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The movement of contaminated ground water from waste dispesal sites
has become a major problem in many parts of the world. Disposzl of liquid
and solid wastes in landfills creates an environment where organic and
inorganic compounds present in the waste or thouse penerated in the landfill
are subject to movement in the hvdrologic regime. The problems are more
pronounced in bhumid and temperate climates because infiltration of xainfall
is high to moderate and It is difficult 4f not impossible to isolate waste
disposal sites from the underlying aquifers for long periods of time. In
these areas landfills become anaerobic and orpanic materials decay largely
through fermentation process, thus creating many intermediate crpanic com-
pounds that affect the pround-water chemistry differently than those originally
buried.

The degree to which leachate should be contained, removed and treated,
or allowed to move at a controlied rate through natural matericls is a basic
question that must be considered in making management decisions. 1In addi-~
tion to understanding tie hydropeology of an area, and the physical processes,
such as dilution, dispersion, and filtration, an wnderstanding of the
biological and geochemical processes is necessary to describe and predict
the movement of contaminants,  The principal chemical reactions and processes
that ocecur in the ground water at dicposal sites include biological decay,
precipitation and dissolution of mincrals and other dnorganic compounds,
sorption of chemical constituents, leaching of sediments, lon exchange,
peneration and diffusion of pases, and movenent of dissolved specles,

The purposes of Lhic vaper are Lo review a ground-water cestarination

problem at a landfiH; examine and interpret hydrologic nndﬂf}l-o.l bdrﬁr
t BK

availabie from 1973 to 1981 desorite the Sydropeelopic proc
chetidcal reactions that have affected the prownd-water chemint e

cuss the resulto In terie of Tong-tunpe planning and nans
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taminated aquifers. The landfill studied 1s the Army Creek land{iil,
previously known as the llangollen landf4ll, in New Castle County, Delaware.
Complete chemical analyses for water sampled from the landf41l, frem
immediately downgradient, and from supply well fields within a mile of

the landfill have been published earlier (Bavdecker and Back, 1979a). Con-
siderable data have been collected by New Castle County and the State of
Delaware since 1972 (unpublished files).

The chemical constituents discussed here in detafl are Cl, hecause it
is considéred a conservative parameter, and pH, oxygen, alkalinity, NH“.
N03, Fe, Mn, CHA, organic carbon, and volatile organics, because these
species are sensitive to oxidation-reduction reactions, The mixing of
native ground water that ds highly oxygenanéd and leachate that is anaerobic
has a significant impact on the water chemistry. Variations in concentra-
tions of chemical species downgradient of the landfill are controlled by
changes in leachate composition, changes in the flow path of the leachate,
physical attenuation processes, and chemical reactions.

Statement of P'roblem

The Army Creck landf41l, New Castle County, Delaware, covers about
24 hectares and contains more than one and a half million cubic meters of
refuse, The refusc wag deposited during 1960-1968 in an abandoned quarry
from which 6 to 9 wmeters of sand and gravel had been removed, The excavation
coptinued until] either the water table or a red clay zone was encountered.
Many types of waste were accepted including solid and liquid dindustrial
wastes and municipal refuse. During the 1960's major well fields were

developed in o confined agu.ier 900 to 1,200 meters south and east of the

landf {11, Pumpage fron tie v 11 fields lowored water Jevels nuvRiT(Ucr1r1 8

the downward movement of wot - from the landi11l to the aquifer.
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In 1970 the landf11l recedved a final cover of sandy materias and (Red)

the property was purchased by the county for a park. Two years later a
water quality problem was detected in a nearby domestic well. 1t has been
concluded that the absence of or the removal of the red clay layer in
places permitted leachate to migrate into the underlying aquifer (Apgar,
1974), The leachate, highly contaminated in both organic and {norganic
compounds, was not adequately diluted or purified by filtration before it
entered the aquifer., By 1972 it was confirmed that leachate had spread
extensively fhrough the confined aquifer and was moving south toward major
supply wells,

Description of Site

The Army Creck landfill ldies 4n the Atlantic Coastal Plain., 1t dis
partially unsaturated and partially below the water table. The surficial
sands of Pleistocene age (Jordan, 1970), Columbia Formation, are not thick
enough in the immediate area to be developed for supply purposes. Under-
lying the Columbia Formation sand is the Cretaceous Potomac Formation which
averlies Precambrian rocks, The Potomac Formation cansists of 11t and
clay interbedded with quartz sand and some gravel (Pickert, 1970). The
upper saud of the Potomac Formation thickens to the southeast and forms
one of the most productive cenfined aquifers in the state (Figure 2), The
major well [lelds developed dn the Potomae sand south and cast of the
landf111 are capable of producing 25 « 103 mg/duy of water., Pumpave
from the well [ields lovered water levels and dnereased the rate of
water movement throupgh the aquifer and increased the downward movement
of water from the landfill to the Potomac sand.

