and others, 1980; Idelovitch and 
Michail, 1984; LeBlanc, 1984). Boron (as borate) can 
adsorb to clay minerals, iron oxide and hydroxides; and, 
although the reaction is most active in alkaline 
conditions, boron was clearly retarded in the present 
study despite the generally acid conditions (Keren and 
Bingham, 1985; McBride, 1994). Retardation of boron 
and calcium were readily detected in the present study 
because effluent-input concentrations were measured. 
Potassium concentrations increased more slowly than 

either calcium or boron, indicating an even greater 
degree of retardation. The midpoints of the break-
through curves for sodium and chloride approximately 
coincide at both wells. Thus, reactive processes 
involving sodium were not identified in this analysis. 

ESTIMATION OF SOLUTE MASSES IN THE 
SEPTAGE-EFFLUENT PLUME 

Gains and losses in the total dissolved masses of 
selected constituents in the plume were determined 
from effluent-input masses and solute masses in the 
plume. These mass-balance analyses were based on 
synoptic samplings of the plume in March, June, and 
September 1991, and June and December 1992. The 
mass estimates provided information from which 
reactive transport processes could be inferred. 

Methodology for Estimation of Masses 

Solute masses in the septage-effluent plume were 
calculated from concentrations in ground water as fol-
lows. The total mass of each constituent in the plume 
can be written as 

00 

M = ff nc'dxdydz , (3) 

-00 

where M is the total solute mass, n is porosity, c' is 
solute concentration, and dx, dy, and dz are infinitesimal 
increments of distance in each coordinate direction, x, y, 
and z. Solute concentration were measured at discrete 
sampling points in the aquifer rather than continuously 
in space. The point concentrations were spatially inte-
grated by first dividing the aquifer near the plume into 
three-dimensional triangular subdomains. The mass of 
the solute in each triangular subdomain was then calcu-
lated. The total mass in solution for each solute was then 
determined by summing the contributions from all sub-
domains. This method is similar to that used by 
Garabedian and others (1991). 

Concentrations in ground water were first verti-
cally integrated at each cluster site. The concentration 
measured at each well was multiplied by a depth inter-
val within which a uniform concentration was assumed. 

Estimation of Solute Masses in the Septage-Effluent Plume 53 



	

 

	

 	

	
	

 

 
 

			

			

			

			

	

	 

	 		

Because the one to six wells at each site provided sparse 
vertical control on the concentration profile, these depth 
zones were based on the location of the well screen and 
the borehole EM log of a deep well at the site. The ver-
tically integrated concentration-depth value (feet-milli-
grams per liter) was obtained by summing the 
concentration-depth values from all the wells at the site. 
An example of the vertical integration scheme is shown 
in figure 22. 

Second, concentration-depth values were 
horizontally integrated. In each triangular element, 
concentration-depth values were linearly interpolated 

among the three cluster sites defining the corners of the 

triangle, as follows. The solute mass in each triangular 

element was determined using a method developed for 

a finite-element integration analysis (Garabedian and 

others, 1991, p. 915): 

M = ne f0i dxdy 

A 

nc2f 102dxdy + nc3 .1.103dxdy, (4)
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where 
Mi = mass of solute for triangular element i; 

c1, c2, c3 = vertically integrated concentration-
depth value at well sites 1, 2, and 3; 

n = porosity, assumed to equal a uniform 
value of 0.39; 

= linear basis functions which assume a01' 02' 03 
value of 1 at the well site location 
and a value of 0 at the two 
other well sites; and 

A = areal domain. 

Because 

A
0.dxdy = - (5)3 ' Is 

A 

(Zienkiewicz, 1977; also in Garabedian and others, 
1991, eq. 14), the solute mass in each triangular 
element is 

nA
M. = ( -r (6)3 1 c2 c3) ' 

where A is the area of each triangular element. A can 
be calculated using 

1
A = - { (x y -X y2) - (x1 y3 - x3y1 ) +

2 3 3 

(z1 y2 -x2y1 ) I , (7) 

where (x1, yi ), (x2, y2) and (x3, y3) are the coordinates 
of the three cluster sites comprising the corners of 
each triangular element. 

The total mass of each solute in the plume was then 
determined by summing the contributions from each of 
the individual elements. A Fortran computer program 
was written that determines the solute mass in each tri-
angular element and in the entire plume. The triangular 
elements are shown in figure 23. Integrations for the 
March, June, and September 1991 synoptic samplings 
were based on 22 sites and 30 elements. Integrations for 
the June and December 1992 synoptic samplings were 
based on 25 sites and 35 elements; the added sites were 
124, 146, and 169. Additional sites and elements were 
included in the 1992 integrations because the plume 
expanded and new wells were installed. 

The solute masses calculated by the triangular inte-
gration were corrected for the effects of dispersion. 
Because of dispersion, the plume (as defined by spatial 
integration of high-EM-conductivity zones) contained 
more water than was recharged to the aquifer through 
the sampling time. The difference between the total 
water volume in the plume, calculated with the triangu-
lar integration, and the cumulative volume of effluent 
recharge was assumed to equal the volume of ambient 
ground water incorporated into the plume. Small solute 
masses corresponding to background concentrations 
were associated with this ambient water volume. These 
masses were estimated by multiplying median back-
ground concentrations (table 3) by the ambient-water 
volumes and were subtracted from the total solute 
masses in the plume. Ambient-water masses, as per-
centages of the total mass estimates, were 0.8 to 3 per-
cent for chloride, 0.4 to 1.6 percent for calcium, 0.8 to 
2.2 percent for magnesium, 4.2 to 17 percent for 
sodium, 2.7 to 14 percent for potassium, 0.1 to 0.5 per-
cent for total nitrogen, 8.8 to 28 percent for dissolved 
organic carbon, 4.3 to 22 percent for boron, 12 to 29 
percent for total phosphorus, and 15 to 64 percent for 
orthophosphate. Thus, imprecise estimates of ambient-
water volumes or concentrations were unlikely to 
introduce large errors in mass estimates for chloride, 
calcium, magnesium, potassium, or nitrogen, although 
they may have been a source of error for other 
constituents. 

The mass of each constituent recharged to the aqui-
fer (effluent-input mass) was computed as follows: (1) 
Concentrations in biweekly to monthly effluent samples 
were transformed with a 2-month moving-average tech-
nique. This smoothing technique was used to minimize 
the effect of daily variability in effluent concentrations. 
(2) The transformed concentrations were assumed to be 
representative of concentrations in effluent in the days 
surrounding the sampling date. The time period 
assigned to each sample was defined by the sampling 
dates immediately preceding and following the sample. 
(3) Daily mass inputs were calculated by multiplying 
daily discharge by the corresponding concentration 
determined in steps (1) and (2). (4) Daily mass inputs 
were summed to obtain total mass inputs. The input 
time period for each synoptic sampling extended from 
the beginning of discharge to 3 months prior to the sam-
pling date. Thus, the residence time in the unsaturated 
zone was assumed equal to 3 months, as determined 
previously. 
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The effluent-input masses of total nitrogen and 
organic carbon, including dissolved and particulate 
forms, were computed as follows. For nitrogen, masses 
were calculated separately from concentrations of 
nitrate-, nitrite-, and ammonium-nitrogen, and dis-
solved organic nitrogen. These species were measured 
throughout the study. Mass estimates of total (particu-
late and dissolved) organic nitrogen were then made by 
multiplying the dissolved-organic-nitrogen masses by 
1.8 (the median ratio of total to dissolved organic nitro-
gen in 15 effluent samples). Nitrate-, nitrite-, and 
ammonium-nitrogen and total organic nitrogen masses 
were summed to obtain the total-nitrogen input masses. 
Total-organic-carbon masses in effluent were similarly 
calculated using a value of 1.7 (the median ratio of total 
to dissolved organic carbon in 15 effluent samples). 

Minimum and maximum masses were calculated 
for constituents measured at concentrations less than 
analytical reporting limits in effluent or ground water. In 
calculating minimum masses, measurements less than 
reporting limits were set to zero. For maximum masses, 
the same measurements were set equal to the reporting 
limit. This method was applied to total dissolved phos-
phorus and orthophosphate in effluent and ground 
water. 

Mass of Selected Constituents in Solution 

The estimated solute mass of chloride, the conser-
vative tracer of plume movement, ranged from 46 to 72 
percent of the effluent-input masses (table 8). The per-
centage of chloride masses was highest for the synoptic 
samples collected in 1992. The recovered percentage of 
effluent mass increased with time because high-concen-
tration zones in the septage-effluent plume were better 
defined in later samplings. Improved definition was 
obtained through installation and sampling of new wells 
(for example, site 151 in July 1991, fig. 23) and through 
expansion of the high-concentration zones to intersect 
more well sites. Freyberg (1986) also found that better 
definition of the plume center improved recovery in a 
large-scale tracer test. Sampling-point density was a 
factor affecting tracer recovery in another large-scale 
tracer test (Garabedian and others, 1991). However, 
sampling-point density was relatively constant with 
time and did not contribute to the increased recovery in 
the present study. 

The observed chloride mass did not reach 100 per-
cent of the input mass. Several factors probably contrib-
uted to this. The vertical extent of the plume was well 
defined by EM logs at existing cluster sites; however, if 
wells at a site were not screened in the peak-concentra-
tion zones, the concentration-depth value could be 
underestimated. The horizontal distribution of sampling 
points was constrained in many areas by obstructions to 
drilling such as buildings, above-ground structures, 
roads, and underground structures, pipes and utilities. 
For example, the high-concentration zone between sites 
84, 156, and 159 probably was underestimated (fig. 23). 
This zone lies beneath the main treatment-facility build-
ing where a site could not be installed. A second factor 
leading to underestimation of chloride mass in the 
plume was the large variability in plume thickness. 
Linear interpolation may have underestimated plume 
thickness between some cluster sites, such as between 
site 150 (13.5 ft thick) and site 151 (56 ft thick; fig. 23). 
Finally, the chloride mass may have been underesti-
mated because the plume extended horizontally beyond 
the observation-well network (Freyberg, 1986). For 
example, the plume extended eastward past site 105 and 
southward past site 94 in the later synoptic samplings. 
This effect is demonstrated by the inclusion of site 131, 
which was assigned a concentration-depth value of zero 
for all constituents at all sampling dates (based on spe-
cific conductance measurements). Including site 131 
added 5.8 and 6.6 percent to the chloride-mass estimates 
for June and December 1992. Additional, hypothetical 
sites with zero concentration-depth values could have 
been added to improve the solute-mass estimates (Gara-
bedian and others, 1991). However, the sampling-point 
density of the present study did not justify such a 
procedure. 

