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This work was conducted as pait of a larger study on the
hydrogeology of the Point Pelee coastal barrier bar/wetland complex
funded by Parks Canada, and by the GL2000 program. The work
supports the ESD issue “Conserving Canada’s Ecosystems” (nutrients
and wetlands). For the business plan deliverables it supports Thrust

- #1 for Conserving Canada’s Ecosystesm (nutrient loading, great

Lakes coastal wetlands). Under EC Action Plan, the work supports
the action item “Conserving Canada’s Ecosystcm with the focus
“Understand the impacts of human activities on ecosystems; develop
and implement strategies to conserve ecosystems”.

The paper describes the results of detailed chemical analyses of -
groundwater samples collected in 1994 from one high capacity tile-
bed located close to a large wetland. Analysis of data collected from
a second tile bed is currently underway, High concentrations of -
nutrients are present in the groundwater below and downgradient of
the tile bed. Elevated concentrations of nitrate and phosphate persist .
as far as 60 m from the tile bed. The study began late in 1993 and is
expected to be complete in 1998. Annual reports have been provided

* to EP Ontario Region and to Parks Canada.

Complete solid phase analyses to determine spatial variation of
phosphorous bound to aquifer materials. Monitor discharge of
nutrient-rich groundwater into eutrophic marsh, and quantify mass of
nutrients released to surface water body. Results will assist in
evaluating the impact of nutrient-rich wastewater release into
wetlands, and in the understanding of the dynamics of constructed
wetlands as a method of wastewater treatment. Continued temporal
monitoring of decommissioned tile beds will help to determine if
elevated nutrient concentrations persist after decomxmssmmng Final
report targeted for 1998.



. Abstract

The major ion and trace metal geochemistry of a septic system plume in an unconfined carbonate
aquifer next to a coastal wetland was characterized using a three-dimensional groundwater sampling
‘network. At the time of sampling, the aquifer had received tile-bed discharge intermittently for 16
years from an overnight camp. The resulting plume is > 60 m long, > 40 m wide, and contains
elevated concentrations of NO,, NH,, PO,, dissolved organic carbon, Mn, Fe and other constituents.
The groundwater pH is near neutral, wx_th lower pH values observed near the plume. core. These
lower pH values are attributed to H" generation from oxidation of NH,. The oxidation-reduction
potential of the groundwater varies by more than 300 mV, with distinct redox zones observed. There
is a shallow Mn-rich zone close to the tile bed, a deep Fe-rich zone at the base of the aquifer, and
a shallow Mn-depleted zone distal from the tile bed. In the shallow Ma-rich zone, groundwater
concentrations of Mn vary between 1 and 3 mg/L, Eh values are generally intermediate (> 400 mV),
concentrations of dissolved oxygen (DO) are low (< 1.0 mg/L), and concentrations of nutfients are
generally high (10 - 80 mg/ L NO;-N, 1 - 15 mg/L NH,-N, 0.1 - 1.5 mg/L PQ -P, 6 - 13 mg/L
- dissolved organic carbon). In the deeper Fe-rich zone, reducing conditions (Eh < 200 mV) are
encountered, corrésponding to elevated concentrations of dissolved Fe (1-14 g/L), 0-PO, and NH,,
and negligible concentrations of NO, (< 0.01 mg/L N). Mineral saturation indices, calculated using
MINTEQAZ, along a cross-section close to the plume centerline, mdxcate that, in the Mn-rich zone,
the groundwater is close to saturation or supersaturated with respect to hydroxyapatite,

rhodochrosite, calcite and ferrihydrite. In the reduced zone, the groundwater is close to saturation

or supersaturated with respect to hydroxyapatite, vivianite, calcite and siderite. Formation of these
_phases, or related phases, may be limiting the concentrations of Fe, Mn and PO, in the groundwater.

. Keywords: wastewater, groundwater, geochemistry, nutrients, metals
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Abstract

The major ion end trace metal geochenﬁstr’y ofa septie system plume in an unconfined carbonate
aquer nexttoa coastal wetland was characterized usmg a three-dimensional groundwater samplmg
network. At the time of samplmg, the aquxfer had received tﬂe-bed dzscharge mtenmttently for 16
years from an overnight camp. The resulting plume is > 6_0' m long, > 40 m w1de, and contains
elevated conceﬁtrations of NO,, NH,, PO,, di$selved erganic céfbon, Mn, Fe and other constituents.
The groundwater pH is near neutral, with lower pH values observed hear the plume core. These
lower'pH values are at’t‘ri_buted to H* generation from oxidation of NH,. The oxidation-reduction
potehtial of the groundwater varies by more than 300 mV, with distinct redox eones observed. There

is a shallow Ma-rich zone close to the tile bed, a deep Fe-rich zone at the base of the aquifer, and a

shallow Mn-depleted zone distal from the tile bed. In the shallow Mn-rich zone, ‘ groun‘dwater

concentrations of Mn vary between 1 and 3 mg/L, Eh values are generally intermediate (> 400 mV),

concentrations o_f dissolved oxygen (DO) are low (< 1.0 mg/L), and concentrations of nutrients are
gehera]ly high (10 - 80 mg/ L NO;-N, 1 - 15 mg/L NH,-N, 0.1 - 1.5 mg/L PO,-P, 6 - 13 mg/L
dissolved orgamc carbon). In the deeper Fe rich zone, reducmg conditions (Eh < 200 mV) are
encountered, correspondmg to elevated concentrations of dissolved Fe (1-14 mgIL) 0-PO, and NH,, "

and negligible concentrations of NO3 (<0.01 mg/L N). Mineral saturation 1nd1ces, calculated usmg
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MINTEQA?2, along a cross-section close to the plume centerline, indicate that, in the Mn-rich zone,

the groundwater is close to saturation or supersaturated with respeCt to hydroxyapatite,

rhodochrosite, calcite and ferrihydrite. In the reduced zone, the groundwater is close to saturation |

or supersaturated with réspect to hydroxyapatite, vivianite, calcite and siderite. Formation of these
phases, or related phases, may be limiting the concentrations of Fe, Mn and PO, in the gfoundwatér.

