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Transformations and Transport of *N-Based Fixed Nitrogen from Septic Tanks
in Soil Absorption Systems and Underlying Aquifers

Chen-Peng Chen and John M. Harkin’

ABSTRACT

Evaluation of groundwater contamination by nitrate-nitrogen from domestic wastewater is
limited by difficulties in determining the transformations of fixed nitrogen in the wastewater disposal
systern and uncertainties in differentiating origins of the nitrate present in groundwater. Three septic
tank soil absorption systems in south-central Wisconsin were dosed with *N-enriched ammonium
chloride and sodium bromide as taggants to track rates and forms of nitrogen movement from the
systems into the vadose zone, as well as to describe transport and attenuation of the septic tank
effluent-derived nitrate in aquifers underlying these systems. Results show that, on average, 44.5%
of fixed nitrogen from household sewage was efiminated during the treatment in septic systems. “N-
enriched nitrate-nitrogen plumes traveled in shallow aquifers with a mean velocity of 1.79x10"
crmvsec and dissipated at a rate of 29.9% over a distance of 3 m. Denitrification was found to occur
in an aquifer with depieted dissolved oxygen underlying a dosing system and eliminated 29.4% of
the "N initially applied. '*N abundance in the tracer was reduced to 74.7% of the original level as
a result of joint treatment in the system and monitored groundwater, suggesting that septic systems
are not necessarily a dominant source of the nitrate-nitrogen in groundwater underlying sewage
disposal systems for treating household wastewater.
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INTRODUCTION

Septic tank/soil absorption systems have been indicted as the most frequently reported source
of proundwater contamination (USEPA, 1997). Among the potential contaminants in the septic tank
effiuent (STE), fixed nitrogen {N} forms pose the greatest threat to groundwater hecause of the
formation and mobility of nitrate anion in aerated unsaturated soil. The distribution of nitrate-
nitrogen {NQy-N) in groundwater from septic systems is of great concern since contamination of
drinking water—frequently supplied by groundwater from unconfined aquifers in rural areas—with
nitrate increases the risk of methemoglobinemia in infants and formation of carcincgenic
nitrosamines (Williams and Weisburger, 1986). In Wisconsin, a two-tier system of regulation
comprising an enforcement standard (ES) of 10 mg/L and a preventive action limit (PAL) of 2 mg/L
was promulgated for NOy-N in groundwater {WDNR, 1995) regardless of the source of
contamination. As the availability of land suitable for construction of conventional septic systems
continues to decrease, the disposal of domestic wastewater has received more attention, and various
efforts have been directed toward examining the performance of septic systems in terms of N
removal and monitoring the influx and distribution of STE-derived NO;-N in groundwater (Alhajjar
et al., 1990; Murphy, 1992; Cherry and Rapaport, 1994}, One deficiency commenly observed in
these studies, however, is the fack of direct information on N transformations in septic systems, and
differentiation of the sewage-derived NO,-N from NO;-N originating from other sources. Komor
and Anderson (1993) found that, among four different land settings, the group categorized as
residential arcas with septic systems had the lowest mean NO,-N concentration in the underlying
aquifer. Thus whether the nitrate observed in groundwater in the vicinity of septic systems comes
predominantly from treated STE remains unclear, and an evaluation to differentiate the impact of
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STE-derived NOyN on groundwater quality from that of contributions from other sources associated
with agricubtural and domestic practices, e.g., feedlots, barnyards, and fertilized lawns, gardens and
frelds, is critically needed,

¥N, a stable isotope with a natural abundance 0f 0.3663 percent in atmospheric N,, has been,

used qualitatively as an indicator to di te sources of NOy-N in the aguifer (Komor and
Anderson, 1993) based on the fact that NO;-N of different origins in the environment can be
characterized by its distinet isotopic composition, As techniques have become available for
synthesizing '*N-enriched and depleted chemicals, *N has also been used extensively as tracers in
biological and agricultural studies {Barrie et al,, 1989). However, usc of the *N-labeled chemicals
as tracers to quantitatively study the fate and transport of N originating from anthropogenic sources
in the environment has not been frequently reported.

The work presented in this paper examined the long-term transformations of N from domestic
wastewater in three septic systems and the underlying unsaturated zone, and evaluated the transport
and attenuation of STE-derived NO,~N in the groundwater in the immediate vicinity of septic
systems. ""N-entiched ammonium chloride and sodium bromide were appiied as separate markers
into septic tanks. The "N label was used to quantitate the rates of fixed N conversions and
elimination in the septic systems/underlying vadose zones, and 1o distinguish between NO,-N
generated from the septic svstems and that of other origins in groundwater. As a nonreactive tracer
with chemical properties similar to nitrate but immune o denitrification, bromide was used o serve
as a control in quantifying the rates of nitrification and subsequent denitrification of N in the soi]
absorption system and unsaturated zone, and to provide information on the efficiency of the local
groundwater to difute the plume of contaminants physicaliy by diffusion and dispersion. Potential
for denitrification, the biological degradation of nitrate, was also exarnined o identify the influence
of mechanisms other than advection and dispersion of groundwater flow to attenuate STE-derived
NOy-N flux in the aquifer.