Although 100 percent of the chloride in effluent 
was not recovered, mass-balance analysis could still be 
used to estimate mass losses or gains of reactive constit-
uents. The factors limiting chloride recovery should 
similarly affect the calculated masses of all constituents 
in the plume, because the same sites, wells, and depth 
intervals were used for all constituents. In the absence 
of attenuating processes, solute masses (as percentages 
of the effluent-input masses) should be similar to chlo-
ride masses. Therefore, solute masses in each sampling 
were normalized to the chloride mass recovered in that 
sampling to identify reactive losses or gains (table 8). If 
the distribution of a constituent was significantly differ-
ent from the chloride distribution, especially where the 
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Table 8. Effluent-input masses and solute masses in the septage-effluent plume, March, June, and 
September 1991, and June and December 1992 

[Effluent-input masses equal the cumulative masses recharged to the aquifer, excluding masses in transit in the unsaturated 
zone] 

Constituent 
Mar. 1991 

Date of synoptic sampling 
June 1991 Sept. 1991 June 1992 Dec. 1992 

Effluent-input masses, in kilograms 

Chloride 24,000 28,000 31,000 47,000 66,000 
Calcium 12,000 14,000 15,000 22,000 30,000 
Magnesium 150 160 160 170 180 
Sodium 1,700 2,000 2,300 4,700 6,900 
Potassium 500 600 700 1,300 1,900 
Nitrogen, total (as N)1 980 1,200 1,300 2,200 3,300 
Phosphorus, total, dissolved (as P) 3.2 4.4 6.1 41 53 
Phosphorus, dissolved, orthophosphate (as P) 1.8-2.0 2.4-2.6 3.5-3.7 31 37 
Boron 5.5 6.0 6.5 11 15 
Carbon, organic, total (as C)2 570 770 880 1,400 2,000 

Solute masses in the septage-effluent plume, in kilograms 

Chloride 12,000 13,000 19,000 34,000 47,000 
Calcium 3,200 3,100 5,800 11,000 15,000 
Magnesium 1,600 1,700 2,700 3,900 4,500 
Sodium 1,400 1,400 2,100 4,200 5,900 
Potassium 110 120 210 450 750 
Nitrogen, total, dissolved (as N)3 300 380 720 1,400 2,000 
Phosphorus, dissolved (as P) 0.6-0.7 0.9 1.3-1.4 1.4-1.6 1.5-1.6 
Phosphorus, dissolved, orthophosphate (as P) 0.2-0.5 0.6 0.3-0.6 1.0-1.2 2.0 
Boron 1.1 1.1 2.0 5.0 7.6 
Carbon, organic, dissolved (as C)4 23 21 29 48 71 

Solute masses in the septage-effluent plume, as percentage of effluent-input masses 

Chloride 50 46 61 72 71 
Calcium 27 22 39 50 50 
Magnesium 1,100 1,100 1,700 2,300 2,500 
Sodium 82 70 91 88 86 
Potassium 22 20 30 35 39 
Nitrogen, total, dissolved (as N)3 31 32 55 64 61 
Phosphorus, dissolved (as P) 19-22 20 21-23 3.4-3.9 2.8-3.0 
Phosphorus, orthophosphate, dissolved (as P) 11-25 23-25 8.6-16 3.2-3.9 5.4 
Boron 20 18 31 45 51 
Carbon, organic, dissolved (as C)4 4.0 2.7 3.3 3.4 3.6 

plume was not well defined, the mass of the constituent 
may have been under- or overestimated differently than 
the chloride mass. This error would have been small for 
total nitrogen, calcium, and sodium, which were closely 
correlated with chloride in all sampling rounds (total 

nitrogen, R2=0.80 to 0.94; calcium, R2=0.91 to 0.95; 
and sodium, R2=0.87 to 0.95). Potassium (R2=0.71 to 
0.76), boron (R2=0.35 to 0.83), dissolved organic 
carbon (R2=0.65 to 0.81), and magnesium (R2=0.35 to 
0.88) were less well correlated with chloride and may 
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Table 8. Effluent-input masses and solute masses in the septage-effluent plume, March, June, and 
September 1991, and June and December 1992—Continued 

Date of synoptic sampling
Constituent 

Mar. 1991 June 1991 Sept. 1991 June 1992 Dec. 1992 

Solute masses in the septage-effluent plume, as a percentage of effluent-input masses, normalized to chloride masses 

Chloride 100 100 100 100 100 
Calcium 54 48 64 69 70 
Magnesium 2,200 2,400 2,800 3,200 3,500 
Sodium 160 150 150 120 120 
Potassium 44 43 49 49 55 

Nitrogen, total, dissolved (as N)3 62 70 90 89 86 

Phosphorus, dissolved (as P) 40-42 44 34-38 4.7-5.4 3.9-4.2 
Phosphorus, orthophosphate, dissolved (as P) 24-50 49-62 14-28 4.4-5.4 7.5 
Boron 40 40 51 63 71 
Carbon, organic, dissolved (as C)4 8.0 5.9 5.4 4.7 5.1 

I Total nitrogen equals the sum of nitrate-, nitrite-, and ammonium-nitrogen, dissolved organic nitrogen, and particulate 
organic nitrogen. Particulate organic nitrogen in effluent estimated from measurements of total and dissolved organic nitrogen 
in 15 samples. 

2Total organic carbon is equal to the sum of particulate and dissolved organic carbon. Particulate organic carbon in 
effluent estimated from measurements of total and dissolved organic carbon in 15 samples. 

3Total dissolved nitrogen equals the sum of nitrate-, nitrite-, ammonium-nitrogen, and dissolved organic nitrogen. Par-
ticulate organic nitrogen in ground water assumed to equal zero. 

4Particulate organic carbon in ground water assumed to equal zero. 

have been affected by this error. In general, the normal-
ized constituent masses provided our best estimates of 
the actual mass losses or gains. Finally, the losses or 
gains estimated by this method included saturated- and 
unsaturated-zone processes, as in the breakthrough-
curve analysis. 

The dissolved masses of nitrogen, phosphorus, and 
organic carbon in the plume (table 8) suggest loss of 
these constituents from solution. Total-dissolved-
nitrogen masses, normalized to chloride, were 62 to 90 
percent of the total-nitrogen masses in effluent. The 
mass decrease in nitrogen, which includes losses of par-
ticulate and dissolved forms, appeared to be larger than 
the unsaturated-zone attenuation affecting dissolved 
forms, which was indistinguishable from dilution. Dis-
solved-organic-carbon masses were less than 10 percent 
of the effluent-input masses. Masses of total dissolved 
phosphorus and orthophosphate in the plume also were 
uniformly low. The large increase in the phosphorus 
input masses between September 1991 and June 1992 
(table 8) had little noticeable effect on phosphorus 
concentrations or masses in the plume. 

Solute masses of calcium, magnesium, sodium, 
potassium, and boron in the plume differed from the 
input masses, apparently due to sorption and(or) ion 
exchange (table 8). Normalized calcium masses, 48 to 
70 percent of input masses, were less than expected 
from unsaturated-zone attenuation alone (about 14 
percent after dilution). Calcium loss, therefore, also 
may have occurred in the saturated zone, and the loss 
represented a smaller fraction of the total calcium mass 
with time. Expressed in equivalents, the mass losses in 
calcium were 84 to 114 percent of mass gains in 
magnesium (fig. 24). The good agreement suggests that 
the primary mechanism responsible for these changes is 
calcium-magnesium exchange on sediments, as 
postulated previously. Normalized sodium masses in 
the plume were 170 to 120 percent of effluent masses. 
These values suggest an increase in sodium that was not 
apparent in the unsaturated-zone analysis; the sodium 
gain seemed to decrease with time relative to the total 
sodium mass. Mass decreases in potassium, expressed 
as equivalents, were only 16 to 39 percent of increases 
in sodium, suggesting that these changes were not 
closely coupled (fig. 24). If sodium is input to the plume 
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Figure 24. Differences between cation masses in the septage-effluent plume and masses input to 
the aquifer in effluent. Positive difference represents increase in mass (gain), Negative difference 
represents decrease in mass (loss). 

through cation exchange, it must be displaced at least in 
part by some ion(s) other than potassium. The increase 
in sodium may be related to a loss from solution of 
ammonium or hydrogen ions. Dissolution of plagio-
clase feldspar also may be a source of sodium. Finally, 
normalized boron masses were 40 to 71 percent of 

effluent-input masses, and increased with time. This 
represents a total decrease of about 30 to 60 percent of 
effluent boron and is about twice the unsaturated-zone 
attenuation. Therefore, the mechanism for boron 
removal (perhaps boron adsorption as borate) likely 
also occurred in the saturated zone. 

60 A Nitrogen-Rich Septage-Effluent Plume in a Glacial Aquifer, Cape Cod, Massachusetts, February 1990 Through December 1992 



	

In summary, the mass-balance analysis of dis-
solved constituents in the plume has verified the 
changes in effluent quality identified in the unsaturated-
zone analysis. The mass-balance analysis also showed 
that (1) losses of effluent nitrogen and organic carbon 
occurred, either through unsaturated-zone attenuation 
of particulate nitrogen or through other saturated-zone 
attenuation processes; (2) calcium-and-magnesium 
exchange and boron sorption occurred in the saturated 
zone as well as in the unsaturated zone; and (3) sodium 
was not transported conservatively but was gained from 
aquifer sediments, probably in the saturated zone. 

REACTIVE PROCESSES INVOLVING 
NITROGEN IN THE SEPTAGE-EFFLUENT 
PLUME 

The fate and transport of effluent nitrogen through 
the unsaturated zone and in the septage-effluent plume 
was controlled by microbial transformation processes 
as well as by the physical and chemical processes that 
affect other constituents in the plume. Microbial 
processes can affect the mobility and ultimate fate of the 
nitrogen by altering its speciation. Nitrogen concentra-
tions in effluent and ground water indicate that ammon-
ification and nitrification occurred in the unsaturated 
Zone and prior to discharge during the treatment 
process. Nitrate was the primary nitrogen form in the 
septage-effluent plume, and smaller amounts of 
ammonium also were present. In the saturated zone, the 
processes most likely to attenuate nitrogen concen-
trations were ammonium sorption and denitrification of 
nitrate. These processes were measured directly in the 
present study, and mass estimates of ammonium 
sorption and denitrification were made. Finally, reactive 
processes involving nitrogen were. summarized in a 
nitrogen budget for the plume during the study. 

Ammonium Sorption 

Ammonium sorption was measured with batch 
tests, sediment extractions, and mass-balance estimates. 
Batch tests were used to derive sorption models, or 
mathematical relations between equilibrium concentra-
tions of dissolved and sorbed ammonium in aquifer sed-
iments. Field applicability of the models was tested by 
Comparing quantities predicted by the sorption models 
with measurements of extractable ammonium in 

sediments in the plume. Mass estimates of sorbed 
ammonium in sediments in the plume were then made 
using the best sorption model and dissolved-ammonium 
concentrations in ground water. 

Batch Tests 

Batch tests were conducted with uncontaminated 
samples (dissolved ammonium less than or equal to 
about 0.10 mg/L as N) of silty fine to medium sand from 
the upper fine-grained lithologic units (tests 1 and 2) 
and the intermediate coarse-grained unit (tests 3a and 
3b). The equilibrium relation between concentrations of 
sorbed and dissolved ammonium was curvilinear for the 
tested range of dissolved concentrations (fig. 25). The 
relation was more nearly linear at low concentrations 
and in the artificial-effluent test (test 3b). There was 
little difference among the tests with ambient ground 
water and with double-distilled water (test 1,2, and 3a, 
henceforth referred to as "low-ionic-strength tests"). 
This is not unexpected because the ambient ground 
water had a low-ionic strength and dissolved-solids 
concentration (70 mg/L). In contrast, sorbed concentra-
tions in the artificial-effluent test (test 3b), were about 
one-third to one-half of the sorbed concentrations in the 
distilled-water test with the same sediment sample (test 
3a). The difference resulted from the ionic strength of 
the artificial-effluent solution, which was more than 30 
times greater than that of the ambient ground water. Cal-
cium and sodium ions in the artificial-effluent solution 
competed with the ammonium ions for sediment-sorp-
tion sites. Consequently, ammonium sorption was less 
from the artificial-effluent solution than from the low-
ionic-strength solutions. 

The batch-test data were fit to three widely used 
sorption models, the linear, Freundlich, and Langmuir 
models, to determine an equation that best describes the 
data. In the linear model, the sorbed concentration is 
directly proportional to the dissolved concentration, or 

S = KD xC, (8) 

where S is the mass of solute adsorbed per unit dry 
mass of sediment, C is the dissolved concentration, 
and KD is a constant. KD, the linear distribution 
coefficient, is equal to the slope of a straight-line 
relation between sorbed and dissolved concentrations 
(Hem, 1985, p: 28). This model implies constant 
partitioning between sorbed and dissolved phases, 
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CONCENTRATION OF DISSOLVED AMMONIUM, 
IN MICROGRAMS PER MILLILITER AS NITROGEN 

EXPLANATION 

o TEST 1--Ambient ground water
FREUNDLICH 
ISOTHERM • TEST 2--Ambient ground water 

a TEST 3a--Double-distilled waterLANGMUIR 
ISOTHERM ▪ TEST 3b--Artificial-effluent solution 

Figure 25. Ammonium-sorption data from batch tests and calculated 
isotherms using Freundlich and Langmuir sorption models. Isotherms shown for 
ambient ground water and tests calculated from pooled data of tests 1, 2, 
and 3a. 

which is independent of dissolved concentration. The Freundlich isotherm predicts that the sorbed 
linear isotherm was not appropriate for the full concentration is proportional to a power function of the 
concentration range in the low-ionic strength tests, but dissolved concentration, 
was applicable at low concentrations (less than 2.0 
mg/L as N) for these tests and for concentrations as 

S = KD x Cb 
(9)much as 22 mg/L as N for the artificial-effluent test. ' 

In the Freundlich and Langmuir models, par- or 
titioning between sorbed and dissolved phases depends 
on the dissolved concentration such that sorption 
decreases with increasing dissolved concentration. The logS = logKD + blog C, (10) 
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where C and S are as defined above and KD and b are 
constants. When b is equal to 1, the Freundlich 
isotherm is equivalent to the linear isotherm and KD is 
the linear distribution coefficient. The constant, b, 
equals the slope of a linear plot of log(S) versus 
log(C), and KD is the antilog of the intercept (Freeze 
and Cherry, 1979, p. 403). The goodness-of-fit of the 
model can be evaluated by means of the R2 of this 
linear relation. 