‘Keywords: wastewater, groundwater, geochemistry, nutrients, metals

1. Inn'oduéﬁon
| Land- based release of septic system eﬁluent through conventional tile beds or other means,
constitutes the single largest volumetric source of effluent d1scharged to the groundwater zone
(Robertson et al:, 1991). Groundwater plumes containing elevated concentrat1ons of nutr1ents and
“other constituents are commonly observed downgradient of locations of wastewater discharge
(LeBlanc 1985: Robertson et al., 1991; Robertson and Cherry, 1992 Wilhelm et al., 1994, Walter
et al, 1995; Harman et aL, 1996). The most common method of wastewater disposal is release from
a holding tank into leach fields or tile beds. This method of release encourages even distribution and
| enhanceé oxi_dation of the effluent in the unsaturated zone, prior to its recharge to the groundwater
* zone. While the use of tile bed leach fields 1¢ads to irnprbved water quality, e.g., through oxidation
of NH, and dissolved organic carbon (DOC) and attenuation of bacteria and phosphorous, relatively
high concentrations of NO, and PO, often remair in the efﬂuent when it enters the saturated zone.
At sites wh_e,r_e, oxidation of the effluent in the unsaturated zone is incomplete, relatively high
. concentrations of NH, and DOC can also e'nter the groundwater zone.

Once in the groundwater zone, NO; can be transported long distances from the source areas,
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provided aérohic conditions prévail (Robertson et al-.,' 1991; Harman ei al;,_ 1996). If sufficiently
reducing conditions are encourftered however, N 03 can be removed from groundwater by bacterial
demtnﬁcatlon reactions (Appelo and Postma, 1995) i

| Phosphorous present in wastewater, as 0-PO,, condensed phosphates or organophosphorous,
oftén is attenuat_ed strongl_y in the unsaturated zone (Reneau and Perry, 1976; Sawhney and Starr,
.19'77; Jones and Lee, 1979; Harman et al., 1996; Zanini, 1996). At some sites, hp'to 85% of the
phosp.horous initially containéd in wastewater has been oos;erved to accumulate as an adsorbed or
precipitated phase d1rect1y below the leach fields (Harman et aL 1996; Zamm, 1996). Desprte this
relatively strong removal in the unsaturated zone, at some sites, large scale plumes of groundwater
cohtairﬁng concentrations of phosphorous sufficiently high to be of concern have been delineated at
a number of sites (LeBlanc, 1985, Robertson, 1995; Harman et al.,, 1996; Robertson et al., 1997).

The study presented here was undertaken to assess the g‘eoéhomical processes controlling the

transport of septic-system derived constituents from a tﬂe-bodlin a shallow sand aquifer next to a-
marsh. The focus' is specifically on phosphorous, because phosphorous is oftén the limiting nutrient.
in surfacé-water environments. At the study site, the groundwater covers a~1arge range in oxidation-v‘
reduction potential, allowing the effect of redox zonation on the transport of septic-system derived
nutrients to be evaluated. Geocherrxical spoc_iation calculations were performed to determine mineral
saturation indices for a number of phosphaté-bearing solids along a vertical cross-section taken ciose
to the plume centerline. The results assist in idéntifyirxg geochemical processes controlling nutrie’:nr _
concentrations under varying Eh condit_iohs; |

2. Site description A

The shallow groundwater zone doanradient of a multi-user tile bed, located at Point Pelee Natio_nal




Park, was instrumented for this study. Point Pelee is a narrow triangular shaped peninsula extending
southward into Lake Erie, and consists of two narrow barrier bars which surround an interior marsh
system (Fig. 1). The western barrier bar at the park is developed and has more than 30 septic-system
tﬂe beds servicing the park staff and visitors. Several open water poﬁds in thevinterior marsh, in
particular those adjacent to the western barrier bar, were observed to contain moderate to high
concentrations of phosphorous (total P > 0.3 mg/L), and elevated concentrations of NO; and NH,
(McCrea, 1993). This study was initiated to determine whether groundwater discharge of nutrients
derived from the many tile beds is leading to these elevated concentrations. |

The study area is located on the eastern (marsh) side of the western barrier bar (Fig. 1). Two
tile beds are present at the site, an ‘0ld’ ule bed installed directly into the barrier ba; sands m the late
.1970'sand a nev;' raised tile bed installed more récently (Fig. 2). Both beds were ins"talled to serViCe
- the Camp Henry ‘children’s“camp, which accommodates visitors oh an overnight basis intermittently
through the year. The plume generated from the old tile béd was monitored in this study. The old tile
bed is 75 m? in a’reé (9.1 mlong by 8.2 m.widc) and is constructed from perforated polyvinyl chloride
(PVC) pipe trenched into the native dune sand. Five tile drainag‘é lines, each 9.1 m in length, are
arranged in a paralle! network. The lines are installed abo_th 30 cm below ground surface, and overlie
coarse gfavél packs.

The wastéwater was gravity fed to the tile lines from a ﬁolding tank. The effluent is derived
from toilets and showers on an irregular basis and can be classified as blaé_kwatef, A separaté tile bed
ldc_ated approximately 100 m upgradient of the old tile bed is used for discharge of Wastewétef
‘derived from food pr'epa‘raﬁon. The maximum estimated day populati(_)n at the site is 50, and the

maximum estimated day water use is 2500 L/day (MacLaren Engineers, 1989). In September 199‘5,
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discharge was diverted from the old tile bed to the nearby new raised tile bed (Fig. 2).
‘The upper sand unit at the site varies in composition and thickness across the bar, and is 7-8 |
m thick locally. It consists of pooily sorted sand, with occasional coarse sand and pebble layers.

Mineralogical analysis, using transmitting light microscopy and x-ray diffraction, of several core

- samples collected near the center of the plume indicates the barrier sands contain approximateiy 60%

- quartz, 25% limestone, including shell fragments, and lesser amounts of microcline, Ca—plagibclase;

magnetite, epidote, amphibole and kyanite. X-ray diffraction analysis of the limestone fraction ‘

indicates, in addition to calcite, the possible presence of ankerite and dolomite. A grain size analysis

“of a composite safple collected in the center of the plume, indicates the aquifer material contains

999% sand and1% silt and clay, with mean grain size of 470 pm, and is classified as a sand using the
Folk classification sysiem. Below the surficial sand unit there is very dens‘e, low permeability clay till

which is flat-lying and continuous under the barrier bar (Coakley, 1976). |
e ‘ 7

'3, Methods of investigation

3.1. Piezometer Installation

A network of bundle piezonieters and larger diameter singlé—-.point piezometers was installéd in the
vicinity of the tile bed using conventional auger drilling methods (Fig. 2). The bundle piezometers are
constructed of 1.9 ¢m (3/4 in.) PVC hard-wall tube, placéd at the deepest elevation, with from four
to nine 0.6 or 1.3 cm (1/4 or 1/2 in.) nylon of polyethylene sampling tubes placed at 0.5 of 1.0 m

depth-intervals upward from the center PVC tube. The bottom 15 cm of each tube was slotted and

~covered with Nytex screen. The large diameter single-point piezometers are constructed of 5 cm (2

in.) PVC pipe with 0.3 m (1 ft.) long slotted endpoints.