To limit the spread of contaminants after the problem was recopgnized,
a coordinated effort was undertaken to reduce pumping rates fx'A!R:;!xn\")'h l 9

wells and to dndtinte o program of recovery well pusping between the
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landfi1l and the supply wells (Figure 2). Pumping of the contamirant recovery
wells caused a local cone of depression which reduced contaminant movement
toward the supply wells. The recovery well program was begun in 13973
and expanded in 1974 to the 10 wells which operate today, although not
all recovery wells have been operating continuously, The recovery wells
discharge into Army Creck which {lows into the Delaware River.

The direction of ground-water flow in the Potomac aquifer has been
altered significantly over the past several decades., Elevation of the
potentiomerric surface in the 1950's before significant development
of the aquifer was about 6 meters above sea level and the flow direction
was toward Delaware Bay to the southeast, }n the 1960's after well fields
were developed for public water supply and industrial use the direction
of ground-water flow was to the south and east (Figure 3a) The supply wells
produce water from the confined Potomac sand aquifer from depths of 45 to
60 meters. After the recovery well system was in operation the [low
dircction of leachate was reversed locally away from the supply wells
(Figure 3b), Most of the recovery wells are screened over 12 to 25 meter
intervals and are completed 25 to 43 meters below land surface. The {low
pattern indicates that water upgradient [rom the landiill wmoves tzrough
and beneath the landfill where it encounters leachate and s then dis-
charged in part by the recovery wells downgradient [rom the landf211,

Part of the discharge from the recovery wells is also native ground water
from south and cast of the landfill,

Continued pumping for water supply purposes has permitted cozntamis=

nants to wove south of the recovery well system (Figure 3c). Als:, closing

of the recovery wells periodically for maintenance allows the !LR.!'QIL&&Z D

plume to spread, Bydrologie and chemical data dndicate that leac v does
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not migrate at a continuous rate from the landf4ll, but rather moves in (Red)
pulses. The amount of leachate generated at any one site depends on the
amount of recharge to the landfi111, Tt is estimated that 70% of the land-~
£411 leachate originates as infilcrating percolation on the site and the
remaining 307 results from lateral inflow where the refuse 1s below the
water table, These estimates are based on an evaluation of aquifer trans-
missivity, measurements of the hydraulle gradient in the aquifer adjacent
to the landfill and, estimates of rainfall entering the landfill., During
periods of low precipitation, the water table declines and less leachate
is generated. Another factor that affects the rate of leachate movement 1in
the aquifer is variation in the rate of pumpage from wells, Greater with-
drawal rates reduce water Jlevels and creaCc'greater vertical hydraulic gradlents
from the landf11l to the underlving aquifer. The steeper gradients result in
more leachate movement Into the aquifer and more rapid movement towards the
wells,

In 1980, the Amoco chemical plant closed and fts well field located
900 meters southeast of the landfill was shut down a vear later. Since
then and to the presest (1982), the dircetion of ground-water {low is south-
ward (Figure 3d).

Three major well fields, Artesian Water Company, Amoco Chemical
Corporation, and the County's contaminant recovery system (Figure 3) account
for all of the pumpapge in the area.  Total pumpage rates dn the immediate
viednity of the landfill have ranged from a high of 20 x l(l3 malduy in
1974 to a low of 12 & 103 mg/day in 198) (Fipure 4). Mmoco's pumpuge rate

has gradually declined {ro. 5.3 x 103 mB/dny in 1971 to 0.8 x ].03 mﬂ/dny

in 1961, while Artesiar' rate averaped a maxinum of 12,5 x ]O;\RJ{‘U)\EFZ l

1972 and reached e o level of 5.3 % 107 m™/day in 1976, The con-

taminant recovery well ¢ tem was dn operation by late 1973 and operated
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at maximum capacity in 1974 at a withdrawal rate of 9.5 x 103 mg/dny.

Since then the pumpage rate of the recovery wells has declined to an average
of 3;8 X 103 ma/day in 1981 because the wells are aperating less efficlently
and some have been closed permanently.

The location of the wells and thedr pumpage rates have influenced the
extent of plume migration and concentrations of chemical constituents within
the plume as shown by the 50 mg/1 isochlor maps for the landfill area
(Figure 5). The leachate plume migrated significantly farther downgradient
in 1974 than 4n 1973, The effcct of the recovery wells in controlling the
leachate plume was observed by 1975 and 4n 1976 when the extent of plume
migration was significantly diminished, However, the plume again extended
downgradient in 1977 after the pumpage rate of the recovery well system
fell below that of the public water supply wells (Figure 4),  Although for
the past 5 years the position of the 50 mg/] isochlor has changed little, a
delicate balance exists between the location of the plume and the relative
pumpage rates of the Artesian Water Company and contaminant recovery well
ficlds,