The Langmuir model includes parameters describ-
ing the maximum sorption capacity of the solid 
material, according to the equation, 

C 1 1 
= + 

S k2 k i k2 

where C and S are as defined previously, lc, is a 
constant related to the bonding energy between the 
solid surface and ion, or to the ratio of bonding 

energies of the sorbed ion and the desorbed ion it 
replaces, and k2 is a constant describing the maximum 
adsorption capacity of the solid (Harter and Baker, 
1977; Fetter, 1988, p. 347). The goodness-of-fit of the 
Langmuir isotherm can be determined from a plot of 
C/S versus C, which will be linear if the model applies 
(Veith and Sposito, 1977). The constant k2 equals the 
inverse of the slope of the best-fit line to this plot. The 
constant lc, can be evaluated from k2 and the intercept 
of the best-fit line. 

Following the criteria described, linear regression 
was used to fit the three sorption models to the batch-
test data and to determine the model constants (table 9). 
R2 values were all high. The best-fit Freundlich and 
Langmuir isotherms are shown in figure 25. A single 
pair of curves represents the low-ionic-strength tests, 
which were obtained by combining data from all three 
tests. The Freundlich models overestimate sorbed 
concentrations at high dissolved concentrations and 

Table 9. Linear, Freundlich, and Langmuir sorption models fit to batch-test data for ammonium sorption 

[Sorption models for all three low-ionic-strength tests obtained by combining data from tests 1, 2, and 3a prior to regression 
analysis. S, sorbed concentration in micrograms per gram of dry sediment (ps/g); C, dissolved concentration in micrograms 
per milliliter; KD, k1, k2, constants, as defined; NH4-N, ammonium-nitrogen. mg/L, milligram per liter; mL/g, milliliter per 
gram of dry sediment; mL/µg, milliliter per microgram; R2, coefficient of determination. --, no data] 

Low-ionic-strength tests Artificial 
Sorption model 

Test 1 Test 2 Test 3a All three tests 
effluent test 

test 3b 

Linear Model: S = KD x C 
NH4-N 0 to 2 mg/L 

KD (mL1g) 6.4 3.7 3.6 4.1 0.88 
Intercept (1.1g/g as N) .093 .27 .10 .18 .020 

R2 .998 .989 .990 .912 .951 

NH4-N 0 to 22 mg/L 
KD (mL1g) .66 
Intercept (.tg/g as N) .22 

R2 .997 

Freundlich Model: S = KD x Cb, or logS = logo + b logC 
NH4-N 0 to 22 mg/L 

KD (mL/g) 4.5 3.7 2.8 3.6 0.76 
b (dimensionless) .79 .77 .83 .80 .91 

R2 .976 .990 .950 .963 .984 
Langmuir Model: C/S = 1/k2 C + 1/kik2 

NH4-N 0 to 22 mg/L 
k1 (mUg as N) 0.062 0.050 0.045 0.052 0.013 
k2 (µg/g as N) 96 88 75 84 65 

R2 .953 .910 .801 .801 .618 
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underestimate sorbed concentrations at low concen-
trations, although the deviation is small in the artificial-
effluent test. The Langmuir isotherm best describes the 
low-ionic-strength test data. The high R2 values for the 
Freundlich isotherm, which were higher than the 
Langmuir values, apparently were artifacts of the log-
log correlation (log S compared to log C). For the 
artificial-effluent test, all three sorption models fit the 
data well. 

The Langmuir model also can be used to predict 
the maximum adsorption capacity or CEC of the sedi-
ment samples, which is described by the constant k2 
(Hunt and Adamsen, 1985). Values of this constant cor-
respond to CEC's of 0.7, 0.6, and 0.5 meq/100 g for tests 
1, 2, and 3a, respectively. These CEC estimates gener-
ally are comparable to measured values for aquifer sed-
iments, which ranged from 0.5 to 2.0 meq/100 g (table 
2). They are lower than the CEC values of samples with 
similar amounts (20 to 30 percent) of silt and clay as the 
batch-test sediment samples. 

Field Applicability of the Batch-Test 
Sorption Models 

The use of batch-test sorption models to quantify 
sorption in the plume requires several assumptions. 
First, batch tests represent chemical and physical equi-
librium conditions. Thus, field conditions must meet the 
local equilibrium assumption. This assumption states 
that sorption reaction rates and any intrapore transport 
processes controlling the reaction rate are rapid relative 
to the rate of ground-water flow (Valocchi, 1985). 
Second, applying one batch-test model to the entire 
plume assumes that sorbed concentrations in sediments 
are controlled primarily by dissolved concentrations. 
Variation in the concentrations of other ions and in sed-
iment characteristics must be negligible relative to the 
variation in dissolved concentrations. Rather than test-
ing these assumptions individually, the field applicabil-
ity of the batch-test models was tested by comparing 
quantities predicted by the models with measurements 
of extractable ammonium in plume sediments. Variation 
in ionic concentrations was thereby evaluated by com-
paring the low-ionic-strength sorption models with the 
artificial-effluent model. These two models correspond 
to two sets of uniform conditions representing the end 
members of the continuous variation in the plume. 

Concentrations of sorbed and dissolved ammo-
nium based on the Langmuir sorption isotherms and dis-
solved concentrations in well water (predicted values) 
were compared with measured concentrations of KC1-
extractable ammonium in sediments (measured values). 
The comparison was made on a site-by-site basis to 
minimize variation associated with (1) scale differences 
and imprecise vertical control of sediment- and well-
water-sampling intervals and (2) small-scale lateral het-
erogeneity between the sediment-sampling site and the 
well locations. Seven sets of measurements from six 
sites in the plume, made in the spring and summer of 
1992, were used. 

The procedure for vertically integrating predicted 
and measured concentrations of sorbed plus dissolved 
ammonium at each site is illustrated in figure 26. For the 
predicted concentrations, the Langmuir sorption iso-
therm2 was used to predict sorbed ammonium concen-
tration from the dissolved concentration measured in 
ground water from two to six wells at each site. Each 
concentration of sorbed plus dissolved ammonium was 
then multiplied by a depth interval within which dis-
solved concentrations were assumed to be uniform. This 
depth interval was determined from the screened inter-
val of the well (generally 5 ft) and the EM conductivity 
log, as described previously for the mass-balance calcu-
lations. The concentration-depth products associated 
with all the wells at the site were summed to generate 
the predicted vertically integrated concentration value 
for the site. Measured values were obtained from KC1-
extractable-ammonium concentrations in aquifer sedi-
ment samples. The KC1-extractable-ammonium con-
centrations include sorbed and dissolved phases. 
Samples (2-inch sampling interval) were collected at 
about 3.5-foot intervals vertically through the plume. 
The KC1-extractable concentrations were multiplied by 
a depth determined from the locations of the sample and 
adjacent samples. The concentration-depth products 
associated with all the sediment samples from the site 
were summed to generate the measured vertically 

2For this calculation, the sorption isotherms were 
recalculated. Batch-test dissolved and sorbed ammonium 
concentrations, which were measured in 1.1g/mL as N (or 
mg/L as N) of ground water and µgig as N of dry sediment, 
respectively, were transformed into common units of 
microgram of nitrogen per cubic centimeter of aquifer 
(µg/cm3 as N). A porosity value of 0.39 and bulk density 
value of 1.6 µg/cm3 were used. 
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integrated concentration value for the site. Finally, 
predicted and measured vertically integrated concentra-
tion values were divided by the total thickness of the 
plume at the site, to eliminate any potential spurious 
correlation based on the common depth intervals. 

The correlations between predicted and measured 
depth-weighted values are high (R2>0.90) for low-
ionic-strength and artificial-effluent Langmuir sorption 
models (fig. 27). However, the slope of the straight-line 
relation for the low-ionic-strength estimates 
(slope=4.36, 95-percent confidence interval=2.79 to 
5.93) indicates that this model significantly over-
estimates ammonium sorption in the plume. In contrast, 
predicted concentrations based on the artificial-effluent 
Langmuir model are in good agreement with measured 
concentrations (slope=1.25, 95-percent confidence 
interval=0.92 to 1.58). Ionic concentrations in the 
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Figure 27. Relation between vertically integrated 
concentrations of sorbed plus dissolved ammonium 
based on batch-test sorption models (predicted) and on 
potassium-chloride extractions of sediments (measured). 
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plume varied from the concentrations represented by 
the low-ionic-strength tests to those represented by the 
artificial-effluent test. However, ammonium concen-
trations were high only where ionic concentrations 
approached artificial-effluent concentrations. There-
fore, the artificial-effluent Langmuir model better pre-
dicts sorbed-ammonium concentrations in the plume 
sediments. 

Mass Estimates of Sorbed Ammonium 

Masses of sorbed ammonium (in excess of 
background) in plume sediments were estimated for the 
five synoptic samplings as follows. First, sorbed 
concentrations were calculated from dissolved 
concentrations in ground water using the artificial-
effluent Langmuir sorption model. The sorbed 
concentrations were then adjusted for background 

sorbed ammonium. Background sorbed 
concentration was calculated as the difference 
between total (KC1-extractable) ammonium in 
uncontaminated sediments (median=0.12 
µg/cm3 as N, n=16) and dissolved ammonium in 
ambient ground water (median=0.02 mg/L as N 
or 0.008 µg/cm3 as N). The sorbed concen-
trations were integrated using the triangular 
integration method, described previously, to 
generate mass estimates. 

Sorbed ammonium in plume sediments 
was about three times the dissolved ammonium 
in the septage-effluent plume on a mass basis 
(table 10). Total nitrogen in the plume, 
calculated as the sum of masses of sorbed 
ammonium and masses of dissolved nitrogen 
species, accounted .for 33 to 73 percent of the 
effluent-input nitrogen. These values corre-
sponded to 68 to 103 percent of input masses, 
when normalized to the percentages of chloride 
recovered in the mass-balance analyses. Thus, 
ammonium sorption in saturated sediments was 
a significant sink for dissolved nitrogen in the 
septage-effluent plume. Moreover, the sorbed-
ammonium masses were about equal to the 
apparent nitrogen losses in the June 1991 and 
June and December 1992 synoptic samplings. 
The good agreement between the total nitrogen 
and chloride percentages in the later synoptic 
samplings suggests that attenuation processes in 
the unsaturated and saturated zones other than 
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Table 10. Sorbed and dissolved nitrogen masses in the septage-effluent plume, March, June, and 
September 1991, and June and December 1992 

Date of synoptic sampling
Constituent 

Mar. 1991 June 1991 Sept. 1991 June 1992 Dec. 1992 
Effluent-input masses, in kilograms 

Nitrogen, total (as N)1 980 1,200 1,300 2,200 3,300 
Masses in the septage-effluent plume, in kilograms 

Nitrogen, total, dissolved (as N)2 300 380 720 1,400 2,000 

Ammonium, dissolved (as N) 9.8 4.0 15 52 130 

Ammonium, sorbed (as N) 29 9.8 44 160 400 

Nitrogen, total, dissolved plus sorbed (as N) 330 390 760 1,600 2,400 

Masses in the septage-effluent plume, as a percentage of effluent-input masses 
Nitrogen, total, dissolved plus sorbed (as N) 34 33 58 73 73 

Chloride 50 46 61 72 71 
Masses in the septage-effluent plume, as a percentage of effluent-input masses, normalized to chloride masses 

Nitrogen, total, dissolved plus sorbed (as N) 68 72 95 101 103 

Chloride 100 100 100 100 100 

1 Total nitrogen in effluent is equal to the sum of nitrate-, nitrate-, and ammonium-nitrogen, dissolved organic nitrogen, and particulate 
organic nitrogen. 

2 Total dissolved nitrogen in ground water is equal to the sum of nitrate-, nitrite-, and ammonium-nitrogen, and dissolved organic nitrogen. 

ammonium sorption in the saturated zone (for example, 
filtration, assimilation and denitrification) were small 
and (or) transitory relative to the total nitrogen input. 