Water samples were collected from both the bundle and standpipe piezometers. Hydraulic



head measurements were m_ade using the'bundl,e center tubes and the larger 1.3 cm diameter tubing
- of the bundi,e piezometers, in addition to fhe large diameter single-point piezometers. The large
diameter singleapointpiezometers were also used for hydraulic property tests. |
3.2. Groundwater Sample Collection
Samples of groundwater were collected in May and June 1994 using a peristaltic pump Samples
collected for analyses were filtered in-line using 0.45 ym rnesh ﬁlters. Samples collected for cation
and trace metal analyses were a;cidiﬁed to pH < 1.5 ﬁsi‘r‘xg metal-free HCL Samples collected for o;
PO,, (soluble reactive phosphate) wer’e‘acridiﬁcd to pH < 15 using PO,-fiee H,SO,. Determinations
of temperature, electrical conductivity, pH, Eh and_DO were made in the field on unfiltered samples.
The pH, Eh and DO determinations were made in a sealed flow-through cell. The pH deternﬁnétions
Were made using a combination Ross electrode (Orion Model 8156) calibrated with standard pH 4,
7 and 9.18 buffers. The Eh determinations were made using a combination platinum Ag'/A_-gCI
reference electrode (Orion Model 9678) standardiied with ZéBe]l solution (Nordstrom, 1977).
- Concentrations of DO were méasmed using an Ofion Modél 820 dissolved oxygen meter.
_ Determinations of alkahmty Wem made 1n the field on filtered samples, shortly after saﬁ1pie collection,
by titration with standardlzed H,SO, using a Hach d1g1tal titrator. Determinations of cation and trace
metal concentrations were made by the National Laboratory for Environmental Testing (NLET) using
inductively ,coupled plasma emission spectrometry. Determinations of NO,-NO,, NH, and DOC
concent:ati‘ons were rnadé using é.utomatic analysis techniques by NLET. Concentrations of Cl, Br
and SO, were determined using ion chromatography. Concen&aﬁons of 0-PO, were &terminedboth
.in vt,he field and in- the laboratory using a phosphomolybdic acid colorimetric technique (Standard

Methods, 1992) and a HACH portable spgctmphotometer. A ‘comparison of 0-PO, concéntra_tions
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4. Results and Discussion

in acidified and unacidified samples detennined in the field within 30 minutes of sample collection and

. in the laboratory within one week of sample collection indicated no statistical difference between

values obtained from acidified and unacidified samples in the field, and from acidified samples later
in the laboratory. Based on these results, the majority of 0-PO, samples were acidified in the field and
were analyzed within one week in the laboratory. Field duplicates.and field blanks were collected

routinely to check for analytical errorf and sample contamination.

- 4.1. Groundwater flow

The water table at the site is shallow (<1.5 m below ground surface in June 1994), and large seasonal
ﬂuetuations in the groundwater flow system have been observed in the Point Pelee barrier bar. Flow

is from the marsh toward Lake Erie in the winter and early sprmg, and is from the Lake toward the

. marsh in the summer and early | fall (Crowe and Ptacek, 1997) These seasonal reversals are very

pronounced at locations where the barrier bar is relatively narrow ‘(100 - 300 m). At Camp Henry,
where the barrier bar is wider (400 m wide)-, the groundwater flow direction atso va_r_ies seasonally,
but less drarnatiea]ly than at.locations where- the barrier. bar is narrow. In December 1993, local flow
at Camp Henry was in a north—nort_heast direction, whereas in May 1994 and Nevember 1994 net
ﬂow was toward the east (Crowe and Ptacek 1997 Ptacek and Crowe, 1997).

Groundwater velocrty was calculated at the site, for November 1994 usmg the Darcy :

equation and field measured parameters Using a mean hydraulic conducuvrty of 6.7 x.10* m/s (+/-

3.7 x 10%, n—9 4 locatrons), an assumed poros1ty :of 0.35, and the maximum observed hydrauhc =

gradlent ©. 001) an estimate of the maximum. local groundwater velocity of 60 m/a is obtamed Usmg

the lowest observed gradient (0.0002) provides a much lower estimate of veloc1ty (10 m/a). These



velocmes are somewhat hrgher than estimates of velocity made elsewhere in the barrier bar (Crowe |

and Ptacek 1997), probably asa result of local moundmg of the water table due to the increase

infiltration from the tile beds; The underlying clay unit is expected to act as a barrier to groundwater _

flow because of its low permeabihty, therefore the following discussion focuses on groundwater flow
and transport in the permeable upper sand unit.

4.2. Source composition

Efftuent collected from the Cam‘p Henry holding tank in May 1996 contained high concentrations of N

'DOC (31.8 mg/L), NH, (97.9 mg/L as N) and total P (11.8 mg/L) (Table 1). These concentrations
are typical of effluent generated under low water nse conditions (Robertson and Cherry, 1992). In

addition to these constituents, the effluent contained moderate concent_rations of the major ions Ca,

Mg, Na, K, Cl and SO4 and low concentratrons of the metals Fe, Mn, Ca, Zn and Al The rate of |

release of efﬂuent to the tile bed was presumed to be h1ghly variable over the 16 year operation

period, both seasona]ly and annually. There were long penods of no loading (days to months) durmg

 the year, w1th sporadic periods of hlgh loading. Transport of the efﬂuent through the unsaturated

; zo,n_e‘was, therefore, variable depending on the effluent loading rates and on the precipitation recharge
rates during-periods of rest. |

* 4.3. Groundwater plume composition

4.3.1 Bulk composition

When septic system effluent migrates through the unsaturated zone, nitrification of NH,, release of

N and P from organic compounds and oxidation of -.DOC norma]ly occur, l_eading to increased
concentratmns of NO,, o ~PO4, COz, H* and other dxssolved constituents. This oxidized effluent,

together with rainfall and showmelt, mﬁltrates to. the groundwater zone. Once in the groundwater
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zone, the effluent migrates away from the site in the direction of the flowing groundwater.

In the unsaturated zone, the principal oxidant of DOC and ammonia contained in septic

_ system effluent is gaseous oxygen. Below the water table, transport of O, is in the dissolved form.