The distribution of €)1 concentration in the major leachate plume south
of the landf 111 showed the most striking change prier to 1977 (Figure 6).
From 1973 to 1976 the concentration of €l at the recovery site 29 (shown
in Figure 1) decrcased frow 380 to 50 wmg/l. Farther downgradient at sites
33, 25, and 52 the €1 concentrations alse declined during this time period
but to a lesser extent,  The decline in chloride concentrations was caused
larpely by operation of the recovery well system, which operated most

efffeiently from 1974 te 1977, Concentrations of ehloride In the water

standing 10 the refuse have declined significantly as a result OAR ' 0 | uzz

Teaching and this may in part account Tor the decline downgradicnt,  In
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1977, €1 concentrations increased at all sites and since then have remained
relatively constant between 25 and 80 mg/l. Pumpage from Artesian Water
Company well ficlds has exceeded pumpage from the contaminant recovery well
system since 1977

AMternatives to operation of a recovery weal system to control the
generation and movement of leachate have been considered by County and State
of ficdals for returning the aquifer to full usc, Leachate production can
be halted only by preventing water from entering the laﬁdfill or by removing
the refuse, Methods which have been evaluated to curtall gencration of
leachate include covering the landf411l with a synthetic surface and isolat-
ing the leachate by the installation of a barrier or draining ditches
Unfortunately, these solutions are costly and unlikely to completely climi-
nate the problem of leachate migration to the aquifer., Removal of the
refuse and incinerating it or disposing of it at another site, in addition
to being costly, is difficult politically and would be environmentally
disruptive. The cost of isolating the endsting refuse {rom contact with
water was estdmated to be in the same range as the cost of moving the
landfill.  These cstimates ranged from 12 to 16 million dallars in 1977
(Apgar, 1975). Installation ana opcration of tl&‘rccovury well system,
mondtoring ground=water quallity, and feasibility studies to date have cost
about 4 willion dollars.  Surface prading and runoff contrel ceuld be used
to lmit Infileration, although compaction of the refuse and sehsidence of
cover material are perpetual problems,  The recovery wells are currently
being relocated on the Tandfill which may remove contaminants move eof [ici-
ently and dn the process waste less uncontaminated ground water,  The
.

latter remedial measures were estimated at 2 to 3 willior "0l

1
A
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GEOCNEMICAL ASPECTS (Red)

Sampling Techniques

Water samples were collected on the landfill with a metal bailer from
1973-1976 anq by a peristaltic pump from 1976 to 1981, Monitor wells were
sampled with a submersible pump (Figure 1); kecovery and supply wells were
sampled at spigots while the wells were pumping. Vandalism and the closing
of some recovery wells has made it difficult to sample the same wells
through the perfod of study, Wells were pumped or bailed before sampling
to remove water standing in the well casing.

Temperature, pH, alkalinity, and dissolved oxypen were measured in
the field, A sample was filtered in the field through a 0.45 ki filter for
analyses of major anions and cations, Snﬁplcs for diron and mangancse
analyses were filtered through a 0.1 p filter to remove colloidal oxidized
species.  Analyses of methane and organic compounds were made on unfiltered
samples. 1t proved to be difficult to obtain reproducible dissolved
organic carbon data because of the high biological activity in leachate
contaminated water. For this study organic samples were edther ehilled
and analvzed dimmediately or preserved by the addition of lIgCL2 or Ag and
chilled until analyzed.

Dissolved Oxypen, pH, and Alkalinity

The concentration of dissolved oxypen ranges from 9.0 mp/1 (near
saturation) in uncontaminated zones to completely anacrobic warer in and
near the landfill.  The native ground water is highly oxypgenated, however,
water moving thoough the landfi11 has all {ts oxypen removed by respiratory
processes,  Th. avnilable exidizable malerinl in the Jandfill far exceeds

the amount of ¢ 'en in the recharge water, WM|HmuMH:mﬁd¥er2k

two major plum. S Jeachate moving sooth of the Jandfill (Figure 7).

Between the two  cducing plumes, is a nore hiphly oxypenated area which
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has expanded over the 4 year period. Less contaminated water moves in the
aquifer beneath the narrow central portion of the landfill, probably because
the tefuse source is smaller herc. Also, the aquifer may be thinner or less
permeable in this area. Water level data indicate that the oxygenated area
may be recharged locally, however, the data are not unequivocal, The
extent of the anaerobic zone southeast of the landfill has diminished in
1981 as compared to 1977 as a result of the closing of the chemical plant
well field in 1980.