Ammonium sorption in the unsaturated zone, a 
Potential attenuation process, also was estimated inde-
pendently as follows. First, sorbed concentrations were 
calculated from KC1 extractions of unsaturated-zone 
sediments using the linear artificial-effluent model 
(table 9). The linear artificial-effluent model, which fit 
the batch-test data nearly as well as the Langmuir 
model, was used because it could be modified to gener-
ate sorbed concentrations from the KC1-extraction data. 
Sorbed-ammonium concentrations in surface samples 
(median=29 i_tg/cm3, interquartile range=27 pg/cm3, 
n=27; upper 0.16-foot depth) and in subsurface sedi-
ments (median=0.79 j.tg/cm3, interquartile range=4.0 
Rg/cm3, n=63, 0.16 to 3.28-foot depth) were integrated 
for the unsaturated-zone volume beneath the infiltration 
beds and extrapolated to the water table. The mass of 
sorbed ammonium in the unsaturated zone thus esti-
mated is 9.5 kg as N. This mass represents ammonium 
immobilized in the unsaturated zone after 26 months of 
effluent discharge. This mass is small relative to the 
masses of ammonium (1,200 kg as N) or total nitrogen 
(2,000 kg as N) discharged during that period. The mass 
of sorbed ammonium in the unsaturated zone also is 
small relative to the saturated-zone masses of sorbed 
ammonium (160 kg as N in June 1992) or total 

dissolved nitrogen (1,400 kg as N in June 1992) in the 
plume. Thus, ammonium sorption in the unsaturated 
zone was not a large nitrogen sink. 

Denitrification 

Denitrification is the microbial reduction of nitrate 
and nitrite to nitrogen gases. Nitrate or nitrite serves as 
a terminal electron acceptor in the absence of oxygen, 
with organic carbon most frequently serving as the elec-
tron donor. It can be performed by a diverse group of 
facultative anaerobic bacteria (Ingraham, 1981; 
Knowles, 1982), which commonly occur in many envi-
ronments (McNabb and Dunlap, 1975; Gamble and 
others, 1977; Tiedje and others, 1982). The reaction can 
be described by the equation, 

5CH20 + 4NO3 + 4H+ 2N2 + 5CO2 + 7H20, (12) 

where organic carbon is represented as a simplified car-
bohydrate, CH2O (Manahan, 1984, p. 102; Beauchamp 
and others, 1989, eq. 1). Denitrification rate may be 
controlled by concentrations of oxygen, nitrate, and 
organic carbon or other electron donor (Focht, 1982). 

Denitrification in uncontaminated and nitrogen-
enriched ground water has been demonstrated by many 
recent studies (Hiscock and others, 1991; Korom, 

Reactive Processes Involving Nitrogen in the Septage-Effluent Plume 67 

https://median=0.79


� 
	

� 

	

	 

	

1992). Denitrification in ground water may be carbon 
or nitrate limited, depending on background concentra-
tions. Denitrification rate was nitrate limited in aquifer 
sediments from the South Carolina coastal plain (Morris 
and others, 1988; Francis and others, 1989) and in shal-
low sandy glacial sediments from Long Island (Slater 
and Capone, 1987). Denitrification was carbon limited 
in a sewage-effluent-contaminated glacial aquifer on 
Cape Cod (Smith and Duff, 1988) and in sandy aquifers 
impacted by agricultural fertilizer (Starr and Gillham, 
1993). The organic-carbon limitation is potentially 
complex because a wide variety of organic compounds 
are available to denitrifying organisms (Beauchamp and 
others, 1989). Additionally, only a fraction of the natu-
rally occurring total organic carbon in soils or aquifer 
sediments generally is labile (Burford and Bremner, 
1975; Reddy and others, 1982; Lalisse-Grundmann and 
others, 1988). Solid-phase organic carbon also may sup-
port denitrification (Trudell and others, 1986; Robertson 
and others, 1991). 

Because of the natural variability of controlling 
factors, in situ denitrification is difficult to quantify 
(Tiedje and others, 1989). Several approaches were 
used to investigate the process in the present study. 
First, aquifer sediments were incubated as cores and 
slurries to estimate denitrification rates and to determine 
possible nitrate and carbon limitation. Second, mea-
surements of dinitrogen, nitrous oxide, and inorganic 
carbon, which are produced by denitrification, were 
used to quantify in situ denitrification. Third, the nitro-
gen stable-isotope ratios of ammonium, nitrate, and 
dinitrogen in effluent and ground water were used to 
confirm the postulated nitrogen transformations and 
denitrification rates. Finally, the mass quantity of deni-
trification that occurred in the septage-effluent plume 
for the study period was estimated. 

Aquifer-Sediment Incubations 

Denitrification Rates in Sediment Cores 

Denitrification rate in sediment cores from the 
anoxic zone of the plume ranged from 0 to 
33 nanograms of nitrogen per cubic centimeter of 
aquifer per day (ng-N/cm3)/d, with a mean of 9.6 ± 7.4 
(ng-N/cm3)/d (±one standard deviation) and a positively 
skewed frequency distribution (fig. 28A). The rates in 
the suboxic mixing zone generally were less than 8 (ng-
N/cm)/d (fig. 28B). In many cases, rates from vertically 
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Figure 28. Frequency distributions of denitrification 
rates measured in sediment cores. A. Rates 
measured in sediment cores from the anoxic zone 
of the septage-effluent plume. B. Rates measured 
in sediment cores from the suboxic zone of the 
septage-effluent plume. 

adjacent core segments (replicates) were highly variable 
(mean CV of replicates=56 percent, range=<1 to 170 
percent). Such variability is common with measure-
ments of denitrification rate in sediment cores (Kasper, 
1982; Tiedje, 1982; Parkin, 1987). 

Profiles of denitrification rate, EM conductivity, 
and concentrations in ground water at two sites from the 
anoxic zone (sites 106 and 96, fig. 10, August and Sep-
tember 1992) show that denitrification rates were high 
where oxygen was depleted and concentrations of nitrate 
and dissolved organic carbon were high (fig. 29A-B). 
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Figure 29. Electromagnetic-induction (EM) logs, denitrification rates measured in sediment cores, and 
concentrations of dissolved oxygen, nitrate, and dissolved organic carbon at two sites in the septage-
effluent plume. Error bars on denitrification rate are ± one standard deviation of two to three replicates 
(vertically adjacent core segments). A. Site 174, September 1992. B. Site 96, August 1992. 

Repeated measurements (July and December 1991, and (CV=62 to 89 percent) was not much greater than the 
April and September 1992) at site 147, the site with the variation of replicate measurements on each sampling 
highest denitrifying activity, showed no temporal trend. date (mean CV per sampling date=37 to 69 percent; 
Moreover, the variation of combined measurements fig. 30). The measured variation between adjacent core 
from all sampling dates within 10-foot depth intervals segments collected from a zone of apparently uniform 

Reactive Processes Involving Nitrogen in the Septage-Effluent Plume 69 



		
	

	

	 		

	
	

	

	

	

		

	

	

		 	 							

		

0 I I 1 I I 

EM LOG — DENITRIFICATION RATE — DISSOLVED — NITRATE- — DISSOLVED -L.L.1 
OXYGEN NITROGEN ORGANIC 

LL 20 — — — — -z CARBON 
—— — — -

U 
u<_ 40 - An : 1 : — 
cc 1--n=5 i -(/) — r — — — 
0 0--n=14 4 
Z 60 — — — — 

t-J n=8 — — — 
0 
---1 80 — — — -
co 

a. — — — Lu 100 — -CD 
— — — — -

1 1.1.1•1.1. 1 1 1 I I 111 1 1_ 1 1 1 1 1 1120 
1 

200 400 600 0 4 8 12 16 20 24 0 4 8 0 20 40 0 1 .0 2.0 

ELECTRICAL CONDUCTIVITY, IN DENITRIFICATION RATE, IN CONCENTRATION,
MICROSIEMENS PER CENTIMETER NANOGRAMS NITROGEN PER IN MILLIGRAMS PER LITER 

AT 25 DEGREES CELSIUS PER CUBIC CENTIMETER PER DAY 

Figure 30. Electromagnetic-induction (EM) log (April 1992), denitrification rates measured in sediment 
cores, and concentrations of dissolved oxygen, nitrate, and dissolved organic carbon at site 147, July 
and December 1991 and April and September 1992. Horizontal bars on denitrification rate are ± one 
standard deviation of multiple measurements (n=5 to 14); vertical bars are depth ranges within which 
measurements were made. Error bars on concentrations are ± one standard deviation (n=4). 

concentrations of dissolved oxygen, nitrate, and 
dissolved organic carbon may have resulted from 
perturbations during coring. Small-scale variation in 
pore-water concentrations not detected by concen-
trations measured in ground water from wells also may 
have been a factor (Ronen and others, 1987b; Pederson 
and others, 1991). 

Denitrification Rates in Sediment Slurries and Rates With 
Nitrate and Carbon Addition 

Nitrous oxide production in unamended slurry 
incubations generally was linear with time (R2=0.89 to 
0.99), although frequently there was a 1-day time lag 
similar to that found by Smith and Duff (1988). Denitri-
fication rates in unamended slurries ranged from 27 to 
440 (ng-N/cm 3)/d, with a mean of 150±130 (ng-
N/cm3)/d (n=16, ±one standard deviation). The slurry 
rates were more than tenfold higher than rates measured 
in sediment cores. The difference between slurry and 
core rates is similar to that reported by Smith and others 
(1987) in a sewage plume on Cape Cod and by Myrold 

and Tiedje (1985) for forest and agricultural soils. 

Slurry rates were not related to initial nitrate concentra-

tions (p=0.1324, Kendall's Tau correlation; 1.6 to 36 

mg/L as N) or dissolved organic carbon (p=0.4559, 

Kendall's Tau correlation; 0.3 to 1.9 mg/L) in the slurry 

water. The nitrate concentration in slurry water would 

not be expected to correlate with rate, because even the 

lowest concentration was likely greater than rate-limit-

ing concentrations (Knowles, 1982; Murray and others, 

1989). The high rates and lack of correlation with con-

centrations of dissolved organic carbon in the slurry 

water may have resulted from enhanced microbial 

activity from physical mixing. Physical mixing and 

abrasion may increase the availability of solid-phase 

organic carbon (Myrold and Tiedje, 1985) and also can 

reduce diffusion zones present within intact cores. The 

uniformly anoxic conditions in the slurries, as compared 

with the more variable oxygen concentrations in the 

core incubations, also may have contributed to the 

difference between slurry and core rates. 
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Sediments from the most centrally located site in rate increased with time and was about four times the 
the anoxic zone (site 147, December 1991) were unamended rate after 5.6 days (fig. 31). In contrast, the 
amended with nitrate and a readily degradable carbon addition of nitrate had no effect on denitrification rate. 
source, glucose, to test for nitrate and carbon limitation Nitrous oxide production in the nitrate-amended repli-
of denitrification rate (fig. 31). Concentrations in the cates was similar to the low, linear rates in most of the 
unamended replicates were 36 mg/L as N of nitrate and unamended slurries. These data suggest that the denitri-
1.9 mg/L of dissolved organic carbon. Nitrous oxide fication rate in the septage-effluent plume primarily was 
production in the replicates amended with glucose and carbon limited. 
glucose plus nitrate was stimulated. The denitrification 
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Figure 3L Nitrous oxide production in sediment slurries with nitrate and 
carbon addition. Error bars are ± one standard deviation of three 
replicates. Sediment from site 147, 65 feet below land surface, 
December 1991. 
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Dinitrogen, Nitrous Oxide, and Dissolved 
Inorganic Carbon 

Dinitrogen 

Dinitrogen is the stable end product of denitrifica-
tion, and can accumulate in ground water (Vogel and 
others, 1981; Wilson and others, 1990; Fontes and 
others, 1991; Smith and others, 1991). Dinitrogen con-
centrations in the plume ranged from 17.7±0.5 to 
21.2±0.5 mg/L as N (±one standard deviation of two to 
three replicates; fig. 32). Concentrations in the center of 
the plume were 1 to 2 mg/L as N higher than the mean 
concentration in ambient ground water from similar 

•depths, 18.6 mg/L as N (n=10, standard deviation=l.2) 
or than the concentration predicted from atmospheric 
equilibrium, 18.3 mg/L as N (at 10°C and 1 atmosphere, 
Matthess, 1982). Dinitrogen concentrations at individ-
ual sites also increased with time due to transport asso-
ciated with the anoxic volume of the plume. For 
example, concentrations in ground water from OSW 98 
and OSW 114 (site 96) increased from 18±0.6 and 
18.8±1.2 mg/L as N to 20.6±0.2 and 20.2±0.05 mg/L as 
N, respectively, from March 1991 to December 1992 
(fig. 33). In contrast, dinitrogen concentrations in ambi-
ent ground water from a deep well at site 96 (OSW 96, 
screened below the plume) did not significantly change 
with time, although the concentration was initially 
higher than concentrations in the shallower wells (fig. 
33). In addition, the dinitrogen increases coincided with 
the beginning of rapid dissolved-oxygen decreases at 
the wells in mid-1991 (figs. 14B and C), as would be 
expected if the dinitrogen originated from denitrifica-
tion. 