The solubi]ity-of 0, is low (8-13 mg/L at typical groundwater temperatures), therefore the rapid and

‘extensive oxidation of septic system effluent by atmospheric O, is limited to the unsaturated zone.

If the or"ganie ca‘rbori and ammonia in septic system efﬂuen‘t is not completely oxidized in the
unsan:rzrted zone, further oxidation in the saturated zone may continire,‘ but usually at a mlrch lower
rate. Okidati,on may be by reaction with dissolved O,, and, in the case of DdC, by reaction with otr_rer
oxidant sources (e.g. Mn(IV) and Fe(III) qicides and (oxy)hydroxides)..Changes in pH and alkalinity
also occur along the plume flow path. Oxidation of the organic wastes by 0O, in the unsaturated zone
leads to the producﬁ_on of CO; and changes in the pore-water pH;-' whereas oxidation of NH,* leads
to the proriuction. of NO3" and H*. These chemicel eha.nges indirectly influence nutrient migration from
the source area. Attenuation of septic-syst_em derived NO;, NH, and PO, aiong the groundwater flow
path is, 'rherefore, higlrly dependent on the changing geochemical conditions that reeult from both
oxidat-ion—reduction‘ and pH-buffering reactions.

4.3.2. Dissolved organic carbon

Concentrations of DOC in the plume ranged between 6 and 13 mg/L, indicating removal of

appromlately 60 - 80% of the DOC originally released to the tile beds. The concentrations of DOC

~ remaining in the groundwater are somewhat hlgher than values reported for groundwater samples

collected near several other tile beds (3-6 mg/L, Roberts’on et al., 1991; Robertson and Cherry, 1992). :

These higher values suggest that removal of DOC by biodegradation duting transport through the

* unsaturated zone and in the groundwater zone was less effective at the Camp Henry site compared



to these other sites. The highest concentrations of DOC were observed close to the tile bed, with
concentrations > 12 mg/L obsérved up to 5 m downgradient of the tile bed. SIightly" elevated
concentrations of DOC (6-10 mg/L) were observed, however, throughout the complete thickness of

the sand aquifer below and downgradient of the tile bed. At the time of sarhpling, a plume of

gr‘oqndwate_r containing high concentrations of NO;, NH,, PO, DOC and other dissolved constituents

and rcf;latively high values of electrical conductivity was below and north-northeast of the tile bed, in
the same vdirection as the predominant flow direction measured in December 1993 (Fig. 3). This
plume extends to the edge of a wetland, and proﬁably beyond, aﬁd is at least 60 m in length and 40
m invwidth_». Considering the 16 year loading period, a net groundwater velocity of at least 3.8 m/a
would be required to generate‘ the observed plume Iength, a velociity close to the lower velocity value
caléulated using the Darcy equation. There is a slight spreadihg of the. plume toward the east,
consistent with the observed shifting hjrdréulic gradient toward the east for part of the monitoring
period. In cross-sectional view (section A-A, Fig. 4) elevated values of electrical conductivity (> SOQ
uS/ém} downgradient of the tile bed indicate a fairly uniform plume geometry consistent with that
expected for flow toward the north-north east. | |
In September 1995 release Qf septic system‘efﬂueﬁt to the old tile bed was terminated. More
recent groundwater sa:npﬁng for electrical conductivity, NO,, NH, and PO,, conducted in Spring and
Auturnn of 1995 and 1996 indicate little change in the composition of the plume at that time.
4.3.-3. Nitrogen species
Elevated concentrations of NO,+NO,, ranging between 1 mg/L to > 80 mg/L (aé N), we:e observed
t’hroughout most of the upper 4 .m of the safurated zone .along ‘cross-section A-A’. A pocket

containing very high concentrations of NO,+NO, (> 50 mg/L N at bundle CHS, and > 80 mg/L N at
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bundle CH9) was obseryed 20m doanradie‘nt of the tile bed (Fig. 4). At the base of tﬁe_aquifer, |
there ‘is a 1 - 2 m thick zone directly above the clay u'nit', where c‘o‘nc‘entrétions of NO,;+NO, were
consiétently very low (<‘ 0.05 mg/L as N). Analysis of NO, made on several samples indicated that
véry low concentrations of NO, were present invt,h_e gfoundwater, therefofe thé concentration of
NO4+NO, is p‘resu;ﬁed to be represented pnmarﬂy as _N'og, and is presented as such here.

- Elevated concentrations of total NH, were observed throughout the plume, including the

deeper sampling locations. At the near-neutral pH conditions of the plume, NH; is preséht

predominantly as NH,*, and will therefore be referred to as NH,. The concentrations of NH, ranged

between 0.1 and > 15 mg/L (as N) along cross-section A-A’ (Fig. 4). As with NO;, a pocket of

groundwater was observed 20 m downgradient of the tile bed (CH4-CHS6) that contained

concentrations of NH, that exceeded 15 mg/L (as N). At other bundle locations not on cross-section

" A-A’, concentrations of NH, were > 5 mg/L during the summer of 1994 and exceeded 80'mg/L (as

N) during other monitoring periods. At the base of the aquifer the groundwater contained

_'concentfations of NH4 that ranged between 0.1 and 1.0 mg/L (as N). The presence of NH, and .

relatively high concentrations of DOC below the ‘water table indicate oxidation of the effluent in the
unsaturated zone was incomplete prior to its recharge to the groundwater zone. The inCompléte

oxidation of the effluent could be due to either a short residence time in the unsaturated zone because

of the permeable nature of the sands, high loading rates, and shallow water table position; or, possibly

that insufficient development of active microbial populations occurred due to the sporadic nature of
the wastewater discharge.

4.3.4. Phosphorous

Elevated concentrations of 0-PO, were observéd at sampling locations close to the tile bed (> 30

11



mg/L as P, November 1994 not shown) and in a separate zone confined to the lower 2 - 3 m of the
sand aquer (>0.3 mg/L as P). The elevated concentrations near the base of the aquifer occured over
_the complete sampling network, to a distance > 60 m from thev tile bed. Close to the tile bed, the
concentrations of PO, are similar to those observed in other septic system plumes (Robertson etal,
1991; Harman et'eL, 1996). The-maximp_m concentration of dissolved PO, observed in summer 1994
(1.5 mé/L P) along section A;A’ was observed at location CH7, 5 m from the tile bed at a depth of
approximately 2 m below ground surface. This decline from an original concentration of > 10 mg/L
" indicates at least 80% of the PO, originally present in the effluent was removed durlng transport
between the holding tank and well location CH7. This removal is consistent with removals on the

order of 50 - 80% observed at other sites receiving tile-bed effluent (Robertson, 1995; Harman et al.,

1996; Zanini, 1996).