Large amounts of oxygen are removed from the native ground water by
the oxidation of organic matter and dissolution of metals, In fact, morc

wolecular oxygen is nceded in contaminated water to account for the amount

of dissolved iron and total inorganic carbon (CO@ HCOB. ”2003) in solution
)

than is available in native ground water, Water in the landf111 and in the
partially conlined aquifer dmmediately downgradient are in contact with
atmospheric oxvgen which can be utilized for oxidative processes. An
additional source of oxygen 1s fron organic matter which is both oxidized
and reduced by anaerobic fermentative processes to produce carbon dioxide
and reduced organic species, such as methane,

The pll of uncontaminated water in the area is between 5.0 to 5.5 which
is typical for a poorly buffered woter in clay and sand layers that lack
calearcous naterial and have been extensively weathered.  In contrast, water
from the anacrobie zone has a pH between 6.5 and 6,9, Within this zone the
pit at any oue site has changed 1ivtle from 1977-1981; the average change in
pl is 0.09 pH units for five Jocations for which data are available, The
major controls on pll in anacrobic leachate are (1) depradation of orpanic
matter producing large amounts of COZ‘ which forms carbonic acid and lowers
the pll, (2) production of ammonia and wethane and reduction of ro!ngdl bli‘!l,z-s

all of which consune hydrogen raising the pit and (3) exchange of hydrogen
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on clays, which may lower or raise the pli. Downgradient from the anaerobic
zone the pll values of contaminated water range from 6.8 to 5,2. Within this
transition zone the average change in pll at each site 1s 0.26 for the same

4 year. period, The pll vardes more in the transition zone because it reflects
the subtleties of mixing of the contaminated water with native ground water.

Alkalinity measurement of water in this pll range is largely a measurem-
ent of bicarbonate. Although, at some sites on the landfill, organic acids
contribute to the total alkalinity, downgradient this contribution is
minimal (Bacdecker and Back, 1979a). Alkalinity concentrations reflect
oxygen concentrations because the major source of bicarbonate is 002 from
respiratory processes rather than dissolution of calearcous material,

Thus, oxygen is consumed in the landfill and bicarboniate concentrations are
high; as oxypen concentrations increase away from the landfill, bicarbonate
concentrations decrease, The chaoges that are observed in concentrations
of oxygen and bicarbonate, due to mixing and chemical reactions, are dis-
cussed in more detail later,

Uncontaminated oxygenated water (> 6 mg/l 02) has bicarbonnte concen=~
trations of less than 10 mg/l. Most of the total [norpanic carbon (003,
HCO3, and HZCOS) is din the form of carbonic acid (including aqueous COZ) as
reflected din the Yow pl of the water, Transitional or partially oxypenated

water (0.3 to 6,0 mg/2 02) has bicarbonate concentrations between 12 and

75 mg/1, whercas anoxic water has bicarbonate concentrations of » 100 mg/l,

With a few exceptions alkalinity concentrations changed little from 1977 to
1981, The largest change was a decrease In alkalinity at site $-1 on the
landfill, o site which has consistently produced the most concentrated

Teachate,  Trevious results showed that o large por ton of the alkallindt
Be y

at §-1 was frow organic acid anions rather than {1 :;ic:n'lmtAB'] 0Ml)1k2§

10
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recontly, the contribution from erganic aclds lias preatly decreased, nnﬂ

this may in part account for the deerease in alkalinity over the & year
period from 4450 mg/l to 1570 mg/l.

Major Constituents

The average concentrations as percentage of milliequivalents/1iter and
standard deviation of major inorganic constituents are shown in Figure 8
for the three water types based on dissolved oxygen concentrations. Native
ground water unaffcected by leachate is shown at group A as a caleium-~
magnesium type with chloride as the major anion., Sulfate concentrations
are quite low in hoth the leachate and natural water, Rainfall is the
major source of chloride in the native ground water; rainfall and oxidation
of iron sulfide are the main sources of sulfate. Concentrations of all
constituents are quite low in the natural water which has a total dissolved
solids (TDS) of 50 to 90 mg/l. This mixed cation type of water, in which no
catfon contributes morce than 500 of the total cations, is characteristic of
much water in recharge areas of the Atlantic Coastal Plain,

Group D, the anaeroble zone, includes those sanples from the landfill
and the recovery wells fmmedfately downgradient, This water is a sodium
bicarbonate type and the TDS ranpes from 250 ro 2000 mg/l (1961), From
1977 to 1941 the TDs at 81 showed the most significant change frem 6400
mg/1 10 1977 vo 2000 mg/1 dn 1981, This {: consistent with other data
which indicate that the concentrations of constituents in the leachate
have deereased at this location, Other sites within this zone have TDS
values which arve lower frow 1977 to 1981 by about 106%, Concentrations of

other conrtituents such as ammonia {ron, manganese, organic compounds, and

methane ar-! ich dn this water type.  The high values of bir:n‘bhrﬁlroI‘ncﬁl§|17'

and amaon? - eult fron degradation of organic matter by fernmentazion, A
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mnjor source of cations may be their exchange from clays by ammonia generated
in the leachate, The high concentrations of dron and manganese most likely
result from their mobilization when water, which has a reducing potential

due to the presence of organic material, comes in contact either with metals
in the refuse or with oxidized manganese~bearing minerals and ferric oxide
cements in the sand and clay.