METHODS AND MATERIALS
Site Selection and Monitoring Wells Description

Three septic tank/soil absorption systerms (2 pressurized-dosing systems, numbered S-9 and
5-12; and 1 Wisconsin mound system, numbered S-15) in south-central Wisconsin (2 sites in
Columbiza County: -9 and 12; 1 in Sauk Co.- 8-15) previousty studied in detail (Alhajjar, 1990)
were selected for this study. Geological descriptions of these sites were summarized by Harkin and
Chen {1996). These systems were constructed between 1970 and 1980 and have operated
uninterruptedly since then. All systems were installed with networks of groundwater monitoring
wells including one background {zontrol) well hydrologically up-gradient from the septic system and
three interceptor wells in the STE plume down-gradient from the drainfield of the system at each
site. interceptor wells labeled as number I were 30 cm from the edge of the drainfields and those
labeled 2 and 3 were further down-gradient at intervals of 3 m. Background welis were 10 m or
more up-gradient from the edges of the drainfields, The wells consisted of casings made of Schedule
40, 1.5-inch inner-diarneter polyvinyl chloride (PVC) pipes and well screens of 30 ¢m length fitted
with PVC well points at the lower ends. Shallow wells were installed by hand-augering using a 76~
mm diameter Soil Conservation Service stainless steel bucket auger and driven to I m below the
water table using a pos: driver. All wells were cased with benfonite and secured with SCTEW-01 £aps
of the same materials as the welj casings to prevent intrusion of water from the land surface,

Application and Sampling of Tracers

A solution consisting of 200 g of N-fabeled ammonium chloride ("*NH,C!) with an isotopic
enrichment of 10.5 atom-% (Isotec Chemical Co., Miamisburg, OH) and 1000 g of 99+% sodium
bromide (NaBr; Aldrich Chemical Co., Milwaukee, WI) was prepared for the application of tracers
into septic systems by dissolving the chemicals in4L of deionized distilled water (DDW). The4-L
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and "N abundance of ammonium-N (NH,™N) in the STE for use as the initial concentrations and
"N ratio in the quantification of dilution factors and elimination rates for '*N i the unsaturated and
saturated zone, STE and groundwater from the background ang piume-z'nterccpting weils were
continuously sampled at 2-week (14-dy intervals for 26 weeks (182 d) and analyzed for the
concentrations of bromide, N H,"™N, and NO-N as wel] as the isotopic ratios of "N in the form of
NH,"-N (“NH,"-N) and NO,"-N {""NO,-N.

Determination of Ammenium-N, Nitrate-N, Bromide, and Dissolved Oxygen Concentrations

NH,"-N and NO;-N in STE and groundwater samples were determined by the direct steam-
distillation procedure {Bremner and Keeney, 19653, An aliquot of the sample to be amalyzed
containing up to 2 mg of inorganic-N in the form under analysis, i.e,, NH,-N or NO;-N {5 mf,
eifluent or 20 mp groundwater), was first steam-distilled with |1 g of reagent-grade heavy
magnesium oxide {MgQ) powder (Mallinckrodt Chemical Co,, St. Louis, MO) to refease NH, for
the determination of NH,"-N concentration, then distiljed with an addition of 0.2 # Devarda's alloy
{Aldrich Co.) to reduce the NOy-Nto NH, for determining the NOy-N concentration. The Devarda's
alloy was previousty ball-milled to Pass a 100-mesh screen and for at least 75% to pass a 300-mesh
sereen. The NH, liberated via distiflation was condensed and coflected a5 NH,-N in 3 mL boric
acid-indicator solution prepared by dissolving 20 § reagent-grade boric acid (Mallinckrodt Ca.) in
4 mixture including 700 mL hot DDW, 200 mL 95% ethanol, and 20 mL a mixed indicator thar
consisted of 330 mg reagent-grade bromocresol green {Matheson Coleman & Bel] Manutacturing
Chemists Co,, Norwood, OH) and 165 mg methyl red (Mallinckrodt Co.) in 95% ethanol. The NH, -
N-containing boric acid-indicator solution was titrated with standardized 0.005 ¥ H,S0O, solution
(Fisher Scientific (o, Itasea, IL) using 4 Brinkmann digital burer {Brinkmann Instrumens,
Westhury, NY) with a reading accurate to .01 mf,, Cuior change at the end point is from wreen 1o
@ permanent, faint pink. The reading expressed as the volume of titrant consumed in ttration was
converted into the quantity of N in distillate; | mi, of 0.005 .V H.50, used in the titration equals 70
g NH,*-N in the distiliate,