4.3.5. pH

The plume was near neutral m pH, with vaiues,rangﬂing between pH 7.0 and 7.4 (Fig. 5). Near the

inner core of the plume, the pH was depressed by about 0.4 pH units relative to the pH at the plume

margins and in background groundwaters. This decrease in pH is consistent with changes expected
by the release of CO, from organic matter oxidation (Eq. 1, Table 2) and as a result of the release of

H* through NH, oxidation (Wilhelm et al., 1996):

NH, +20,~ NO, +2H" + H)O

In near neutral pH systems with excess carbonate minerals present, as is the case at Camp Henry the-

decrease in pH due to CO2 evolution and H' release wﬂl lead to carbonate mineral dlSSOluthIl

resulting in increased alkalinity, increased concentrations of Ca*, and poss1b1_e increases in other
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cations (e.g. Mg) contained in the carbonate minerals, Increases in a]ké.linity were observed to
coincide closely with the decreases in pH near the plume core. Alkalinity values of approximately :200

mg/L, as CaCO, were observed at locations with lower values of electrical con_ductivity, whereas in

_ the plume core, alkalinity values ranged between 350 and 500 mg/L as CaCO,. A decrease in pH also

favours dissolution of (oxy)hydroxide minerals. Thg solubility of most common (oxy)hydroxide
minerals, however, remains relatively loﬁv ét near - neutral pH, thus substantially increased
concentrations of dissolved metals are not expéctéd to occur at Camp Henry as a result of this -
process.

4.3. 6. Eh and dissolved metals

The Eh in the plume showed greater Variétion than pH (Fig. 5)." At the base of the aéuifer ;here isa

zone that was consistently low in Eh, ranging between 50 and 200 mV. This zone coincides with .

elevated concentrations of dissolved Fe (Up to 14 mg/L; Fig. 5), DOC, NH, (0.1 to 1.0 mg/L), and

PO, (0.01 - 0.3 mg/L as P) (Fig. 4), and negligible concentrations Qf NO, (< 0.05 mg/L) -and

- dissolved oxygen (DO) (< 1.0 mg/L; not shown). -

Above the reducing zone, there is a zone that was' more varia_,ble in fedox potential. Along
cross-section A-A’, Eh values Were > 400 mV, concentrationg of Mn were elevated close to the tile
bed (1 - 3 mg/L in the shallow zone véfsus 0.1 i 0.5 mg/i. _invthe deeper‘zone), concentrations of DO
were below detection (< 1 mg/L), and concentrations 6f Fe were genérally ldw (<0.1 mg/L). At a

few locations not on cross-sectic_)n.A;A’ (CH16, CH17 and CH23), and at bundle Iocation CH22 near

the marsh edge on cross-section A-A’; elevated coricentrations of Fe were observed (~ 5 mg/L),

indicating that at these locations the groundwater was more highly reducing.

At location CH15 upgradient of the tile bed, concentrations of DO were > 1.5 mg/L in the
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upper 2 m of the saturated zone. This is the only location where elevated DO concentrations were-

were encountered.
4.4. Geochemical processes controlling nutrient transport

4. 4 1 Development of redox zones

electron acceptor is usually not available at sufficient concentrations to completely oxidize DOC and
- NH,*. Further oxidation of DOC, therefore, requires an alternative electron _a‘cceptor; In the absence
of O,, the expected sequence of terminal electron acceptors for the oxidation of organic matter, based
on thermodynamic considerations and field observations, is demtnﬁca'uon fo]lowed by reduct1ve
dissolution of Mn-oxides, and reductive dissolution of Fe-oxides (Table 2; Stumm and Morgan,
1981). The occurrence of these reactions is typically confirmed by a decrease in NO; concentrations,
and an increase in concentrations of dissolved M and Fe™". Additional reactions, including sulfate

reduction and methanogenesis, will occur under more strongly reducing conditions.

At sites where wastewater is discharged to aquifers, the role of elevated concentrations of -

NO, and NH, in the development of redox zones along the groundwater flow paths needs to be
considered. The septic-system effluent at Camp Henry contains higher concentrations of N species
(>98 mg/L) than DOC (31.8 mg/L). Along the groundwater flow path, there will be locations where

oxidation of NH, by molecular oxygen will be occuring concurrent to DOC oxidation by molecular

oxygen. At other locations oxidation of DOC will be c‘oupled.to the reduction of nitrate-and a Va‘rieW. :

of other reactants. Nitrate reduction by solid-phase ofganic matter and possibly sulfide minerals may

also be occurring. At different locations, different redox reactions are expected to be active.

At Camp Henry elevated conc‘entrations of Mn are observed downgradient of the tiie bed in
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the proximal plume zone. These elevated concentrations are likely due to reductive dissolution of

Mn(V) oxide eoatings or Mn(VI)-rich grains coupled to DOC oxidation. At the base of the aquifer,

elevated c‘ohcentrations of Fe correspond closely to the low Eh zone, and are thus likely developed

as a result of the reduct_ive dissolution of Fe(lI[) (oxy)hydroxide coatings or dissolution of Fe-bearing
minerals. "At the locations not on cross-section.A-A’ where elevated eoncentrations of Fe were
observed (CH16, CH17, CH23), reductive dissolution of Fe(IH) (oxy)hydroxrde solids coupled to
DOC oxidation also likely i is occurring. Visual obsefvation of drill cuttings, indicate that the upper
few meters of sand are stained orange -red in colour, in particular, away from the tile bed consistent
with the presence of Fe(III) (oxy)hydroxide solids. Sedlment collected from locations near the base

of the aquifer and from locations in the shallow zone that are close to the tile bed are notably dark

gray in colour, indicating a deficiency of Fe(Ill) in grain coatings.