Rates of denitrification integrated over the flow 
paths from the infiltration beds to 10 wells at sites 93, 
96, 147, 149, and 174 in the anoxic zone were calcu-
lated from the dinitrogen concentrations and saturated-
zone residence times of ground water intercepted by the 
wells. Dinitrogen exceeding the mean ambient concen-
tration, 18.6 mg/L as N, was attributed to denitrification. 
Residence times were calculated from three-dimen-
sional flow-path distances from the water table beneath 
the infiltration beds to the wells, determined from 
hydraulic-head gradients, and the mean ground-water 

velocity, 0.5 ft/d; porosity was assumed equal to 0.39. 
The denitrification rates thus calculated ranged from 
1.4 to 6.2 (ng-N/cm3)/d, with a mean rate of 3.0±1.4 
(ng-N/cm3)/d. These rates are lower than but compara-
ble to the sediment-core rates. 

Nitrous Oxide 

Nitrous oxide is an intermediate in denitrification 
and may accumulate under low-pH, high-nitrate 
conditions (Blackmer and Bremner, 1978; Firestone and 
others, 1980). Although lower on a mass basis than dini-
trogen concentrations, nitrous oxide concentrations in 
the plume were much higher than natural background 
concentrations. Nitrous oxide concentrations in ambi-
ent ground water generally were less than 5 µg/L as N. 
Concentrations in the plume ranged from 46 to 660 
µg/L as N. The highest concentrations were measured at 
sites adjacent to the infiltration beds (site 93 and 147). 
However, nitrous oxide was also found in oxygenated 
zones of the plume near its leading and lateral edges. In 
fact, nitrous oxide concentrations in some cases were 
higher than background concentrations before high con-
centrations of any other effluent tracer, such as chloride 
or EM conductivity, were apparent. Moreover, with the 
exception of several outliers, nitrous oxide concentra-
tion was linearly related to chloride concentration 
(fig. 34A). The linear relation suggests that dilution may 
have been the primary process controlling nitrous oxide 
distribution in the saturated zone. 

The distribution of nitrous oxide and the linear 
relation with chloride suggest that much of the nitrous 
oxide in the plume may have been produced during 
nitrification in the unsaturated zone. Nitrous oxide has 
been reported to account for 0.02 to 2.6 percent of the 
ammonium-nitrogen oxidized in nitrification (Yoshida 
and Alexander, 1970; Blackmer and others, 1980; 
Davidson and others, 1986; Tortuoso and Hutchinson, 
1990; Ueda and others, 1993). Because about 20 mg/L 
as N of ammonium in effluent was nitrified in the 
unsaturated zone (table 5), 0.004 to 0.52 mg/L as N of 
nitrous oxide (4 to 520 µg/L as N) may have been 
produced. At five wells near the infiltration beds (sites 
93 and 147), nitrous oxide was about twice as high as 
concentrations in downgradient wells with similar 
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chloride concentrations (fig. 34A). These exceptionally 
high concentrations may have resulted from the 
increased discharge during the preceding summer 
months (fig. 6), which may have reduced outgassing in 
the unsaturated zone through higher moisture contents. 

Dissolved Inorganic Carbon 

Dissolved inorganic carbon is produced from 
organic carbon primarily by denitrification and aerobic 
respiration. Concentrations of dissolved inorganic 
carbon in the center of the plume, 21 to 26 mg/L in 
December 1992, were two to three times greater than 
concentrations in ambient ground water 
(median=9.4 mg/L, n=23). Concentrations of dissolved 
inorganic carbon also were linearly related to chloride 
concentrations (fig. 34B). The high concentrations of 
dissolved inorganic carbon were not produced by deni-
trification. Aerobic respiration in the unsaturated zone 
produced about 10 to 20 mg/L of inorganic carbon 

CHLORIDE CONCENTRATION, 
IN MILLIGRAMS PER LITER 

Figure 34. Relations of nitrous oxide and dissolved 
inorganic carbon concentrations with chloride 
concentrations in the septage-effluent plume, 
December 1992. A. Nitrous oxide with chloride. 
(Regression line excludes points with nitrous oxide 
concentration greater than 400 micrograms per 
liter as nitrogen.) B. Dissolved inorganic carbon 
with chloride. (Regression line excludes point with 
dissolved inorganic carbon concentration 
greater than 30 milligrams per liter.) 

(table 5). Dissolved inorganic carbon also was present 
in the effluent when discharged (about 13 mg/L, assum-

ing all the alkalinity was due to dissolved carbon diox-

ide species; table 4) due to the biological-treatment 

process. Denitrification contributed about 2 to 3 mg/L 

of dissolved inorganic carbon, based on the stoichio-
metric relation between nitrate and carbon (eq. 12) and 
dinitrogen concentrations in excess of background or 
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equilibrium concentrations. Thus, the contribution of 
denitrification was relatively small and was not appar-
ent in the concentrations of dissolved inorganic carbon 
measured in December 1992. 

Large concentrations of dissolved inorganic car-
bon (31 to 44 mg/L) were measured in five shallow 
wells located in grassy areas around the main building 
and between Overland Way and the Cape Cod Rail Trail 
(fig. 2). Only one of these wells is screened within the 
boundaries of the plume. The concentration in this well 
is represented by the single outlier in the correlation 
between dissolved inorganic carbon and chloride 
(fig. 34B). Concentrations of dissolved inorganic car-
bon in ground water from these wells were consistently 
high for all synoptic samplings and may be related to 
above-ground landscaping practices. 

Nitrogen Stable-Isotope Ratios 

Alterations in the stable-isotope ratios of nitrate 
and dinitrogen are potential indicators of denitrification, 
due to the preferential reduction of 14N-nitrate by deni-
trifying bacteria (Delwiche and Steyn, 1970). This frac-
tionation results in '5N enrichment of the remaining 
nitrate pool and 14N enrichment of the dinitrogen that is 
produced. Nitrification can have a similar effect, enrich-
ing ammonium pools in 15N, while depleting 15N in the 
remaining nitrate pool. 

Stable-isotope ratios of total dissolved nitrogen (all 
species except dinitrogen) and individual nitrogen 
species in effluent were measured in two samples that 
represented the range of variability in nitrogen-species 
distribution at discharge (table 11). The fractionation 
effect of nitrification was apparent in the nitrate-rich 
sample. The residual unoxided ammonium (815N= 
+25.4 0/00) was enriched in '5N relative to the nitrate 
(815N=1-9.8 °/.0). The residual ammonium in the nitrate-
rich sample also was 15N enriched relative to the 
ammonium in the ammonium-rich effluent sample, in 
which little nitrification had taken place. However, 
because nitrification had proceeded nearly to comple-
tion, the 15N of the nitrate was only slightly 15N depleted 
relative to the total dissolved nitrogen (815N.+11.2 °W. 
Ammonium in effluent underwent nearly complete 
nitrification in the unsaturated zone throughout the 
study, and nitrate represented about 90 percent of the 
total dissolved nitrogen reaching the water table. There-
fore, the 815N ratios of nitrate recharged to the aquifer 
was about equal to the 815N of total dissolved nitrogen 

in effluent. The 815N ratios of total dissolved nitrogen in 
the two effluent samples were dissimilar (+11.2 and 
+19.1 V.), although within the range of +10 to +22 0/00 
commonly cited for nitrogen in human waste (Kreider, 
1979; Heaton, 1986; Mariotti and others, 1988; Aravana 
and others, 1993). 

As in the nitrate-rich effluent sample, 815N ratios of 
ammonium in ground water were enriched in 15N rela-
tive to the 815N ratios of nitrate or total dissolved nitro-
gen, which were similar (table 11). Nitrate in ground 
water from the anoxic zone (815N.+7.3±1.5 V.) or the 
suboxic zone (815N.+8.2 0/0.) does not appear enriched 
in 15N from denitrification, relative to 815N ratios of 
effluent (table 11). Similarly, preferential uptake and

-3
denitrification of 14N-N0  is not evident in the 815N-N2 
ratios in the plume. 815N-N2 ratios in the anoxic zone 
(+1.0±0.3 V.) and the suboxic zone (+1.0 0/00) were 
similar to the 815N ratios of dissolved N2 in equilibrium 
with the atmosphere (+0.8-0.9 0/00, Letolle, 1980) and to 
the 815N-N2 of ambient ground water (+0.8 °W. 

The fractionation that would result from the deni-
trification of 2.6 mg/L as N (the maximum quantity 
indicated by dinitrogen data) was estimated to deter-
mine whether the measured 8'5N ratios were consistent 
with the denitrification estimates from the other meth-
ods. Fractionation effects can be calculated by inferring 
a single-step, irreversible Rayleigh process (Vogel and 
others, 1981; Mariotti and others, 1981, 1988; Smith 
and others, 1991), 

(13)515N-NO3" = 815N-NO3(initial) + (E • In f) , 

and 

815N-N2 = 815N-NO3(initial) - E • (f In f / (14)) (14) 

where 
815N-NO3- is the 815N ratio of nitrate at time t, 

815N-NO - • • • al)is the initial 815N ratio in nitrate,3 (Initi 
C is the isotopic enrichment factor, 
f is the ratio of nitrate-nitrogen 

concentration at time t to initial 
nitrate-nitrogen concentration, and 

815N-N2 is the 815N ratio in dinitrogen from 
denitrification (Mariotti and others, 
1981, eqs. 8 and 12). 

Values of E equal to -10 1)/0. (Mariotti and others, 
1988; Bottcher and others, 1990; Smith and others, 
1991), 815N-NO3-(initial) equal to +10.0 Vc,„ and an 
initial nitrate concentration of 35 mg/L as N were 
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Table 11. Stable-isotope ratios and concentrations of nitrogen species in effluent and ground water, July 
1992 

[Concentrations in milligrams per liter, dissolved as N; stable-isotope ratios in per mil. Nitrate-rich effluent sample collected in January 
1993. Total nitrogen includes nitrate-, nitrite-, and ammonium-nitrogen, and dissolved organic nitrogen. Dinitrogen concentrations are 
means and standard deviations of two to three replicates. Concentrations from the center of the plume are means of samples from sites 93, 
96, 147, 149, 169; standard deviations are from these five samples. Concentrations from the leading edge of the plume are from one sample, 
site 156. Background concentrations are from one sample, site 105 (OSW 104, screened above the plume). <, actual value is less than value 
shown. --, no data] 

Nitrate Ammonium Nitrogen, organic Nitrogen, total I Dinitrogen 

Stable- Stable- Stable- Stable- Stable-Sample type Concen- Concen- Concen- Concen- Concen-
isotope isotope isotope isotope isotope

tration tration tration tration tration
ratio ratio ratio ratio ratio 

Effluent 

Ammonium-rich sample 0.9 37 +17.8 12 50 +19.1 14.8 +1.9 

. Standard deviation -- .2 
13.4

Nitrate-rich sample 1 21 +9.8 +25.4 122 +11.2 18.2 +.1 

Standard deviation .7 
Ground Water 

Center of plume 27 +7.3 2.5 +19.4 1.1 30 +7.8 20.9 +1.0 

Standard deviation 4.6 1.5 1.5 3.0 .8 5.7 1.4 .5 .3 

Leading edge of plume .02 +8.2 9.6 <.2 9.6 +8.7 20.4 +1.0 

Standard deviation .7 

Background .07 +8.1 .03 <.2 .10 18.1 +.8 

Standard deviation .7 

1 Data provided by Global Geochemistry Corporation (written commun., Canoga Park, California, 1992). 

used. Denitrification of 2.6 mg/L as N of nitrate 
would result in only a small change, +0.7 0/0,3, in the 
8'5N of the remaining nitrate-nitrogen. The 8'5N ratio 
of the produced 2.6 mg/L dinitrogen would be 
+0.4 0/00. This would change the 8'5N of the total 
dissolved dinitrogen by -0.05 O/00, assuming an initial 
dinitrogen concentration of 18.6 mg/L as N and initial 
8'5N ratio equal to +0.8 0/. (Letolle, 1980). These 
changes are too small to be distinguished in the 
measured 8'5N ratios (table 11), given the variability 
in stable-isotopic ratios in effluent. However, the 
measured values are consistent with low rates of 
denitrifying activity. 