Concentrations of bromide Were measured using a Fisher bromide ion-selective electrode ang
& Fisher sitver-chloride double-function reference 2lectrode (Fisher Co.). Prior to measurement
samples (100 mf, per sample) were each mixed with 2 ml, bromide ianic-strcngth adjustor busfer,
a5 M NaNO, solution (Orion Research, Beverly, MAYL To evaluate the anaerohic stamus af septic
tanks and the deniirification potential in groundwater. the solubility of oxyzen in STE and
Sroundwater (expressed as the toncentration of dissolved oxygen; DOj) was measured on-site before
fracer application, using a YST Model 58 digital dissolved oXygen meter (Yellow Springs Instrumen;

Preparation of °N Samples for Isotopic Abundance Analysig
To facilitate instrumental determination of the relative isotopic abundance of "N 1o for
different forms of inorganic N in STE ang groundwater, NH, N and NCy-N in the sampie were first

Separated and concentrated. T meet the requirement for instrumental analysis, viz., 2 minimum
toneerntration of 1000 beg/mL N as NH,"Nin 1 mL of sample ready for the isotope-ratig analvsis,
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each STE or groundwater sample was muttiple-distilled (5 mL STE or 20 mL groundwater per
distillatior) based on the concentrations of NH, N and NO;-N pre-determined following the steam-
distillation determinations described above. The NH, liberated for the separate determinations of
“NH, -N and “NO,-N was collected in 10 mL boric acid-indicator solution and titrated to verify
the recovery of N in the distillate afier the multiple distiliations, The distillation procedure was
modified by adding a distillation of 15 ml. 95% ethanol at the end of each distillation to remove
traces of NH,™-N held up i the distillation apparatus. Between samples 1 mL 1 N acetic acid
{Columbus Chemical Industries, Columbus, WI) was mixed with 15 mL DD'W and distifled for 10
minutes followed by an additional 10-min distiliation of 30 mL 95% ethanol to avoid cross-sample
contamination.

After the separation of NH,-N and NO-N in the sampie, each distillate solution was
fortified with 2 mL 0.08 N H,80, and transferred to a 250- or 500-ml. round-bottom flask for
concentration using Biichi R-110 and RE-121 rotary evaporation systems {Brinkmann Instrumens).
The rotary evaporators were connected with ammonia-washing bottles filled with 50% H.80,
selution at the vaived air inlet to avoid any comact of atmospheric ammonta with samples when the
vacuum was released. Samples evaporated to a volume less than 5 mL were transferred 10 5-mL
graduated v-shaped vials and placed in a Supelco 12-port solid-phase-extraction vacuum manifald
(Supelco. Bellefonte, PA) connected with an ammonia-washing bottle, The manifold was modified
to include a 350 Watt HP 3108 sunsheat famp as & heat source 1o assist the evaporation and a
remately-probed thermometer (Cole-Parmer Instrurment Co.) to control the temperature in the
mariifeld during evaporation. Samples were evaporated until a final concentration of approximately
100G pg/ml for NH,"-N was reached and then transferred to 1.8-ml. amber borosilicate vials capped
with PTFE-linered crimp-on aluminum seals (National Scientific, Lawrenceville, GA) for
instrumental anaivsis.

Analysis of "N:"N Isotopic Ratio by GC-IRMS

Measurement of "N:"N isotopic ratios in each sample was performed by an automated
"N/ C analyzer-mass spectroscopy (ANCA-MS) instrument consisting of a gas-chromatography-
(GC)-based NA 1300 Series 2 automatic nitrogen/carbon Analyzer interfaced with a combustion
reactor for sample pretreatment and a TracerMass continuous-flow isolope-ratio mass spectrometer
(IRMS; Europa Scientific, Crewe, UK). A 20-uL aliguot of each sample was pipetied onto an inert
substrate (Chromosorb, Supeleo) pre-loaded in tin capsules and oven-dried at 80°C. The capsules
were sealed and loaded into the combustion chamber enriched with 99.998% pure oxygen for
oxidation at 1700-1800°C to remove carbon-based impurities, The combustion products were
delivered into a reduction tube 1o reduce the oxides of N 1o N, and remove excess O,. The reduced
N, was separated from trace impurities and determined by the IRMS for "N abundance, The isolopic
compositien of N in the sample was reported in both the atomie ratio of "N to *N {atom-%) and the
6"*N parameter (%). The 8N parameter is defined as:

i'(]SN/HN)SuMpfe - (SN/N)

15 14
( N/ N)Srana'ard

6!5N — Standard x ]03

8y

where the **N ratic in the standard, atmospheric N, equals 0.3663 atom-% (Barrie et al., 1989).