Increased concentrations of dissolved metals downgradient of sites receiving incompletely
oxidized wastewater has been documented previously. Robertson and Blowes (1994) describe a

similar increase in concentr"ations of dissolved Fe and Mn, and other metals, in the groundwater zone

below a tile bed at Killarney, Ontario. In a sand and gravel aquxfer at Cape Cod, Massachusetts,

Walter et al. (1995) descrﬂ)e Mn- and Fe-nch plumes formmg downgradrent from mﬁltratron lagoons

receiving primary treated wastewater. At the Cape Cod site, the Fe-rich plume is confined to the zone
closest to the infiltration lagoors, whereas the much 1arger Mn-rich plume is developed further |
downgradient of the lagoons. Thevsequence of encounter of the Fe- and Mn-rich zones at this latter

site correspond closely to that expected based on thermodynamic considerations (Table 2). A similar

~ sequence has been observed at landfills and other sites where the transport of DOC-rich water leads

to a predictable migration oflredox fronts (Lingkilde and Christensen, 1992; Heren and Christensen,
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1994).
In the shallow zone»pr‘oxirn._al to the Camp Henry tile bed, the elevated concentr_atioﬁs‘ of both
.Mn and Fe suggest reduction of both Mn(IV) and Fe(III) oxides is occurring. The iiregular nature
of the elevatec(1 Fe concentrations suggest that there is some local heterogeneity in the qharacteristics
of the aqui_fer solids, eithe‘rv physical or mineralogical, or some variatién in the wastewatef release
rates. The genera]_lj higher concentration of Mn relative to Fe and the generally higher Eh readings
suggest, however, that the inner core of the Camp Henry plume is ﬁot as strongly reducing aé the
inner cores of the Cape Cod or Killarney plimes (Robertson and Blowes, 1994; Wal:ter et al., 1995).
| At the Base of the aquifer the extensive reducing zone may have developed as a result of

natural oxidant consuming processes that occurred prior to release of wastewater at the site, such as

- oxidation of solid-phase organic matter or oxidation of reduced mineral phases. This zone may also

be the result of historical releases of wastewater from other tile beds located nearby, or as a result of
historical changes in geochemical conditions for the current tile bed. There are elevated
concentrations of Na and DOC over the complete thickness of the sand aquifer below and

downgradient of the tile bed, indicating that the plumne is present in this lower reducing zone, and may

" be contributing to the development of the reducing zone, biit beecause of the extensive nature of the

Jower reducing zone and much higher Fe concentrations than elsewhere in the plume, factors other

than the release of effluent from the old tile bed are likely contributing to its development.

4.4.2. Nitrogen

Concentrations of total inorganic N, calculated as the sum of NH, plus NO;+NQO,, in the:

plume were consistently lower than the concentration of N present originally as NH, in the effluent -

source. While variations in source concentrations are expected, much lower values of total N in the
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f)lume suggest loss of N in the groundwater zone has occurred. This loss is probably due to microbial
denitrification of NO, and subsequent removal of N, gas. Removal of NH, through eat_ion exchange
reactions could also be oCcﬁrring. At one location (CH9, 3 m above the clay aquitard), the

concentration of total N was 85 mg/L, close to the concentration measured for the effluent of 98

mg/L. At this location, however, concentrations of Cl were also higher, suggesting the effluent was

moie concentrated when it originally entered the saturated zone. Assuming N/CI ratios in the raw

effiuent remain approximately constant over time, a comparison of the N/Cl ratio for the present-day.

effluent of 1.7 with the N/Cl ratio for groundwater at CH-9 of 0.7, is consistent with a loss of N .

during tr‘anspc)jrt from the source- area. Elsewhere, snmlar er lower plume rariOS :of N/Cl are observed
suggestmg loss of N.

In aerobic aquifers NO, is usually transported conservatively (Freeze and Cherry, 1979). In
anoxic aquifers, removal of NO3 ﬁ'om septic system effluent by denitriﬁcation reactions, coupled to |
organic rnatter oxidation and poséibly also to sulﬁde mineral oxidation, has been described (Robertson
arxd Cherry," 1992). Denitrification of NO, can be coupled to. microbiel oxidation of 6rganic matter
eithe‘r in a dissolved er solid fohn. Elevated conce‘n‘_tretions of NO,+NO, that occur near the inner
core of the plume and in the upper po'rtien of the aquifer, coincide with locations | where

concentratlons of d1ssolved Fe are low. In the upper portion of the aquifer where concentrauons of

_ Fe are elevated, concentrations of NO,+NQ, are very low (< 0.05 mg/L) mdlcatmg mtrate reductmn

is 0Ccurring iri these local high-Fe pockets. Near the base of the aquifer, where reducmg conditions

. are present, concentrations of NO;+NO, are also cOnsiStently low, indicating that nitrate reduction -

S probany occurring in th1s zone as welL

The prmapal geochemical mechanisms influencing concentrations of dissolved NH in.
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gr‘Ou‘ndwat_er are oxidation and cation exchange reactions. Oxidation of NH, by O,, either in the

dissoIVed or gaseous form, leads fo the formation of NO, and no net change in the total
concentratmns of N. In the absence of oxygen, transport of NH, is expected to be controlled
principally by cation exchange reactions. The hlghest concentrations of NH, coincide also with the
highest concentrations of NO,;, and occur in the ph'Jme core about 20 m downgradient from the tile
bed. In the upper’Mn-depleted zone distal from the txle bed, concentrations of NH, are lower. The -
decline in NH4 concentrations_is either from dilution, or loss from oxidation or cation exchange

react1ons Oxidation of NH, where anox1c water contacts oxygenated water has been documented

(LeBlanc, 1985). The concentrations of dlSSOlVCd 0, downgradient of the tile bed were cons1stent1y
< 0.5 mg/L. Because of the Jack of high concentrations of 0,, oxidation of NH, is not expected to

‘be extensive due to the high concentrations of NH, relative to the low concentrationis of O,. If

. = st

exchange of NH, for other cations on mineral suifaces is occurring, the process is not very strong

considering the high .concentrations and long distance NH, has migrated'from the source. The
elevated concentrations of NH, in the reducing zone, correspond to elevated values of electrical |
- conductivity and other effluent-derived constituents (e.g. Na), indicating that‘efﬂuent has migrated
to the base of the ag'uifer at downgradient locations. In the reducing zone-, oxidation of NH, is not
expected, and is consistent with the continued‘presence of NH,.
4.4.3. Phosphate

The geochemical mechamsms controlﬁ'ng the movement of PO, in sept,ic¥system environments_

include adsorption/desorption and precip'itation/di_ssolution reactions. Phosphate potentially can be

7 'protolytic acid with PQ, } protonating to form HPO4 , H,PO,, and H,PO,’. Under normal
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groundwater pH conditions, the dominant forms of PO, are I-IPO4 and H,PO,, both of which are
anions. The adsorpnon of these anions requn'es the presence of positively-charged mineral surfaces '
Studies on the adsorption of PO, onto mineral surfaces indicate that the adsorption process is pH-
dependent and that PO, is strongly adsorbed. Conversioh to a solid phase precipitate is also possible
(Stufmh and Morgan, 1981). |

The principal solids present in aquifers that are posmvely charged under near neutral pH
conditions are Al-, Mn(IV)- and Fe(IIl)-containing oxides and (oxy)hydromdes and some clay

minerals. As reductive dissolution reactions occur, some of the natural PO, adsorption capacity of

the soil or aquifer solids may be depleted. Other solids, including Al-containing solids and clays are

expeCted to be more’stable under reducing conditions. If present, these latter solids can contribute.

to the PO, adsorption capacity, even if the system is highly reducing.