Water in the transition zone (B and C) shows the nffccts of mixing of
the two water types A and D, Typce € water is closer to the land{ill and
Type D.watcr is downgradient farther away from the landfill. The change in
water chemistry downgradient from the anacrobic zone results largely from
mixing of leachate with native ground water, with only minor changes from
chemical reactions, The THS values in this zone range from 50 to 100 mg/l

in 1981 and are about 30% lower than those measured in 1977.

Organic Compounds

Organic carbon concentrations in the land[ill ranged from 77 to 260 mg/l
in 1981. A marked decline was observed at landfill site §-1 from 3700 mg/l
in 1977 to 2060 mg/l din 1981, Orpanic carbon concentrations deercase rapidly
downgradient from the landfill to low values of < (01 mg/) dn uncontaminated
water (Table 1), Organic carbon concentralions vary more with time and
sampling procedures than do concentrations of inorganic constituents. A
major control on organic compounds present in solution at any time and place
is thedr solubility., Much of the organic matier-is oxidized as the leachate
migrates, lowever, some compounds are adsorbed on clays, Sorptfon 1s
expected to be greater if sediments in contact with the water have a high

organic content and if the compounds sorbed have low solubilities and polar

functional groups (Griffin and Chian, 19793 Means and r»llu-r:;gﬁ‘JSQ)! L‘ZQ

12
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Although Lhe clays are weathered and the organic materinl is low, some
lignitic silts were observed at the site in Potomac Formation cuttings
when the wells were installed. Many of the organic compounds in the water
are pglnr, including organic acids and chlorinated compounds which may be
expected to sorb on sediments, Hecause organic acids are highly reactive
they disappear rapidly downgradient. By contrast the chlorinated hydro-
carbons are more refractory and may persist for a long period of time.
Volatile organics were identified in the water samples by purging
the water with inert gas, trapping the cempounds on a Tenax column, and
eluting them dnto a gas chromatography~mass spectrometry system (Perelra
and Hughes, 1980). The compounds with confirmed identification, that is,
analyzed with standards run under the same conditions, are listed in Table
1. The column labelled total is the sum of all compounds identified,
including those for which identification Is tentative, Aromatic hydro-
carbons are the most prevalent of the compounds definitely {dentified. The
same compounds are pot present throughout the landfill as shown by com-
parison of analvsces from sites A-4 and §-1, which do not show the same
sultes of compounds,  The total concentration of volatiles decreases rapidly
away from the landfill and recovery wells, but dbos not drop much below 10
pe/ls Inoan carlier study of organics in the landfill arca by bekalle and
Chian (1980), S-1 reportedly had a much higher concentration of volatile
organics (982,000 up/1) compared Lo recent values (840 pg/l).  Although it
is diffleult to compare analyses from different lgbornloriun, it appears
that concentrations of volatiles have decrcased significantly from 1977,

vhen samplen were collected for the study by DeWalle and Chian, to 1981

when samples were collected for the present study,  Another A:R'llucj ilﬁnzgny

have affected Lhe concentration of orpanies s lowering of the water table

at site 5-1, “hich was 16 feet below land surface in June 1981 as compared
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to previous water depths of 12 feet. Thus, less of the refuse was sﬂtu-(Red)
rated in 1981, Data show that the organic carbon content and concentration
of specific organic compounds has decreased greatly dn the landfill leachate
and the water downgradient over a #4-year peridod.

High concentrations of methane on the landfill result from microbial
degradation under apoxic conditions. Methane concentrations have decreased
from 22 mg/1 in 1977 to 14 mg/l in 1981 from water collected at site A-h
in the landfill. However, at site $-1, the newest part of the landfill,
methane concentrations have increased from 10 mg/l in 1977 to > 20 mg/l
in 1981, This differcnce may indicate that the newer part of the landfill
near S-1 may have reached the state of high methane production at a later
time than the zone near A~4, Nicholson and others (1982) have shown that
the gas dndtilally produced in Jandfills is predominantly 002 whereas at
later stages the predominant pos 1s CHA. Expressed in partial pressures,
methane concentration at A-4 is about 0,52 atmospheres, at 16°C, which
means it is approximately 52% of the total gases in solution and is probably
near maximum concentration. Concentrations of methane decrease rapidly
downgradient and are below the limit of detection in the supply wells,
However, methane has continued to move downgradf&nt and is present in water

containing as much as 1,7 mg/l oxygen,

Chemical Mass Balance

Although most of the leachate is removed downgradient by the recovery
wells, some contaminated water travels bevond the recovery well system
and It Is the behavior and fate of this water with its constituents that

is considered in more detail., The contaminants are attenvated by

dilution, by chemical reactions and by physical processes as the ):wc&é@é)