Rate of Elimination of Fixed N from Septic Systems

To assess the performance of septic systems in removing fixed N from STE and the potential
for denitrification of NO;-N originating from STE in the aquifers underlying septic systems, a rate
of elimination for the spiked “NH, - in the septic system and natura} soils, or when denitrification
was found 1o be significant in an aquifer, in the system, unsaturated, and monitored saturated zone
was evaluated as follows;




[NH, N1, * Atom =%

Initial

R = 1 = ([NOy -N]g, x Atom =%} )

Elimination

[Bl‘ -]Inirlalrl [Br _}GW

where (NH"-N1,,.,..p, Atom-%,,,.., and [Br'],,..., are the values obtained from STE samples at each
site within 4 h after the application of tracers for NH, -N concentation, *N atom-%, and bromide
conceniration respectively, and [NO; =N, Atom-Y,,,, and [Br],,;, are the values from GW sampled
through -the STE-plume interceptor weils during the period of investigation for NO,-N
concentration, 'N atom-%, and bromide concentration. The values generated from the quantities
in the first parentheses indicate the genuine concentrations of “NO,-N found in the monitored
aquifer. whereas the ratios in the second parentheses show the theoretical concentrations of the
spiked "N in the groundwater samples, assuming dilution is the only mechanism responsible for the
vanation In corcentration observed for the spiked “N moving with STE from the septic system to
groundwater. Thus, assuming that the amount of N from the applied tracer existing as “NH, -N
in groundwater is negligibie, R ., represents the percentage of the N originally appiied into the
septic tank or pumping chamber which is removed from STE through treatment it the system, or in
the system and underlying aquifer when the local groundwater is microbialiy active and relatively
anaerobic. Displayed as the ratio of [Br }. to [Brl,4 the dilution factor in the denominator of the
second parentheses demonstrates the effects of soil and groundwater in diluting the tracers that
traveled through the vadose and monitored saturated zone before being sampied. The rawe of
elimination was determined only {or samples with atom-% higher than 0.4000%, since interterence
of marurally occurring N in groundwater with evaluation of N removal based on R .., intensifics
when the concentration and atom-%s of the applicd *N in groundwater become fess distinet from
background values.

RESULTS AND DISCUSSION
Efimination of Applied "N in Septic Systemns

Tables | to 3 summarize the results of menitoring for the concentrations of NH,'-N, NO,-N.
and applied tracers in STE and groundwater, and the correspondingly derived parameters for
evaluating efficiencies of septic systems in removing the applied N at systems S-9, $-12, and $-13.
respectively. NH,™-N in groundwater in the vicinity of the examined systems throughout the
sampling peried was close to background levels, indicating that the domestic-wastewater-bound
NH;"™-N was predominantly nitrified in the purification process. To various extents depending on
the operational conditions of the systems. the NO;-N generated was partially denitrified before
intrusion into groundwater. As a result, the elimination of '*N observed, when the groundwater
underneath the septic systems was highly oxygenated, can be attributed to denitri fication of NG, -N
in the vadose zone below the systems under intermittent anaerobic or micro-aerobic conditions (1.2..
periods of zero or extremely low DO zoncentrations). The N elimination rates at $-9 (LPD svstem)
and S-15 {mound system), 46.7 and 54.8% respectively. are close to representative rates of
denitrification reported for different types of septic systemns during their early stage of operation: 0-
35% for conventional systems, 6% LPD systems, and 44-86% mound systems {Degen et al., 1991),
indicating that the current abilities of the systems serving S-9 and $-15 ¢ eliminate fixed nitrogen
in STE are just as effective as those during their initial operation.

Whereas the N elintination rates for different samples from the same site were consistent at.
3-% and §-15, a significant deviation was found among the rates determined at S-12. At S-12 the
“NO;-N in the STE percolating through soil was further transformed in the groundwater, at least
for the distance monitored. Consequently, the mean N elimination rate for S-12 is a composite of
the N removal by the septic system and in the aquifer, and is inappropriate for use in interpreting the
efficiency of N removal accomplished by the septic system alone. The calculated elimination rate
of 32.1% was based on the monitored resuits for the groundwater in Weil | when sampied on Aug.
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Table 1. Results of monitoring and N-removal evaluation for STE and groundwater at Site S-9,