The second major process influencing the migration of PO, in natural systems is the
precipitation and dissolution of PO,-containing solid phases. There are numerous PO, phases that
occur in nature, the most common being Al, Fe, and Ca solids (Nriagu and Dell, 1974). Solids

commonly proposed to be major controls on dissolved PO, concentrations under low-temperature

| 1 conditions, include hydroxyapatite, variscite, strengite and vivianite, or closely related amorphous and
 hydrated solid phases (Stumm and Morgan, 1981). The latter two phases strengite and vivianite,

 contain Fe in the Fe(IIT) and Fe(II) forms, respectively.

In the upper portion of the sand aquifer at Camp Henry, there appears to be some retardation

of PO, relative to other wastewater derived:constituents. The highest concentrations of PO, were

between 10 and 40 m downgradient of the tile bed. Considering the cutrent overall plume size , and
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the calculated groundwater velocities at the site, the rate of PO, migration is likely on the order of

1/5 to 1/20 of the rate of migration of conservative plume constituents (e.g. Na, Fig. 5). This

retardation of PO, is consistent with observations at other tile bed sites (Robertson, 1995; Harman .

et al., 1996).

In the lower reducing zone, the elevnted concentrations of PO4 persist over the complete
sampling network and correspond closely to elcvated concentrations of dissolvé.d Fe. At the few
shallower location's (CH16, CH17, CH22, CH23) where dissolved Fe concentrations were elevated,
concentrations of dissolved P'Or were also elevated, suggesting differe_nt geochemical mechanisrns
are active in controlling the concentraﬁons of PO, in the different Eh zones.

Mmeral saturation indices were calculated using MINTEQAZ2 (Allison et al., 1990) for
groundwater samples collected along cross-section A—A (F1g. 6). The groundwater is near saturation
with respect to calcite at all snmpling-locations along cross;necdon A-A’, with the exception of onve
sample of intermediate depth at bundle location CH4. The aquifer material at Camp Henry contains
> 25% carbonate minerals, thus calcite saturated conditions are consistent with the presence of excess
carbonate phases. In the hrgh Mn zone close to the tile-bed, the groundwater is near saturatron with
- respect to thodochrosite. The formation of rhodochrosite is expected under conditions of reductive

dlssoluuon of Mn(VI) phases in the presence of excess carbonate.

At most sampling locations along cross—sectron A-A’, the groundwater is near saturation or ‘

supersatu_rated with respect to hydroxyapatite (Cas(PO4)3OH). Groundwaters and pore waters that

contain phosphate in contact with carbonate. bearing solids frequently are near saturated or are

supersaturat_ed with respect to hydroxyapatite, and a number of studies suggest precipitation of a Ca- |

PO, phase may be a potential control on dissolved phosphate concentrations. For example, Wilhelm
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et al (1994) suggest removal of PO, by reaction with CaCO3 as a potential control on PO,
concentrations in a sepuc-system plume in a carbonate aquifer. Baker ( 1996) suggests B-
tricalciumphosphate (BCa,(PO,),), a more soluble precursor of hydroxyapatite, best describes PO,
concentratxons in calcium carbonate—nch aquifer materials. In lake sediments, supersaturated. -
conditions with respect to hydroxyapatite have also been documented (e g., Emerson, 1976; Wersin
et al, 1991). In the proximal core of the plume, where highest concentrations of phosphate occur (0.1
- 1.5 mg/L), a high degree of supersaturation with respect to hydmxyauatite-'is indieated, sugge_sting ,
that the foﬁnation of hydr()xyapatite is probably kinetically limited. | |

Near the base of the aquifer, where concentrations of Fe ranged between 1 and 14 mg/L, the
groundwater is near saturation or slightly supersaturated with respect to 31der1te (FeCO,) suggesting
this carbonate phase is controlhng the concentration of dxssolved Fe in the lower reduced zone. In
the shallow portion of the aquifer, where concentrations of Fe were low, the groundwater is
undersaturated with respect to siderite. Where the groundwater is near saturated with respect to
sideﬁte, the groundwater is also near saiuration or supersatufated with respect to vivianite
(Fe,(PO,), 8H, O), suggesting this phase may be a potential control on the concentrations of dissolved

PO, in the lower reduced zone. Formation, of vivianite was also suggested by Gschwend and

- Reynoldson (1987 ) for the sand and gravel aquifer at Cape Cod, Massachussets, which was receiving

PO, from incompletely oxidized wastewater.

The formation of vivianite has also been proposed as an important control on PO;
concentrations in other types of reducing sediments, includ_ing lake. sediments receiving excess PO,
loadings &Nriagu and Dell, 1974; Emerson, 1976;: Wersin et al., 1991) and including some bog

sediments (Postma, 1981). At several of the sites described, supersaturation with respect to both
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siderite and vivianite was observed, consistent with this study. Both siderite and vivianite were
identified mineralogically by Postma (1981) et locations where bog pore waters were observed to be
supersaturated with respect to these phases. At all locations sampled along cross-section A-A’, the
gfoundwater is .slightly sopersaturated with respect to ferrihydrite, with saturation indices rang-ing
' be_";ween +0.2 and +3f0. These values suggest that ferrihydrite or another Fe(IIT) (oxy)hydroxide
phase may be present in the sediments, and that the Eh in the lower reduced zone is controlled by near
equilibrium coriditions with respect to both siderite and a ferrihydrite. If a Fe(III) (oxy)hydroxide
phase isprésent in the deeper reduced zone, it is likeiy present at very trace concentrations t,ha:t_ were
not visua]ly identifiable. |
At Camp Henry a variety of geochemical processes are likely leadmg to the observed
attenuation of phosphate Below the: tﬂe bed, removal of a large portion of the phosphate originally
contained in the effluent has occurred prior to the effluent reaching the water tabl_e, as indicated by
the much lower concentrations of phosphate observed in the ‘grouhdwater at the closest sampling
location relative to th,e effluent concentrations (1.5 vs. 11.8 mg/L P). Once in the grouhdwater zone,
‘a combmauon of adsorptlon reactions and precipitation reacuons is Hkely occurring. In the
intermediate Eh zone, adsorption reactions and formation of a Ca—phosphate solid may be leadmg to
the attenuation of PO,. In the reduced zones encoumere_d at the deeper sampling points and at several
shallow sampling points close to the tile bed, PO, may have migrated from the old tile bed or from
even earlier discharges. Alternatively, there is a possibility that the PO, in the reduced zone is derived
naturzilly from the decay of organic matter. If the elevated concentrations of PO, in the reduced zone