moves downpradient,  The extent of attenuation by dilution was callalated

14




using Cl av a conservative parameter as the contaminated water high in C1
mixes with native ground water low in Cl. The flowpath of contaminants,
based on the distribution of chemical species, is from the landfill to
well 29, 29 to 33, 33 to 25, and 25 to 52 (Figure 1), Site A~4 was used
as the lcs.hate end member because its water chemistry has been relatively
consistent over a five~year period and because in recent years the wells
have been destroyed on the eastern part of the landfill, Chemical analyses
show that as the water moves downgradient, the concentrations of
c1, total inorganic carbon expressed as XCOQ, C“d' NHA, and pH decreasc,
concentrations of 02 increase, and concentrations of Fe, Mn and NO3 show
variations. Chemistry of the native ground water, which is the other end
member, 18 based on the analyses of water {rom uncontaminated supply wells,
The ratios of the mixing components were determined by assuming Cl concentra-~
tions along the path arc controlled only by mising of contaminated water
with native ground water., For other constituents, deviations of observed
concentrations from Lhose calculated by using the mixing raclos for C1,
represent an enriclment or depletion of species due to chemical reactions
or processes, 1t must be assumed that the concentrations of constituents
have been constant along the flowpath during the flow time that has been
estimated at two vears for water from the Jandfi11l to reach the outermost
well.

This discussion is limited to species of which the abundances are
related to the presence of organic matter and that are sensitive to the avail-
ability of oxvgen and therefore subject to oxidation-reduction processes, To

construct a model to exota o the sources and sinks of constituents, limita~

tions were placed on the | coible reactions which wre glven AIR'IIIIQLI ya !’ox‘

sy ley, source:r G b w. on o were limdted to natural oxnide coatings, l-‘(-203
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or Mn0,, however, another source is the material deposited within the land-

f111. In the model, Mo was precipitated as MnO2 and Fe was precipitated either

as Fc(OII)3 or FeCO, depending onp solubility values at each site. NO3 was

3

reduced to N2 although 1t can be reduced to either N20 or NH“ under

certain conditions. Because nitrification does not occur in the anaerobic
water, N”A was removed by cation exchange on clays. Organic matter of the
eomposition, CZ”GO was oxidized to COZ; nnd.orgnnic matter concaiﬁing
nitrogen, represented in a general formula by CBN”lQOS’ was oxidized to

002, reduced to N”A' and partially reduced to CQHGO. Methance was formed

by the hydrogenation of CO,. Although the stoichiometry assigned to
organic matter is not uncquivocal, it is consistent with reactions known
to occur in anacrobic environments, After the mizing ratios were determined
on the basis of Cl concentrations, the amounts of reactants and products
in the reactions were caleulated using in part the eomputer program BALANCE
(Parkhurst and others, 1982), Although electrons were balanced, the con-
centrations of Il and 0 were not calculated because they are components of
water, The amount of oxygen consumed was caleulated as the difference
hetween thL prtdiclvq by mlﬁing and that observed in the finq]‘wutcr.

The results of the chemical mass balance (Figure 9) show that from
the landfill (A-4) te the recovery well (29) iron and manganese dissolved,
organic matter was oxidized and reduced, oxyvpen was consumed, ammonia was
adsorbed, and nitrate was vredoced,  The dissolution of F0203 and MnO2 by
reactions 1 and 2 (Table 2) and reduction of NUJ by reaction 5 produced
0,32 mmoles/L XCU2 of which 0,06 muoles/l wore used to form C”h' The
limit on the amount of organic matter oxidized by reaction 6 was the amount
of oxypen that nocded to be removed from solution, whercas the amount of

ARIDIL32

organic matter used by reaction 7 was controlled by the amount nf'CU2 needed
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at site 29 in addition to what was produced by the reactions discussed
above., These reactions produced another 2,87 mmoles/l C02. A small por-
tion, 9.06 mmoles/L, of the hydrogen produced was used to form CHQ which
leaves 1.8 mmoles/L HZ' Because H2 was not found in the gases it was
probably removed from solution by organic reactions such as Cn“Zn + H2
Cn“2n+2 or by the formation of additional methane which was outgassed. In
the above reaction where n = 2, ethylene would be hydrogenated to ethane;
both of these compounds were identified in the leachate, However, it is
equally probable that methane ﬁna formed and subsequently outgassed. On the
landf111 significant quantities of methanc can cscape and oxygen can be
replenished, before the leachate reaches the confined aguifer. This also
means that more organic matter can be oxidized than 1s indicated in the
model as long as the products outgas. The nitrogen in the organic
matter was reduced forming ammonia, Most of the ammonia remained in
solution and the excess of the mass balance was exchanged on clays.