NH/-N  NO,-N Atom-% Bromide “N'  Dilation Elim Rate* Diss Of
(ngfml) (ng/mL) () {pg/ml) (ng/ml)  (Fold) (%) (mgl)
Juz. 27, 1995
Wwell BG 0.88 294 03676 810 10.81 6.83
Wwell 1 1.19 2230 03710 0.32 82.70 6.92
Well 2 0.98 1435 0.3689 0.36 52.94 7.04
Well 5 0.98 588 0.3675 0.07 21.61 5.24
STE 47.32 352 0.3765 511 13.24 0.37
STE (Spiked)' 61.23 349 26767 21028 1638048 z
Aug. 22 1996
Well BG 0.91 193 0.3666 0.12 7.08
Well 1 1.19 1256 11098 32.75 13341 6.42 454 :
Well2 112 1205 0.3993 0.84 48.10
Weli 3 1.26 676  0.3661 0.18 2475
STE 5824 581 0.3748 2.38 2177
Sep. 05, 1996
Well BG 113 241 03672 0.99 8.86
Well 1 122 1446 0.6832 23.64 98.77 8.90 46.4
Well 2 115 .99 0.9475 26.06 113.61 8.07 44.1
Weli 5 1.08 765 0.3687 119 28.20
STE 5219 475 03762 475 17.87
ep. 19, 1956
Well BG 1.03 2.61 6.3675 0.07 9.58
Well 1 1.6 2123 04073 20.83 86.44 10.10 46.8
Welt 2 1.03 1306 09678 20.15 125.75 7.21 44.7 3
Well 3 1.08 814 06151 12.46 5007 16.88 485
STE 48.63 509 05758 3.19 19.14
Oc: 03,1996
Well BG 1.21 217 G.3668 0.08 7.96
Well | 1.27 1474 03713 2.53 5474
Well 2 1.28 1055 0.7019 1832 .02 11.48 482
Well 3 118 10.80  0.8625 22.75 93.15 9.24 47.5 i
STE 3542 364 03753 3.20 13.68 i
Gt 17, 1996 :
Well BG 1.05 231 0.3674 0.1¢ 848
Well | 1.36 952 03720 0.58 35.41
Weli 2 121 1045 04165 10.86 43.52 19.37 48.8
Well 3 123 822 0.8841 1929 8131 10.90 45.8
STE 51.17 418 03767 273 15.75
Ocy. 31, 1996
Well BG 0.94 188 03671 0.14 6.90 ;
Well 1 1.17 17.15 0.3694 0.32 63.34
Well 2 L1 781 0.3682 2.84 2876
Well 3 0.95 e54 04217 9.85 40.23 21.35 476 :
STE 53.60 445 - 03763 4.77 16.75
Nov. 14, 1994
Well BG 0.76 252 03673 .10 9.27
well | 1.0t 27.31 0.3694 0.33 100.95
Wwell 2 0.8% 16.17  0.3682 0.39 59.53
Well 3 0.82 659  {.3687 0.41 243]
STE 6129 610 03770 547 23.01

Mean  Std. dev.
46.7 1.5

' STE (Spiked) was sanipled within 4 h afier the application of tracers.

¥ Atom-% shows the isotopic abundance of ®N (*N:*N) for NO,~N in the monitored STE or
groundwater, and the abundance for NH,™-N in the STE (Spiked) sample,

¥ Values reported are concentrations of BNO,-N, product of NO;-N concentration and Atom-
%, in the monitored STE and groundwater; for STE (Spiked), the entry indicates UNH,-N
concentration.

Dilution Factor, defined as: Dilution F = (Bt Tsrespieay (BT Joaptes Wats determined enly for
samples with Atom-% higher than 4.0000.

" Elim Rate =N elimination rate; Diss O, = Concentration of dissolved oxygen in the sample.




Table 2. Results of monitoring and N-removal evaluation for STE and groundwater at Site S-12.

NH N NO,-N Atom-%* Bromide "N  Dilation Elim Rate’ Diss .’
(ug/mb) (pg/mL) (*a) (pg/mlL) {(ag/mL)  (Fold) (%)  (mg/L)
Jun. 18, 1996
Well BG 1.12 2.59 0.3675 o1l 9.32 6,64
Wwelt | 203 6.90 0.3646 0.13 2514 142
Well 2 1.96 8.16 0.3671 0.17 29.94 221
Well 3 116 15.06 0.3666 0.12 55.19 2.90
STE 7532 492 0.3699 0.81 18.20 0.57
STE {Spiked)' 93.87 4.81 2.3716° 27435 2226223
Aung. 13, 1996
Well BG 1.37 .87 0.3673 2.07 688
Well T 1.74 20.62 1.1376 42.57 234.53 6.43 321
Well 2 1.65 7.84 0.3715 0.37 29.13
Weil 3 1.36 10.26 0.3684 0.15 37.79
STE 62.44 2.59 0.3708 0.87 9.6
Ang 27, 1996
Well BG 1.28 223 0.3675 0.08 827
Weli 1 1.87 2145 0.9924 42,18 21290 6.30 37.8
Well 2 1.60 12.41 .4553 14.77 56.48 18.58 32.9
Well 3 143 531 0.3678 0.46 19.53
STE 70.68 3.08 0.3705 .67 1140
Sep. 10, 19%
Well BG 1.34 1.75 0.3669 0.07 6.42
Weil 1.66 (4.48 0.3679 16.17 33.28 16.94 59.4
Well 2 1.74 18.57 1.0744 43.24 199.48 633 43,1
Well 3 1.53 8.21 D381 3.04 31.31
5TE 66.82 334 4.3712 0.80 1240
Sep. 24, 1996
Weil BG 1.34 217 0.3671 0.09 795
Wwell § 1.32 11.60 0.3675 415 42.62
Well 2 .14 16.13 1.0522 41.57 i69.72 6.60 49.7
Well 3 1.03 9.31 0.59:2 15.84 55.04 17.32 57.2
STE 38.40 4.14 0.3698 0.55 15.32
Oct. 08, 1996
Well BG 1.21 242 04.3670 0.07 3.88
Well 1 170 8.82 0.3671 2.60 32358
Well 2 1.43 8.79 0.5292 22.38 46.51 i2.26 74.4
Well 3 1.51 15.38 0.9586 39.54 147.40 6.94 541
STE 61.73 4.71 0.3701 0.48 £7.42
Qct. 22, 1996
Weli BG £.00 1.93 0.3677 0.13 7.10
Welt 1 .22 24.04 0.3680 2.37 B3.48
Well 2 Li% 11.28 0.3796 3.04 42.81
Weil 3 1.03 12.99 (0.9748 40.49 126.58 8,78 6l.5
STE 69.25 2.64 $.3695 0.61 275
Nov. 05, 1996
Well BG 1.02 1.58 (1.3673 0.12 379
Weil 1 1.26 12.66 0.3731 2,18 3722
Well 2 L9 17.03 0.3789 205 64.53
Well 3 116 7.19 0.3766 2.36 27.08
STE 68,18 1.88 0.3699 0.73 6.95
Mean  Sid. dev.
532 1.7