Mass Estimate of Denitrification 

Aquifer-sediment incubations, concentrations of 
dinitrogen, nitrous oxide and dissolved inorganic 
carbon, and nitrogen stable-isotope ratios were consis-
tent with a low level of denitrification in the plume. The 
denitrification rates measured in core incubation were 
slightly higher than the rates determined from dinitro-
gen data. The core incubations may have overestimated 

in situ rates because aquifer sediment is slightly 
disturbed during sampling. Brooks and others (1994) 
reported that core incubations overestimated in situ 
rates in a sewage plume elsewhere on Cape Cod, where 
in situ rates were measured with an acetylene-block 
tracer test. Rates determined in the present study from 
cores and dinitrogen concentrations are low compared 
with denitrification rates measured in more organic-rich 
saturated sediments (Trudell and others, 1986; Slater 
and Capone, 1987; Bengtsson and Annadotter, 1989). 
However, they are comparable to the in situ rates mea-
sured by Brooks and others (1994) under low-organic-
carbon conditions. 

Denitrification rates determined from dinitrogen 
production probably are most appropriate for mass esti-
mates of in situ denitrification. Denitrification rates 
determined from core incubations provide discrete mea-
surements in time and space. Core-incubation rates 
must be extrapolated to an aquifer volume 108 times 
larger than the incubation volume and a time period of 
many months to generate a mass estimate of denitrifica-
tion occurring during the study period. In contrast, 
methods based on dinitrogen concentrations measure 
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denitrification at spatial and temporal scales similar to 
the scale of plume movement. Denitrification rates from 
dinitrogen production integrate the effects of the vary-
ing geochemical conditions encountered by ground 
water along a flow path. The rates and mass estimates 
from dinitrogen methods, however, also are limited by 
the precision of aquifer and ground-water-flow charac-
teristics, of the assumed source concentrations of dini-
trogen, and of the dinitrogen sampling and analytical 
techniques. 

The mean denitrification rate calculated from dini-
trogen production, 3.0 (ng-N/cm3)/d, corresponds to a 
nitrate reduction of 0.015 mg/L as N per foot of travel 
distance, using the ground-water-flow velocity of 0.5 
ft/d and aquifer characteristics as in previous calcula-
tions. This is equivalent to an attenuation in nitrate con-
centration of about 1.5 mg/L as N per 100 ft of travel 
distance under anoxic conditions. This quantity is less 
than 5 percent of the nitrate concentrations in the center 
of the plume. Attenuation by this quantity could not be 
distinguished in nitrate concentrations or masses, given 
the variation in nitrogen concentrations in effluent and 
horizontal extent of anoxic zone during the study. 

Mass estimates of denitrification in the plume were 
made in two ways. First, the mean rate from dinitrogen 
production, 3.0 (ng-N/cm3)/d, was extrapolated to the 
time-varying volume of the anoxic zone. The volume of 
the anoxic zone was calculated for each of the five 
synoptic samplings using the triangular integration 
described previously. The volume was assumed to 
increase step-wise between samplings. The quantity 
thus estimated was 77 kg as N, or about 2 to 3 percent 
of the total mass of nitrogen recharged to the aquifer 
during the study or in the septage-effluent plume in 
December 1992. This value is likely an overestimate, 
however, because dinitrogen concentrations were not 
elevated at all sites in the anoxic zone (fig. 32). The 
second mass estimate of denitrification was based on 
dinitrogen concentrations throughout the septage-
effluent plume. Integrating dinitrogen concentrations 
exceeding the mean background concentration or 
atmospheric-equilibrium concentration yielded mass 
estimates of 46 and 51 kg as N of denitrification, res-
pectively. These values are about 2 percent or less than 
the input nitrogen mass or nitrogen mass in the plume. 

The low denitrification rates and the stimulation 
of rates with carbon addition suggest that denitrification 
in the septage-effluent plume was carbon limited. 

Concentrations of dissolved organic carbon in the 
ground water (less than or equal to 2.5 mg/L) could 
have supported a maximum nitrate reduction of about 
2.5 mg/L as N, based on stoichiometric relations where 
dissolved organic carbon is characterized as CH2O 
(eq. 12). Moreover, all this organic carbon was not 
likely to be readily degradable. Solid-phase organic car-
bon also might be used by denitrifying organisms. 
Solid-phase carbon concentrations in plume and uncon-
taminated sediments ranged from less than 0.01 to 1.5 
mg/g, with a median of 0.1 mg/g (n=88). A solid-phase 
organic carbon concentration of 0.1 mg/g could reduce 
about 380 mg/L as N of nitrate, if all this were organic 
carbon that was physically and chemically available for 
degradation, using the aquifer characteristics previously 
assumed3. However, the solid-phase organic carbon in 
the aquifer has been exposed to aerobic ground water 
probably since deposition, or thousands of years. There-
fore, the organic carbon is unlikely to be readily 
degradable. 

Summary of Reactive Processes Involving 
Nitrogen and Nitrogen Budget 

Microbial and chemical transformation processes 
in the unsaturated zone and in the septage-effluent 
plume altered the initial speciation of nitrogen in efflu-
ent and affected its transport and fate (fig. 35). The mass 
of nitrogen (excluding dinitrogen) in effluent dis-
charged during the period of study, February 1990 to 
December 1992, consisted of 9 percent particulate 
organic nitrogen, 12 percent dissolved organic nitrogen, 
49 percent ammonium, 3.8 percent nitrite, and 25 per-
cent nitrate. Eleven percent of the total mass discharged 
during this period was in transit in the unsaturated zone 
in December 1992, based on the traveltime in the unsat-
urated zone. The mass of nitrogen in ground water and 
aquifer sediments in the plume in December 1992 con-
sisted of 1.7 percent dissolved organic nitrogen, 5.4 per-
cent dissolved ammonium, 17 percent sorbed 
ammonium, 0.1 percent nitrite, 75 percent nitrate, 0.4 
percent nitrous oxide, and 2 percent dinitrogen derived 
from denitrification. The total mass of nitrogen in the 
septage-effluent plume corresponds to 73 percent of the 

3Some of this carbon may have been solid inorganic 
carbon, as calcite was found in trace quantities in less than 
half of the sediment samples analyzed mineralogically (L.J. 
Poppe and A.M1 Moffett, U.S. Geological Survey, Woods 
Hole, Mass., written commun., December 1990). 
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EFFLUENT DISTRIBUTION OF SPECIESMASS TOTAL NITROGEN 
340 (9%) PON 140 (3.8%) NO2-Feb. 1990 - Dec. 1992• 
440 (12%) DON3,700 920 (25%) NO3-

,• 1,800 (49%) NH4+ 

NH3 VOLATILIZATION <10 (<0.5%) 
DENITRIFICATION 

NH4+ SORPTION UNSATURATED-ZONE —DON, PON _NH4+
<15 (<1%) PORE WATER 

AMMONIFICATION 
IN TRANSIT: 400 (1 6-1 9%)ASSIMILATION? NO3 

220 MAX (6%) NITRIFICATION 
(50-70%)NO -

FILTERING 3 N20 
34-92 (<3%) UNSATURATED ZONE SEDIMENTS 

MASS TOTAL NITROGEN DISTRIBUTION OF SPECIES 

LOAD TO WATER TABLE 2.5% DON 0.1% NO2-
Feb. 1990 - Dec. 1992 2.5% NH4+ (dissolved) 86% NO3-

3,300 9% NH4+ (sorbed) 0.5% N20 
GROUND WATER AT WATER TABLE 

GROUND WATER NH + 

IN PLUME 
NITRIFICATION 

MASS TOTAL NITROGEN (very small)
NH4+ SORPTION NO3'Dec. 1992 OXIC ZONE400 (17%) 

2,000 
ANOXIC ZONENO3-

NH4+ (61% of input to water DENITRIFICATION 
ASSIMILATION table; or 86% of input,41-- NO3- 50 (2%) 

(very small) normalized to chloride) 
.N2O 

N2 _ 
NO3 J 

NH4+  DISSIMILATORY NITRATE 
—" REDUCTION TO AMMONIUM 

(<0.2%)GROUND WATER AND AQUIFER SEDIMENTS IN PLUME 

MASS TOTAL NITROGEN Dec. 92 DISTRIBUTION OF SPECIES 
2,400 40 (1.7%) DON 3 (0.1%) NO2- 1,800 (75%) NO3-

(73% of input to water table; or 130 (5.4%) NH4+ (dissolved) 10 (0.4%) N20 
103% of input normalized to chloride) 400 (17%) NH4+ (sorbed) 50 (2%) N2 

Figure 35. Nitrogen budget for the septage-effluent plume, February 1990 through December 1992. Masses 
in kilograms of nitrogen. Values in parentheses are percentage of total nitrogen in respective reservoir or 
associated with respective process during the study. PON, particulate organic nitrogen; DON, dissolved 
organic nitrogen; NH4+, ammonium; NH3, ammonia; NO2", nitrate; NO3-, nitrate; N20, nitrous oxide; N2, 
dinitrogen from denitrification. 'Value includes aerobic processes in the saturated and unsaturated zones. 
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mass discharged in the effluent (minus the mass in 
transit in the unsaturated zone). This value is similar to 
the percentage of the chloride in effluent in the plume by 
the same analysis (71 percent), indicating that all the 
effluent nitrogen could be accounted for. 

Unsaturated-Zone Pro esses 

The primary processes affecting nitrogen in the 
unsaturated zone were ammonification and nitrification 
(fig. 35). Ammonification transformed nearly all the 
dissolved organic nitrogen and most of the particulate 
organic nitrogen to ammonium, or 16 to 19 percent of 
total nitrogen in effluent. Through nitrification, a large 
fraction of the ammonium in effluent and of ammonium 
derived from organic nitrogen was oxidized to nitrate, 
or 50 to 70 percent of the total nitrogen in effluent. 
These values are bbsed on the distribution of nitrogen 
species in effluent and ground water at the water table 
beneath the infiltration beds. Ammonification and nitri-

11fication resulted o y in transformation among nitrogen 
species, not in any net attenuation of total nitrogen con-
centrations or load. Other unsaturated-zone processes 
that may have attenuated dissolved nitrogen were 
ammonium sorption, filtering of particulate organic 
nitrogen, ammonium and (or) nitrate assimilation, 
ammonia volatilization, and denitrification. The mass-
balance analyses suggested that these processes did not 
result in a large sustained loss of nitrogen from solution. 
The magnitude of several of these processes also can be 
estimated independently. 

The mass of filtered particulate organic nitrogen 
can be evaluated from solid-phase nitrogen and carbon 
concentrations in infiltration-bed surface sediments. 
Suspended solids (particulate carbon and nitrogen) are 
almost entirely removed by soil-particle filtration in 
rapid-infiltration systems, primarily at or near the soil 
surface (Bouwer and others, 1980; Bouwer, 1985). 
Some of the filtered material is decomposed to soluble 
nitrogen- and carbon-containing compounds, while the 
remainder accumulates in the sediments. The median 
concentration of solid-phase nitrogen in infiltration-bed 
surface sediments for March through April 1992 was 
0.6 mg/g (n=20). This concentration, after correction 
for extractable ammonium, corresponds to a nitrogen 
mass of 25 kg as N in the surface sediments. The nitro-
gen mass estimated from the mean concentration of 
solid-phase carbon4 (4 mg/g, n=20) is 68 kg of nitrogen. 

These masses are about 10 and 27 percent of the partic-
ulate organic nitrogen discharged in effluent through the 
time of sampling and are overestimates, because they 
include nitrogen immobilized through assimilation as 
well as filtering. Thus, much of the particulate organic 
nitrogen, although it may have been temporarily filtered 
out by sediments, was ultimately decomposed and 
transported in dissolved form to subsurface layers. Cor-
responding fractions of the particulate organic nitrogen 
discharged in effluent through December 1992 are less 
than 3 percent of the total nitrogen in effluent (fig. 35). 