The reactions that occur in the next sequential step between 29 and
33 are significantly different {rom those discussed above. Ammonia and
oxypen are removed by don exchange and omidativd processes, respectively,
Irop precipitates as FeCO,, Mo as MnOz, and C02 and CHA outgas. It is
necessary to oxidize only 0.04 mmoles/l organic matter Lo expladn the
water chemistry, however, these reactions are difficult to quantify and

as discussed above it is possiblu that more organic matter is oxidized

and reduced and the end products (COP and C“h) outpas,  Because the

confining layer is thin close to the Jandfill, and the partial pressures
of C()2 ind CH“ are high, outgassing Is a possible mechanism R1R('|B Ipnrsa
of the aquifer. Tron precipitates as cither siderite or o cphous dron

oxide based on thermodynamic saturation data caleulated by -he chemical
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equilibria computer program WATEQF (Plummer and others, 1978). The

saturation index [log {ion activity product/ equilibrium constant)) is
0,97 fqr siderite and 1.43 for aworphous ifron oxide. lowever, siderite
is a more stable species than amorphous iron oxide at these conditions

with a pl of 6.6, calculated Eh of approximately 0.2 volts, XCO2 con-

-2 . )
centration of 107°m, and Fe concentration of 107 'm,

Farther downgradient from 33 to 35 and 25 to 52 (Figure 9) the water
chemistry is controlled larpely by mining. In contrast to the sites up-~
gradient, little ammonia was exchanged, less oxypen was removed and little
solution or precipitation of metals occurred. The amounts of Fe and Mn
transferred (0,001 mmoles/1) arve low and close to the limits of precision
of the deterrinations, Small amounts of organic matter were oxidized and
0.2 to 0.4 mmoles/1 of CO,2 outpassed, Tt is unlikely that outgassing of
C02 would occur through a conlining laver of this thickness, greater than
30 meters, cven though the PCOz's of water, 0,05 atn at site 25 and 0,04
atm of 52, are greater than PCO, of the atmosphere,  Also, the model sliows
that methane waw pencrated between gites 25 and 52, which is not posslble
in the presence of oxypen. A possible explanation is (hat 002 and CHA
concentrotions predicted by mizing are not valid at thewe vites and that
gases are preseot in solution from an earlier reducing front that extended
dovngradient,  Alternatively, o micro-reducing environment may exist that
permits gascs to be penerated in the aquifer

The mass balance caleulations sugpest that between the Tandfill and
the first recovery well larpe amounts of orpanic matter underpo fermenta-
Live reoctions o b Fooand Mooare selubilizing,  Fe and Mo arve higher at

the tecovery site Lan the Tandf i1l because (1) the Land{ill materials have

been leached of toee retaln sinee the material was vx:.pl;wuﬂRJ Qll) hla-h
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leachate comes in contact with more oxide coatings as it moves downgradicnt.
T.. leachate that moves beyond the recovery well is subject teo oxidative
processes as it mixes with native ground water, Iron and manganesc pre-
cipitdtc; concentrations of nitrate increase because 1t is not subject to
reduction., Farther downgradient, with the exception of oxygen removal and
ECO2 outgassing small quantities of constituents are involved in these
reactions.
?lumes of leachate have migrated dowugradicent from Army Creek landfill.
The recovery-well system installed between the landfill and major down-
gradicnt water-supply wells has successfully intcrcepted and rcemoved most
of the contaminants. At the Army Creck land{i1]l the atvenuation of con-
taminants depends on the following processes: (1) operation of the recovery
well system that removes contaminants and reverses the flow locally, (2)
dilution of leachate with native ground water, (3) mixing of anacrobic
leachate with oxygenated water that facilitates the decomposition of
organic matter and precipitation of metols, and (4) interaction of
contaminants with clays and other aquifer materjals,
Measurements of the major chemical constituents made on water
samples dmmediately duwnﬁrﬂdicpt from the landfill show that wost can-
stituents have decreased fn concentration from 1973 when the recovery
system was put in operation. MNowever, the leachate remains anacrobic
and large amovnts of pas are bedng generated o the landfill.  With
the excepltion of site 5-1, the source concentrations of copstituents

have changed Jittle with time. At site A-4, withip the landfil1), the

pH, alkalinity, Cl1, NH/‘, and (illl‘ neasurements woere !‘.nl‘pl'i.‘iA)ﬁJ Oulxshﬁus
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for the past four years. Although the major inorganic constituents have
changed 1ittle, the orpanic carbon content and the nunber of organic
campounds identificd in the leachate have greatly decreased. This may

be misleading becauvse organic contamination may be a threat even after
the aquifer is returned to pre-landfill conditions for the major con-
stituents, The refractory nature of many organic compounds and thedr
tendency to remain coated on aquifer materials may cause a contamination
problem for long periods of time. Hydrologic and chemical data during

an eighl-ycnr period indicate that the major changes which eceur beyond
the anoxic-oxic boundary are controlled by physical processes rather

than chemical reactions. Thus, the extent of leachate movement within
the aquifer is determined by factors Lhni influence ground-water velocity
ineluding the rates of pumping recovery and supply wells. Concentrations
of constituents in the leachate are determined by the nature of the

waste and the amount of recharpe water that passes throuph the landfill,
in addition to the factors that contrel ground-water velocity.