' STE (Spiked) was sampled within 4 h after the application of tracers.
* Atom-% shows the isotopic abundance of *N (**N:**N) for NO,-N in the monitored STE or

groundwater, and the abundance for NH,"-N in the STE (Spiked) sampie.

¥ Values reported are concentrations of "NO,-N, product of NO,-¥ concentration and Atom-
%, in the monitored STE and groundwater; for STE (Spiked), the entry indicates “NH,-N
concentration.

1 Dilution Factor, defined as: Dilution F = [Br Esmsmearlmf 152 Was determined only for
sampies with Atom-% higher than 4.0000.

*  Elim Rate = N efimination rate; Diss O, = Concentration of disselved oxygen in the sample.
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Table 3. Results of monitoring and N-removal evaluation for STE and groundwater at Site $-15.

NH,-N NO,-N Atom-%* Bromide PNf  Dilution Eflim Rate* Diss O,°
{pg/mi) (pg/mL) (%} (ug/ml) (ng/mL)  (Fold) (%)  (mgil)
Jun. 27, 1996
Well BG i.34 1.65 (.3685 0.47 6.06 7.84
Well 1 1.23 2725 0.3696 0.49 100.72 7.74
Well 2 1.23 20.30 03704 0.38 7520 714
Wwell 3 |.44 11.26 G3711 0.22 41.79 5.36
STE 56.70 532 03733 0.42 19.85 0.62
STE (Spiked)" 84.53 524 3.7068° 41076 3133.36¢
Jul. 25, 1996
Well BG .23 1.52 0.3687 0.43 5.62
Well 1 1.29 26322 0.6424 48.32 £68.43 8.50 543
Well 2 1.25 20.02 0.3734 2.96 74.75
Well 3 1.58 9.64 0.3698 0.23 35.65
STE 51.86 7.90 0.374¢6 0.67 29.60
Aug. 08, 1996
Well BG 1.07 2.08 03679 0.29 7.67
Well | 1.13 2390 0.939i 63.76 224.44 6.44 539
Well 2 1.11 17.14 1.5273 73.62 261.74 5.58 53.4
Well 3 1.08 17.27 0.4912 26.42 84.82 15.55 519
STE 49.07 9.72 0.5732 G.40 3628
Ang. 22,1966
Well BG .95 2222 0.3683 0.37 8.18
Well 1 1.00 29.04 0.3927 4.52 114.05
Well 2 1.06 19.57 G.7705 4270 150.82 9.62 537
Well 3 1.25 14.37 1.1350 47.34 163.20 8.68 548
STE 43.65 6.60 0.3729 047 24.62
Sep 5, 1996
Wwell BG 1.03 248 (.3685 D.48 915
Wwell 1 106 32.54 0.3667 113 119.33
Well 2 1.24 25.04 03726 5.80 9331
Well 3 1.23 13.98 0.5317 21.83 7433 18.81 554
STE 5138 10.44 0.3736 0.72 39.00
Well BG 12 258 03687 041 9.5]
Well 1 1.30 17.63 03659 0.55 64.5)
Well 2 1.19 12.08 0.3693 0.90 44,55
Well 3 1.30 2538 0.33867 2.03 98.13
STE 53.06 8,66 0.3742 0.42 36,15

Mean  Sid. dev.
54.8 £4

" STE (Spiked) was sampled within 4 h after the application of 1racers.

* Atom-% shows the isotopic abundance of N ("*N:"N) for NO,-N in the monitored STE or
groundwater, and the abundance for NH,-N in the STE (Spiked) sample.