Nitrogen is assimilated during synthesis of micro-
bial biomass (Schlesinger, 1991, p. 169), and can be 
evaluated from mass rates of aerobic respiration and 
nitrification. The mass of aerobic respiration occurring 
during the study can be approximated by the organic-
carbon loss determined by mass-balance analysis (table 
8). The corresponding nitrogen assimilation is 190 kg as 
N, using a stoichiometric relation of 0.1 g nitrogen 
assimilated per gram carbon oxidized (Andrews, 1971). 
Nitrogen assimilated through nitrification, estimated 
above, is 20 to 30 kg, using a stoichiometric relation of 
0.01 g nitrogen assimilated per gram of ammonium-
nitrogen nitrified (Fenchel and Blackburn, 1979). The 
maximum quantity of assimilation from heterotrophic 
growth and from nitrification, therefore, is about 6 per-
cent of the total nitrogen in effluent and includes the 
small amount of saturated-zone assimilation by aerobic 
heterotrophs (see below) (fig. 35). However, this proba-
bly is a significant overestimation, because remineral-
ization through microbial death and decay is not 
considered. 

Ammonium sorption, ammonia volatilization and 
denitrification also represented minor sinks for dis-
solved nitrogen in the unsaturated zone (fig. 35). 
Ammonium sorption accounts for a permanent loss of 
nitrogen from solution of probably less than 1 percent, 
based on the infiltration-bed measurements discussed 
previously. Ammonia volatilization represents an even 
smaller loss. At the pH and temperature conditions of 
the effluent (median pH=7.2, mean annual air tempera-
ture =10°C), ammonia makes up only 0.5 percent of the 

4Mass of nitrogen estimated from carbon concentration 
using particulate carbon-to-nitrogen ratio in effluent of 4 to 
1, based on 15 effluent samples collected from March 
through December 1992, after correcting carbon 
concentration for background. 
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total ammonium plus ammonia (Bowie and others, 
1985, p. 264). Volatilization of the 100 percent of the 
ammonia in effluent and produced in ammonification 
would be a loss of less than 0.5 percent of the total nitro-
gen in effluent. In fact, the actual fraction volatilized 
would be less than 100 percent. Finally, losses through 
denitrification may have occurred in anaerobic micro-
sites in the unsaturated zone. However, the method by 
which effluent was discharged (short flooding and 
drying cycles) was unlikely to result in widespread 
anoxia in the unsaturated zone (Lance and Whisler, 
1972; Bouwer, 1985; Ronen and others, 1987), which is 
necessary for denitrification. 

Saturated-Zone Processes 

The primary process affecting nitrogen in the satu-
rated zone was ammonium sorption. Ammonium sorp-
tion occurred in the anoxic central zone of the plume, 
where ammonium concentrations were relatively high 
(fig. 19) and nitrification was restricted. Sorbed ammo-
nium in aquifer sediments was about 17 percent of the 
total mass of nitrogen in the plume in December 1992. 
However, the sorbed-ammonium pool could change 
with changing concentrations of dissolved ammonium, 
other ions, or dissolved oxygen. If ammonium concen-
trations reaching the water table were to increase or 
concentrations of other ions were to decrease, the mass 
of sorbed ammonium-nitrogen would increase. Con-
versely, ammonium would be desorbed if dissolved-
ammonium concentrations decreased, if concentrations 
of other ions increased, or if dissolved-oxygen concen-
trations increased so that nitrification occurred. 

Nitrification, nitrogen assimilation, denitrification, 
and dissimilatory nitrate reduction to ammonium also 
may have occurred in the saturated zone. Nitrification 
occurred mostly in the unsaturated zone, as indicated by 
the nitrogen-species distribution at the water table and 
in the plume as a whole (fig. 35). Relations among dis-
solved-ammonium, chloride, and dissolved-oxygen 
concentrations in the plume suggest that nitrification 
also occurred in the saturated zone (fig. 36). Ammo-
nium concentrations were not linearly related to chlo-
ride concentrations in the saturated zone, as would be 
expected from conservative transport. At chloride con-
centrations less than 500 mg/L such as occurred in the 
oxygenated leading and lateral edges of the plume, 
ammonium concentrations were near 0 mg/L (fig. 3M). 
Ammonium concentrations were high (greater than 
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Figure 36. Relations of dissolved ammonium 
concentrations with chloride and dissolved-
oxygen concentrations in the septage-effluent 
plume, December 1992. A. Ammonium with 
chloride, B. Ammonium with dissolved oxygen. 

1 mg/L as N) only where dissolved-oxygen concentra-
tions were less than 1 mg/L (fig. 36B). Saturated-zone 
nitrification depleted dissolved ammonium in the 
oxygenated areas of the plume but not in the anoxic 
zone, because nitrification is greatly reduced at dis-
solved-oxygen concentrations less than 1 mg/L. 

Microbial nitrogen assimilation did not greatly 
alter nitrogen masses in the plume. Nearly all the assim-
ilation associated with aerobic respiration, estimated 
previously for unsaturated and saturated zones, 
occurred in the unsaturated zone. This is shown by com-
paring organic carbon attenuation in the unsaturated 
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zone (91 percent of concentrations in effluent) with the 
total loss of organic carbon indicated by the mass bal-
ance (92 to 95 percent of carbon in effluent, normalized 
to chloride, table 9). The small fraction (1 to 4 percent) 
of the assimilated nitrogen from aerobic respiration 
occurring in the saturated zone corresponded to 0.3 to 
0.5 percent of the total nitrogen in effluent. Assimilation 
associated with nitrification in the saturated zone also is 
likely very small. Little nitrification occurred in the sat-
urated zone and the quantity of nitrogen assimilated per 
ammonium molecule oxidized is very low (see above). 

Denitrification did not greatly affect nitrate trans-
port during the study period. The mass of denitrifica-
tion, estimated previously, is about 2 percent or less of 
the total nitrogen recharged to the aquifer or in the sep-
tage-effluent plume. Dissimilatory nitrate reduction to 
ammonium, which like denitrification is an anaerobic 
heterotrophic process (Chapelle, 1993, p. 89), is 
unlikely to have occurred to any significant extent in the 
plume. The partitioning between the two processes 
varies with the carbon-to-nitrogen ratio. Under high-
nitrate and low-carbon conditions, less than 10 percent 
of the total nitrate reduction goes to ammonium (Tiedje 
and others, 1982). In addition, nitrate reduction to 
ammonium is not favored under the mildly reducing 
conditions found in the plume (Buresh and Patrick, 
1981; deCatanzaro and others, 1987; Jorgensen, 1989). 
Dissimilatory nitrate reduction to ammonium did not 
occur in a low-organic-carbon, high-nitrate sewage 
plume elsewhere on Cape Cod (Smith and Duff, 1988). 
The ratio of dissolved carbon to nitrate-nitrogen in the 
septage-effluent plume of the present study, 1:20, was 
very low. Thus, dissimilatory nitrate reduction to 
ammonium was unlikely to be a significant process. At 
10 percent of the denitrification mass estimate, dissimi-
latory nitrate reduction would amount to less than 0.2 
percent of the total nitrogen in the effluent or septage-
effluent plume. 

In summary, the nitrogen discharged in effluent 
during the study was affected by microbial processes in 
the unsaturated zone, which altered its species distribu-
tion but did not substantially attenuate the nitrogen 
input to the saturated zone. Ammonium sorption in the 
saturated zone represented a loss from solution of about 
17 percent by December 1992. This pool of sorbed 
ammonium is likely to increase or decrease in size with 
changes in unsaturated-zone conditions or processes 
altering the quantity and (or) speciation of nitrogen 

reaching the water table. The remaining nitrogen in the 
saturated zone was primarily in the form of nitrate and 
underwent very little reaction during transport. 
Denitrification was occurring in the anoxic central 
region of the plume but at rates that were too low to sig-
nificantly affect the nitrogen-species distribution or 
mass of nitrogen in the plume during the study. 

SUMMARY 

A nitrogen-rich plume of septage effluent-contam-
inated ground water resulting from infiltration of treated 
wastewater at the Tri-Town Septage-Treatment Facility 
was monitored from the beginning of effluent discharge 
in February 1990 through December 1992. The effluent 
was discharged at the Tri-Town Septage-Treatment 
Facility to a sandy glacial aquifer. Ambient ground 
water in the aquifer contained low concentrations of dis-
solved solids and was slightly acidic; sodium and chlo-
ride were the dominant ions (median concentrations 15 
and 21 mg/L, respectively). The aquifer is heteroge-
neous but can be divided into four lithologic units: (1) 
an upper fine-grained unit consisting of fine to very fine 
or fine to medium sand, with variable amounts of silt, 40 
to 60 ft thick; (2) an intermediate coarse-grained unit 
consisting of medium to very coarse sand, locally with 
some gravel, 5 to 60 ft thick; (3) a lower fine-grained 
unit of interbedded fine to very fine and medium to fine 
sand with silt, 35 to 60 ft thick; and (4) a lower coarse-
grained unit of medium to coarse sand of undetermined 
thickness. The intermediate coarse-grained unit was 
much more permeable than the overlying and underly-
ing fine-grained units; its hydraulic conductivity was 
more than an order of magnitude greater than that of the 
fine-grained units. The general direction of ground-
water flow is westward and northwestward from the 
interior of Cape Cod toward the regional discharge 
areas at an adjacent coastal marsh and Cape Cod Bay. 
Steep vertical gradients in the study area were caused by 
lithologic heterogeneity and proximity of the site to the 
regional discharge area. 

The volume and chemical quality of the treatment-
facility effluent was monitored throughout the study 
period. Daily discharge averaged 19,000 gal/d and 
varied seasonally, with means of 25,100 and 11,500 
gal/d during the summer and winter months, respec-
tively. The major chemical constituents of the effluent 
were chloride (median 950 mg/L), calcium (median 440 
mg/L), and sodium (median 100 mg/L). Nitrogen, 
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potassium, organic carbon, sulfate, phosphorus, and 
boron were minor constituents. Nitrogen in the effluent 
was primarily in the form of ammonium (median 27 
mg/L as N) and nitrate (median 11 mg/L as N), with 
lesser amounts of dissolved organic nitrogen (median 
4.0 mg/L as N), particulate organic nitrogen (median 3.1 
mg/L as N), and nitrite (median 0.8 mg/L as N). 

Chemical and microbial processes in the 40-foot-
thick unsaturated zone substantially changed the quality 
of the effluent. Concentrations of total dissolved nitro-
gen underwent little attenuation, but the distribution of 
nitrogen species was altered. Nearly all the dissolved 
organic nitrogen was mineralized to ammonium and 
most of the ammonium was nitrified to nitrate. Nitrifica-
tion also resulted in a pH decrease from about 7.0 in the 
effluent to 5.0 in ground water. Cation exchange 
resulted in a 10-percent decrease in calcium concentra-
tion that was balanced by a nearly equivalent gain in 
magnesium. Concentrations of potassium, sulfate, and 
boron also were attenuated by exchange and(or) sorp-
tion reactions. The magnitude of the exchange and sorp-
tion processes decreased with time; the reactions were 
approaching steady state after 34 months of discharge. 
Concentrations of dissolved organic carbon and possi-
bly the alkalinity in effluent were reduced through aero-
bic respiration. Nearly all the phosphorus in the effluent 
also was removed, probably through sorption and (or) 
precipitation reactions with aquifer sediments. 

The physical development of the septage-effluent 
plume was affected by the lithologic heterogeneity, the 
three-dimensional flow system, and possibly density 
differences. By December 1992, the leading edge of the 
plume had traveled about 200 ft westward and 450 
northwestward from the infiltration beds. It initially 
split into two lobes as a result of the irregular geometry 
of the coarse- and fine-grained lithologic units. The 
plume also expanded radially so that it extended at least 
100 to 130 ft east and south of the infiltration beds. Ver-
tically, the septage-effluent plume occurred in the upper 
fine-grained and intermediate coarse-grained units near 
the infiltrations beds. It preferentially flowed through 
the coarse-grained sediments and farther downgradient 
it was confined primarily to the intermediate coarse-
grained unit. The mean linear velocity of the plume, cal-
culated from breakthrough curves of chloride, was 0.4 
to 0.5 ft/d. 