‘are derived from the old tile bed, its mobility is relatively high considering the long distance that it is

observed away from the tile bed (> 60 m). Increased PO, mobility under strongly reducing conditions
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is expected because of a deficiency of ferric (oxy)hydr‘oxide coatings as potential adsorbent sites. In

the reducing zone, the maximum concentrations of phosphate do not, however, exceed 0.9 mg/L,

'p‘robably as a result of a mineral s_oldbility control such as vivianite and/or hydroxyapatite formation.

Mineralogical analyses, using a variety of near-surface and bulk analysis techniques, have been
conducted in an attempt to identify the form of PO, present in the reduced zone, however, these

attempts have been unsuccessful to date, possibly due to the small mass of PO, likely present in this

Zone.

5. Conclusions

A grourrdwater study was _conducted to delineate the mechanisms contro]]ing the transport of

niitrients derived from a septic-system tile-bed installed in the barrier bar sands of Point Pelee,

Ontario. Septic-system derived constituents have migrated > 60 m from the tile bed over a 16 year

period, representing a minimum migration rate of 3.8 m/a. In the inner core of the plume,

| concentrations of NO,, NH, and PO, are high. Further away from the tile bed, elevated

con(_:entretions of NO;, are Hnlired to an upper zonie that is Mn-rich and of intermediate Eh. Deeper
in the aqu’ifer there is an Fe-rich reduced zone; here the 'absence of NO, is likely due to den‘itriﬁc‘ati’on
reactions. Elevated concentrations of NH4 are present in both the mtermedlate Eh and lower reduced
zone, Relatwely high concentrations of CllSSOIVed PO, are observed close to the tile bed, up to .
distances of 20 m. The PO, zone is diminished in size compared to other more mobile plume

constituents indicating a retardation factor on the order of 5-20 in this zone. In the reduced zone, -

" elevated concentrations of PO, are ubiquitous; This PO, may be derived from the Car_np Herny tile

bed, from other nearby tile beds or wastewater releases o it tay be derived from natural processes. |

" Geochemical equilibrium calculations indicate that the groundwater is close to saturation or is
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undersaturated with, respect to hydroxyapatite in the upper intennédiate-Eh zone, and is close to
saturation or is supersaturated with respect to hydroxyapatite and vivianite in the lower reduced zoné.
In the plume zone proximal to the tﬂc bed, the groundwater is highly supersaturated with respect to
hydroxyapatite. A combination of adsorption and précipita_tion reactions likely cént‘rol the attenuation
of phosphate. Whereas there appears to be a solubility control on phosphate in the lower reduced
zone, the concentration of phosphate in this zone typically exceeds 0.2 mg/L and oécaéionaﬂy excee'ds
0.8 mg/L. In the zone close to the tile bed, concentrations of PO, > 3 mg/L were observed during
other sampling sessibns'. There are over 30 tile-beds in th_e Park, many of wﬁich are positioned close

to open-water ponds. Release of groundwater with such elevated phosphatc concentrations to nearby

open water bodies may be sufficient to contribute locally to the development of eﬁtrophic conditions.
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Table 1. Composition of septic-system effluent obtajned from Camp Henry holding tank, May, 1996.

. Parameter ~ Concentration (mg/L)
NOz(a,s,N)andNQ-_,,(asN)i 005
NH, (as N) | 97.9
P,v total 11.8
DOC 318
Ca 83.6
Mg 129
Na 42.8
K 20.6
cl 57.0
S0, 341
Si0, . 9.65
Fe 0.599
Mn 0.480
Cu 0.029
Zn 0.069
Al 0.10

* Concentration equal to analytical detection limit
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Table 2. Free-energy for organic matter oxidation using different electron-acceptors.

Process Reaction® Free energy’

‘ (kcal mol?)
0, reduction © CH0+120,=HCOy +H" -118.8
Denitrification - 'CH,O + 4/5NO; = 2/5Ny(g) . S -1127

+ HCO3 +1/5H" +2/5SH,0

Manganese(IV) red_uc’tidn CH,O + 2Mn02(s) + 3H* = :84.9
, ' - 2Mn* + HCO3 +2H,0 o

Iron(III) reduction CH,0 + 4Fe(OH)3(s) +7H = _ —26.8
‘ 4Fe™ + HCO3 +10H,0 , ' '

Sulphate reduction CH,0 + 1250 = 112HS  + -23.9
©HCO; +12HT .

Methane fermentation CH,0 + 1/2H,0 = 1/2CH, + -21.6
‘ ' 1/2HCO, + 1/2H"

a Reactions from Freeze and Cheny ( 197 9 , ' .
' Free energy data from Garrels and Christ (1965) Brock et al. (1984) calculated for pH =7.0
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List of Figures

Figure 1. Maps showing location of Point Pelee, Ontario, and location of barrier sand bars at western
and eastern edges of the point and the interior marsh system. Also shown is location of Camp Henry

study area.

Figure 2. Map showing a) aerial view of old and new tile-beds, approximate location of marsh,
location of bundle and standpipe piezometers, and b) ground surface elevation at Camp Henry. New
raised tile-bed was not in use prior to field sampling. : '
Figure 3. Aerial view of depth-averaged electrical conductivity and maximum concentrations of NO,,
NH, and 0-PO, observed in shallow aquifer at Camp Henry site. Contours répresent equal values of '
electrical conductivity and equal concentrations of dissohjzed constituents. '

Figure 4. Cfoss-sebtiondl map along A-A’ (see Figure 2) showing bundle piezometer sampling

" locations (circles), contours of equal valves of electrical conductivity, and contours of equal

concentrations of NO,, NH,, 0-PO,, and DOC.

Flgure 5. Cross-sectional map along A-A’ showing contours of equal values of pH and Eh and equal
concentrations of Mn and Fe. ‘

Figure 6. Cross-sectional map along A-A’ showing equal values of saturation indices for calcite,
rhodocrosite, siderite, hydroxyapatite, and vivianite.
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