Although zones that have water with different chemical conpositions
develop in the presence of organic matter by reduction~-oxidation processes,
the boundaries and extoent of thetr zones are controlled by competing
rates of reaction and hydrologic transport (Baedecker and Back, 1979h).
The frents of these zenes are transient because of the wide range in
ground-water velocities and the dispersive character of the aquifer
materials, 10 the flow is extremely slow in the agquifer relative to
reaction rates, Lhe plume will be attenwated were rapidly and the

boundarics between zones may oo actidentifiable, However, 31 the ground-
B )

water flow Is faut WMHWIHIan1mwumvmwmeM%ﬂT@lh36

farther dowapradient and their » andaries «il} he more distinet.
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The reactions discussed do not remain constant with time, Early
diapenesis of landf11l materials would produce high concentrations of

ECOz} NO, and 80, . During later stages, degradation of organic matter
il

3
procecds uptil available sources of oxygen arce consumed and the 1landfill
becomes anacrobic., The main products formed are ICOZ, NHA, "25’ CH“,
Fe, Mn are partially reduced organic matter. The generation of sulfide
may occur earlier than methane or may be suppressed if methanogenic
bacteria dominate. As the plume migrates through the aquifer these
processes change.,  Although cn“ and N”A are not formed in the presence
of oxygen, tney may remain in small concentrations after the water is
partially oxygenated whercas Fe and Mo will precipitate, Also, many
organics, especlally the chlyrlnnLed compounds, are insensitive to the
presence af oxygen.

The recovery well system has effectively retarded the movement of
contaminants in the Potomac sand aquifer from Army Creck landfill,
However, to achieve this result, pumpage of water for supply purposcs
has been curtailed and a signficant amount of uncontaminated ground
water is wasted by pumping the recovery wells. When the recovery wells
are operating cfficiently, the rates of withdrawal from recovery wells
approximate withdrawals for water supply. Continued heavy pumping has
lowered the head in the aquifer 50 feet since the wid-1960's. As a
result salt water dntrusion is a threat to the castern portion of the

“aquifer (Sundstrom, 1974). At this landfill it is pecessary to continue
operation of the contaminant recovery wells, However, they can be

operated more efficiently close to the landfill so that the more remote

wells can be abandoned and less uncontaminated water will be w?ffFT'O l h 3 7

21
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Using the aquifer alone to dilute and attenuate contaminants is an
alternative but it inveolves risks when the downgradient water is used

for potable supply purposes. In other arcas where downgradient water
uges are not sensitive to low concentrations of contaminants or treatment

can be provided then the aquifer could be tested as a possible attenuating

medium,

AR101438
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Figure 1. Location of wells sampled.  Sites aumbered are referred to
in text.

Figure 2, Cross Section of landfill area (from Apgar, 1975).

Flgure 3. Schematics of the direction of ground-water flow a) before the
recovery wells were in operatdon, b) after the recovery wells were in
operation, c) after continued pumping for several years, and d) after
Amoco well field closed. Dashed arrows show movement of contaminants in
¢ and d,

Figure 4, Pumpage (cubic meters per day) vs, time in the immediate
vicinity of the landfill.

Figure 5. Lines of equal Cl concentration (50 mg/1) for the years 1973,
1974, 1975, 1976, 1977 and 1981.

Figure 6, Average abundances of Cl dn ground water from 1973 to 1981 for
Sltes 29, 33, 25 and 52,

Figure 7. Distribution of dissolved oxygen (mg/1) in ground water. Lines
of equal concentration drawn for 0.0, 3.0, 6,0 mg/1.

Figure 8. Inorganic chemical composition of pround water for (A) the
native ground water, high in oxygeny (B and C) transition zone, low din
oxypeny and (D) the anoxle zone,  Average concentrations and standard
deviation in percentage of total milliequivalents per liter for cations
and anfons (modified from Baedecker and Back, 1979)

Figure 9. Chemical nass balance along flowpath at landfill., Concentra-
tions of reactants and products in mmoles/1,
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Figure 3. Schematies of the divection of nml ~yater [low lbﬁih@ L[g[y]
recovery wells were in operation, b) after he nw\u\ mllt were in - -
operation, ¢) after continued pumping foo veral years, an d) after
Auoco well ficeld clufud Dashed arrows s w movement of contaminants in
c and d. '
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Figure 7. Distribution of dissolved ouypen (ne/1) in ground water., Lines
of equal concentration drawn for 0.0, 3.0, 6.0 ug/l.
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