The distribution of chemical constituents in the 
plume resulted from advection, dispersion, and reac-
tions. Chloride, which is transported conservatively in 
ground water, was used to quantify advective and dis-
persive transport. Chloride concentrations ranged from 
concentrations in effluent in the center of the plume 
(about 900 mg/L) to less than 200 mg/L near the leading 
and lateral edges of the plume, where concentrations 
were reduced through mixing with ambient ground 
water. Concentrations of total dissolved nitrogen ranged 
from more than 40 mg/L as N in the center of the plume 
to less than 10 mg/L as N near the boundaries of the 
plume. Nitrate was the primary form of nitrogen in the 
septage-effluent plume. The plume developed an anoxic 
core, in which dissolved-oxygen concentrations were 
less than 0.05 mg/L. The anoxic zone expanded with 
time at a rate that was comparable to the mean linear 
velocity of the ground water and was characterized by 
sharp horizontal and vertical boundaries. Advection and 
dispersion seemed to be the primary controls on the dis-
tribution of dissolved-oxygen concentrations in the sat-
urated zone, although oxygen consumption at the 
boundaries of the anoxic zone also was likely. 

Mass-balance analyses of constituents in the 
septage-effluent plume were made using a three-
dimensional triangular-integration method to calculate 
solute masses in the plume. Masses were estimated for 
five times during the study. Dissolved masses of chlo-
ride ranged from 46 to 73 percent of the effluent-input 
masses. The higher percentages were obtained through 
improved definition of areas of high concentrations and 
thicknesses in the later synoptic samplings. The masses 
of other constituents were normalized to recovered 
masses of chloride to identify reactive transport. The 
mass of total dissolved nitrogen in the plume ranged 
from 31 to 64 percent of the total (dissolved plus partic-
ulate) nitrogen in the effluent. These values, when nor-
malized to the recovered masses of chloride, are 
equivalent to 62 to 90 percent of the total nitrogen in the 
effluent. Batch tests were used to derive mass estimates 
of sorbed ammonium from dissolved concentrations in 
the plume. A Langmuir isotherm provided the best fit to 
batch-test data, and ammonium sorption strongly 
depended on the ionic strength of the aqueous phase. 
The applicability of the batch-test sorption model to 
field conditions was tested by comparing sorbed and 
dissolved ammonium concentrations predicted with the 
model with measured concentrations in plume sedi-
ments. Mass estimates of sorbed ammonium in the 
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plume were about three times the dissolved masses. The 
resulting total (sorbed plus dissolved) nitrogen masses 
in the plume ranged from 34 to 73 percent of the efflu-
ent-input masses. When normalized to recovered 
masses of chloride, the total nitrogen masses were 
within 5 percent of the effluent-input masses for the 
three later synoptic samplings. Calcium-magnesium 
exchange, boron attenuation, and sodium desorption 
also were suggested by the mass-balance analyses. 

Measurements of denitrification in the septage-
effluent plume with aquifer-sediment incubations and 
dinitrogen concentrations demonstrated that denitrifica-
tion was occurring in the plume but at a very low rate. 
Nitrogen stable-isotope ratios and concentrations of dis-
solved inorganic carbon, an end product of denitrifica-
tion, were inconclusive but did not contradict other 
measures. The mean rate measured with aquifer-core 
incubations from the anoxic zone was 9.6 (ng-N/cm3)/d. 
The mean rate from dinitrogen production in the plume 
was 3.0 (ng-N/cm3)/d. Aquifer-slurry incubations 
greatly overestimated the in situ rate but demonstrated 
that denitrification in the plume was carbon limited. The 
rate from dinitrogen data provided the best estimate of 
in situ rates, and corresponds to 1.5 mg/L as N of nitrate 
attenuation per 100 ft of travel distance under anoxic 
conditions. Because of the short distances traveled by 
ground water in the anoxic zone during the study and 
variability of nitrogen concentrations in effluent, signif-
icant attenuation of nitrate concentrations was not 
observed in the field. 

A nitrogen budget was constructed for the septage-
effluent plume during the study period. In the unsatur-
ated zone, large fractions of the total nitrogen in effluent 
were transformed by ammonification (16 to 19 percent) 
and nitrification (50 to 70 percent). This nitrification 
also produced dissolved concentrations of nitrous oxide 
as high as 0.4 mg/L as N. Ammonification and nitrifica-
tion did not result in any net attenuation of total nitrogen 
concentrations or load. Assimilation, filtering, and 
ammonium sorption also may have occurred in the 
unsaturated zone but did not result in any large sus-
tained loss of nitrogen from solution. Ammonium sorp-
tion was the primary process affecting nitrogen 
transport in the saturated zone. Sorbed ammonium was 
about 17 percent of the total mass of plume nitrogen in 
December 1992. This sorbed-ammonium pool could 
increase or decrease with future changes in the concen-
trations of dissolved ammonium, other ions, or dis-

solved oxygen. Denitrification had transformed about 2 
percent of the total mass of nitrogen by the end of the 
study period. This quantity may increase as the plume 
travels farther downgradient from the treatment facility 
and the residence time of anoxic ground water 
increases. However, denitrification is unlikely to result 
in substantial attenuation of nitrogen concentrations in 
ground water until the plume has traveled several thou-
sand feet or encounters more organic-rich sediments. 
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TABLE 12 



		 		

Table 12. Location of cluster sites and locations and screened intervals of wells 

[Altitude of land surface and location of screened interval in feet above (+) or below (-) sea level. All wells installed by the USGS in the 
sequence indicated by the USGS well identifier, October 1988 to September 1992, unless otherwise noted. Wells consist of 2-inch inner 
diameter polyvinylchloride pipe, unless otherwise noted; slot size of well screens equal to 0.010 inch] 

Latitude Longitude Altitude of USGS well Screened interval 
Cluster site 0 0 1 111 11 land surface identifier Top Bottom 

25 41 46 42 70 00 10 76.1 OSW 25 0.0 - 1.5 

86 41 46 56 70 00 23 59.8 OSW 137 +9.7 - .3 
OSW 84 -16.0 -17.0 
OSW 85 -37.6 -38.6 
OSW 86 -68.2 -69.2 

87 41 46 55 70 00 24 53.4 OSW 88 - .7 - 1.7 
OSW 89 -42.5 -43.5 
OSW 163 -31.1 -36.1 
OSW 87 -81.6 -82.6 

93 41 46 54 70 00 23 56.5 OSW 135 +18.6 + 8.6 
OSW 178 + 3.6 - 1.4 
OSW 90 - 3.1 - 4.1 
OSW 91 -28.2 -29.2 
OSW 92 -48.5 -49.5 
OSW 93 -84.5 -85.5 

94 41 46 53 70 00 23 55.3 OSW 108 + 6.1 + 1.1 
OSW 95 -25.0 -26.0 
OSW 166 -47.4 -52.4 
OSW 94 -73.6 -74.6 

96 41 46 54 70 00 24 46.9 OSW 115 +11.7 + 6.7 
OSW 99 -11.8 -12.8 
OSW 114 -26.5 -27.5 
OSW 98 -47.8 -48.8 
OSW 96 -91.1 -92.1 

100 41 46 53 70 00 24 41.0 OSW 102 -33.1 -34.1 
OSW 100 -89.1 -90.1 

105 41 46 55 70 00 18 65.5 OSW 103 + 3.0 - 2.0 
OSW 104 -23.9 -28.9 
OSW 105 -46.5 -51.5 

111 41 46 54 70 00 27 22.4 OSW 110 + 1.7 -3.3 
OSW 109 -32.5 -37.5 
OSW 111 -69.6 -74.6 

112 41 46 51 70 00 28 22.1 OSW 112 +.6 -4.4 

116 41 46 49 70 00 24 57.0 OSW 116 +10.3 + 5.3 

117 41 46 40 70 00 18 52.1 OSW 117 +5.0 0.0 

118 41 46'42 70 00'32 12.4 OSW 119 + 5.4 + 0.4 
OSW 118 -69.6 -74.2 
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Table 12. Location of cluster sites and locations and screened intervals of wells--Continued 

Cluster site 
Latitude

0 I II 

Longitude 
0 III 

Altitude of 
land surface 

USGS well 
identifier 

Screened interval 
Top Bottom 

120 41 46 54 70 00 14 76.1 OSW 121 + 8.5 + 3.5 
OSW 120 -28.9 -33.9 

122 41 47 10 70 00 21 39.6 OSW 122 -2.3 -7.3 

123 41 47 03 70 00 20 40.9 OSW 123 + 3.9 - 1.1 

124 41 47 00 70 00 24 44.8 OSW 124 + 3.2 - 1.8 

125 41 46 49 70 00 25 46.6 OSW 125 + 9.8 + 4.8 

126 41 46 55 70 00 18 64.6 1OSW 126 +17.6 - 2.4 

127 41 46 53 70 00 21 58.2 1OSW 127 +21.2 + 1.2 

128 41 46 53 70 00 23 57.0 1OSW 128 +20.0 0.0 

129 41 46 54 70 00 23 57.0 1 OSW 129 +20.0 0.0 

131 41 46 52 70 00 18 67.0 2OSW 130 +17.0 - 3.0 
2OSW 131 - 1.0 -21.0 

132 41 46 57 70 00 27 45.8 2OSW 132 +10.8 - 9.2 

133 41 46 51 70 00 31 10.0 2OSW 133 +10.0 -10.0 

134 41 46 55 70 00 28 22.4 2OSW 134 +13.4 -6.6 

144 41 46 52 70 00 26 39.2 OSW 145 + 2.1 - 2.9 
OSW 144 -27.9 -32.9 

146 41 46 58 70 00 26 48.6 OSW 146 + 6.4 + 1.4 

147 41 46 55 70 00 22 57.7 OSW 141 +17.6 + 7.6 

OSW 142 + 4.6 - 0.4 
OSW 165 -4.9 -9.9 
OSW 152 -12.9 -17.9 
OSW 147 -23.9 -28.9 

148 41 45 54 70 00 26 38.7 OSW 143 + 1.5 - 3.5 
OSW 148 -68.3 -73.3 

149 41 46 56 70 00 21 59.8 OSW 107 +10.5 + 5.5 
OSW 149 -12.2 -17.2 

150 41 46 54 70 00 23 57.2 OSW 136 +20.3 +10.3 
OSW 160 +12.7 + 7.7 
OSW 150 + 6.7 + 1.7 

151 41 46 54 70 00 20 57.1 OSW 153 +12.6 + 7.6 
OSW 157 -25.6 -30.6 
OSW 151 52.0 -57.0 

Table 12 91 



	 	

Table 12. Location of cluster sites and locations and screened intervals of wells--Continued 

Cluster site Latitude 
CI I 

Longitude 
I II 

Altitude of 
land surface 

USGS well 
identifier 

Screened interval 
Top Bottom 

154 41 46 56 70 00 25 56.4 OSW 138 +10.6 + .6 
OSW 155 -46.1 -51.1 
OSW 154 -65.6 -70.6 

156 41 46 58 70 00 24 55.3 OSW 140 + 6.9 3.1 
OSW 167 -12.8 -17.8 
OSW 161 -23.6 -28.6 
OSW 156 -45.7 -50.7 

158 41 46 56 70 00 26 56.5 OSW 158 -54.5 -59.5 

159 41 46 57 70 00 22 56.8 OSW 159 +3.5 - 6.5 

162 41 46 57 70 00 20 73.8 OSW 164 +0.4 -4.6 
OSW 162 -45.2 -50.2 

168 41 46 58 70 00 22 50.9 OSW 139 +18.4 + 8.4 
OSW 172 + 2.8 - 2.2 
OSW 168 -46.1 -51.1 

169 41 46 55 70 00 22 57.2 OSW 170 -12.8 -17.8 
OSW 169 -31.8 -36.8 

171 41 45 55 70 00 26 47.0 OSW 113 + 9.4 + 4.3 
OSW 171 -44.6 -49.6 

174 41 46 53 70 00 19 55.9 OSW 106 +10.5 + 5.5 
OSW 173 + 3.5 - 1.5 
OSW 179 - 6.1 -11.1 
OSW 175 -18.7 -23.7 
OSW 174 -32.0 -37.0 

*U S. GOVERNMENT PRINTING OFFICE: 1 9 9 5- 6 0 1- 9 0 8 / 2 0 0 0 5 
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