* Values reported are concentrations of ¥NO,-N, product of NG, -N concentration and Atom-%,

in the monitored STE and groundwater: for STE (Spiked), the entry indicates "NH,"-N

concentration.

Dilution Factor, defined as: Dilution F = BB srespikeay BT Jsamie: Was determined ony for

samptes with Atom-% higher than 4.0606.

* Elim Rate = N elimination rate; Diss O, = Concentration of dissolved oxygen in the sample.

=

13, when the spiked "N plume in groundwater was first identified by a significantly elevated
bromide concentration and *N signature; this value was used to represent the N elimination rate
achieved by the septic system and the underlving vadose zone at $-12. In comparison with the
denitrification rate for a representative LPD system, the system serving S-12 appeared 1o be less
efficient in denitrifying the NO,-N formed from NH,*-N in STE. In an LPD system, the effluent
dosing mechanism generates a fluctuating acrobic/anaerobic environment which promotes
nitrifying and subsequent denitrifying reactions, because of simultaneous intetmittent injection of
biodegradable organic matters to fuel the denitrification process (Harkin et al,, 1979). The less
efficient denitrification observed at $-12 suggests a reduction of the intermittent anasrobic
conditions generated at the interface between soil absorption bed and natural soils, due to a jess




efficient dosing regime or the variation in local soil biota.

Transport and Attenuation of Applied N in Groundwater

Figures 1 to 3 show the temporal and spatial changes for the "N concentration and 8N
value of the STE-derived '"NO,-N in groundwater underlying septic systems to illustrate the
transport and dissipation of contaminant plumes in shallow aquifers. Values for the first
sampling date presented in each figure represent the background values for groundwater under
the influence of septic systems, i.e., the “NO;-N observed in the aquifer originated completely
from unamended household wastewater. not from a combination of the wastewater and applied
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Figure 1. Temporal and spatial changes of (A) '*N concentration and (B} 6'°N parameter for
"NO,-N in aquifer underlying the pressurized dosing system at Site $-9. Groundwater
monitoring wells 1, 2, and 3 were 0.3, 3.3, and 6.3 m down-gradient from the soil absorption bed

of the septic system.
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Figure 2. Temporal and spatial changes of (A) 15N concentration and (B} 6N parameter for
13NQ,-N in aquifer underlving the pressurized dosing system at Site S-12. Groundwater
monitoring wells 1. 2, and 3 were 0.3, 3.3, and 6.3 m down-gradient from the soil absorption bed
of the septic sysiem:.

tracer. Data for the second sampling date shown in the figures indicate the initial appearance of
the spiked “N plumes in the monitored groundwater. Assuming that the dates on which the
highest *NO;-N concentrations were observed in groundwater from Wells 1 and 3 represent the
initial and final appearance of the "NO;-N plume center in the monitoring zone, the velocity of
advective transport for each plume in the aquifer was estimated and found to be 1.65%10 cm/sec
for §-9, 1.24x10" for §-12, and 2.48x107 for S-15. All 3 values are typical velocities for 2 clean
sandy aquifer according 1o Darcy’s Law. The “NO;-N plume at 5-15 traveled in groundwater
1.5- and 2.0-fold faster than those for the S-9 and 12 plumes, possibly due to the formation of a
groundwater mound underneath the §-15 absorption bed, a phenomenon reported to occur in
shaliow aquifers with a high water table underlying septic-systemn drainfields ir response to STE
inflex from the systers (Finnemore, 1993). For one-dimensional transport of a contaminant
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Figure 3. Temporal and spatial changes of (A} "N concentration and (B) 6'*N parameter for
“NO;-N in aquifer underlying the mound-type system at Site $-15. Groundwater monitoring
wells 1, 2, and 3 were 0.3, 3.3, and 6.3 m down-gradient from the soil absorption bed of the
septic system,

plame, the hydrodynamic dispersion of the plume is proportional to the change of advective
velocity (Fetter, 1992) and subsequently alters the rate of dispersion of the contaminants. The
aquifer at S-15 had the greatest advective velocity for *NO;~N transport among the studied sites,
and consequeatly should have the greatest dispersivity, contributing to a more rapid
disappearance of the "NO;-N plume. A ratio of the greatest "NO,-N concentration observed in
Well 3 to that in Well 2 (concentrations selected to represent the peak “NO,-N levels in the
center of the plume breaking through at these-locations; data from Well 1 were not used since
breakthrough of the “NO,-N plume center there was not adequately captured during the
sampling period) was determined for each plume and compared among the 3 sites to establish the
rate of "NOy-N dissipation in groundwater. Over a distance of 3 m {from Well 2 to Well 3),
NO,-N in the aquifer at S-15 was reduced by 37.6% from the level initially found in
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groundwater 0 62.4% while reduced by only 25.9% and 26.1% 10 74.1% and 73.9% at 5-% and
$-12. The loss of "NO.-N at $-12 was attributed to denitrification as well as dispersion in
groundwater {see later). Since denitrification in groundwater does nat appear to be a plausible
mechanism for the reduction of "NG,-N a1 S-13, as evidenced by the high DO content indicative
of aerobic conditions in groundwater down-gradient from the system. this result supports the
eatlier inference of enhanced hydrodynamic dispersion of the “NO.-N phime in the $-15 aquifer.
As a result, although the concentration of NO,-N entering groundwater with STE percolate at S-
15 was the highest among the 3 sites during the sampling period (Table 3), the plume was
effectively reduced in groundwater to a level close to Wisconsin's S value, 1) mg/L, within a
distance of 6.5 m from the edge of the soil absorption bed, the highest efficacy of NO,-N
" aftenuation in groundwater beneath these 3 seplic svsiems.

in Table 2. the X elimination rates determined for S-12 increase from 32.1% (calculated
from data for the groundwater sampled on Aug. 13 in Well 1-the rate of N removal for the tracer
plume merely en route 1¢ groundwater) 10 61,5% {sampled on Oct. 22 in Well 3-the rate for the
nlume center leaving the monitoring zone), showing that $TE-derived NQ,-N was substantially
transformed further in the aguifer ar this site. possibly as a result of denitrification, considering
the depleted groundwater DO content in this area. Denitrification. the microbial reductior: of
niirate 10 gaseous nitrogen (N,) and nitrous oxide {N.0O) under anacrobic conditions or conditions
of reduced oxygen availability, provides an ultimate sink to remove NO;-N built up in
groundwater from N recveling. Starr and Gillham {1993} observed denitrification in shallow
aquifers with an increased flux of labile organic carbon from the vadose zone. With sufficient
nitrate supplied from STE as electron acceptor. occurrence of denitrification appears to be
strangly encouraged in shallow aguifers near septic svstems if the oxygen diffusing in from soils
can be cffectively depleted. e.p. by organic loadings from septage leachate. As a resuli of
denitrification in both the septic svsiem and aquifer. 61.5% of the *N originally applied in the
septic tank of 5-12 was removed. a rate of N elimination better than the rates for S-9 (46.7%) and
S-13(34.8%).

Presence of Nitraie-N from Sepric Svstems in Groundwater

Leachate from sepiic sysiems is undoubtedix a major source for the NO,-N found in
groundwater beneath the drainfield of anv sysiem. However, the extent 1o which NO;-N in the
aquiler underlying a septic system can be atributed to STE infiux is unceriain and remains
unanswered from most monitoring studies. Figures 1b. 2b. and 3b show that the 8N value for
the “NO,-N plume in groundwater monitored at each site in this study generatly decreases over
time and distance. indicating that a merging between “NO,-N from the applied tracer and a
significant amount of NO.-N of low 8'N leve! from origins other than STE oceurred in the
contaminated groundwater. To examine the attenuation of “NO,-N during its passage tirrough
septic systems and natural soils. a dilution factor. expressed as the quotient of the concentration
of bromide initially applied in STE divided by the concentration of bromide detected in the Well-
| groundwater as soon as breakthrough of tracer plume was identifiable {Tables 1 10 3). was
determined for each site and found to range from 6.4 (5-%) 10 8.5 (8-15). This nitrogen dilution
cffect indicates that a large influx of soil solution mixes with the STE afier the STE percolated
through the vadose zone. In addition 1o providing a substantial dilution 1o STE-derived NO;-N,
the scil sohution also inroduced a new flux of low-level N to the percolate. Calculating the
ratio of the "N value from the sample revealing the first appearance of the PNO,-N plume
center in groundwater to the value from the STE sampled immediately after N application
shows that the ”N value for STE loaded with tracer was reduced 1o 32.2. 38.5, and 34.8% of the
original Jevels at 8-, §-12_ and §-13, respectively, These findings provide strong evidence for
the considerable dilution of the **N from: soil percolate 1o the STE percolate. When the rate of
dissipation for the reduction in “NO;-N concentration over a distance of 3 m in groundwater
from Well 2 to 3 was re-determined with the “NO,N concentration replaced by 5N value. 2
reduction of 8N value in groundwater over and above the decrease caused by soil solution was
13.2.14.1, and 33.7% for §-9, $-12 and $-15. Thus, as leachate from the seplic systems

304




g
|
H
i
i
i
1
|

progressed through the unsaturated and saturated zone, NO,-N was continuously mixed and
dilured with NO,-N of origins other than septic systems. As the plume center approached the
end of the monitering zone (6.3 m from the soil absorption bed of the system), the overall
reduction of 6'°N value for the PN-labeled tracer throngh elimination and dilution in the septic
systemn, vadose zone, and monitored aquifer increased to 77.6% (S-93. 69.7% (5-12). and 77.0%
{8-15). strengthening the contention that septic svstems are not necessarily @ dominant source for
the NC;-N present in groundwater down-gradient from the svstems.
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