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ABSTRACT

My cities in arid regons wth limted renevabl e surface or ground
vater supplies will need to consider reusing treated nonici pal vaste-
vater for long-termsust ardility. Ohthe US Mxican border, alow
tech treatnent train conposed of aerated | agoons, constructed treat -
nent wetlands, and a soil aquifer treatnent systemwas eval uated as
anethodtotreast and store vastevater for later use. Literature review
and field and | ab experinent s showthat such a systemcoul d provi de
vater wth lownitrate and DOCthat would probably require only dis-
infectionprior tonnicipa use. Rsuts were used to propose design
and operational guidelines for alowcost, |owtech treatnent system
The potential inpact of recharging water, wich is nowbeing dis-
charged directly intothe St a Guz Rver at Nogal es, on the fl ow of
the river vas a so eva uated

THE NEED TO REUSE WASTEWATER, WATER
SHORTAGES ALONGTHE U. S. MExi caN BORDER

Pot able water is a scarce conmodity in nany pats o theverld pa -
ticdaly inaidregas. The problemaof water scarcity invol ves both
the quantity and quality of supdy. Waer qartity is o ten neasured
interns o scarcity at < 1000 ni/year per person and vater stress d
< 1,700 ni/year. These val ues include requirenent s for househd d,
agicutua, and industria use, including energy production. sing
these criteria, 28 cautries wthatat a popu ation of 335 nillion expe-
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rienced vater scarcity or stress in 1990. By 2025, 46 to 52 countries
wthata a popdaiono 28to3 3hillionpeoplewll experience vater
stress or scarcity. Increasing popd aion, rising per capita consunp-
tion, ad declining veter availability wll exacerbate the prodemin
the fuure (Fostd 1997). Poor quity of wat little vater is availdde
further anplifies the praddemadf ot aning pot able vater inaridlands.
Worldwde, about 20 mllion children die of waterborne di seases each
year (Tchobanogl ous and Schroeder 1985). D arrheal diseases are a
najor cause of infant nort dity in the Mxican border reg on, rates of
hepditis A are seven tines higher in Nogales, Aizona, than in the
general popul ation (Sanchez 1995; Varady and Mck 1995).

Limted water supply and poor vater quality are key concerns al ong
the US MxXi can border because the regionis arid, the popu aionis
gowng rapidy, and the area is econonical |y depressed. The prob-
lemof providing an adequate supply of pot abl e water has generated
a gowng interest in the reuse of nunicipa wastevater ef fluat.
Treated vastewater can be reused either directly or indirectly. The
nost coomon direct use of treated wastewater is irrigation of non-
food crops o tufgass (eg, paks ad gdf courses) o industriad
gplicatios (eg, coding veter). Treated wastewater is rarely used
drectly as nnicipal water supply. Indirect reuse generally neans
that the vater is stored for sone period of tine prior to reuse. An
increasingly coomon practice inthe arid southwestern Lhited States
is the storage of reclained wastewater in underground aqui fers.

In nest ongoing or planned projects in the Lhited States, waste-
vaer istresed d afarly ighlevd pia torewse Inlage dtiesin
the Lhited States, treatnent prior to recharge wou d typicaly consi st
of conventional secondary treatnent fol lowed by nitrificati on and den-
itrification (NN or advanced secondary treatnent wth sinult ane-
ous NN Further treatnent nay include sand filtration to reduce
suspended sdlids, thereby reducing the potentia for clogging during
recharge; reverse osnosis to reduce totd dssdved sdids (sdtg;
ad choinaion ando U/ disirfection to kill pathogens prior to
recharge. These treatnent systens general ly have high capitd ocost s
extensive high-tech naintenance requirenents, and high energy
requirenents They are therefore not well suited for use in snall
nuni ci paitiesinthe Uited States or in | ess devel oped countri es.

The goal of this project, which was funded by the Southwest CGen-
ter for Bwironnent al Research and Policy (SCHRP), was to eval uate
the technicd feasibility of a lowtech, lowcost systemto treat and
reuse wastewater on the US Mxi can border. Alowtech approach
vas consi dered for the fol | owng reasons:
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1 Mst tows inthe border region are poor and snall. These fac-
tors tend to favor vastevater treatnent plant s that are inex-

pensi ve to construct and require linted technica expertise or
noney to operate.

2. Inthe US Mxican border region, undevel oped land is of ten

available at a reasonable cost. Lowtech treatnent systens

ae ladinesive ad, therefore, not appropriate for higly

urbani zed areas in which undevel oped land is unavail able or
expensi ve.

3. Lowtech systens, particdarly wetlands, have ancillary bene-

ts that may be valuable to border communities. WI-

designed treatnent wetlands nay provide valuable widife
hebitat along the US Mxican border area, where nost nat -

ura vetland habit d s have been destroyed.

4. ®dogcad characteristics inthe border region are of ten st -

abe for artificid recharge and recovery. Aqifers are o ten
deep, and large unsaturated vadose zones provide in-situ
treatnent during recharge. Aquifer sedinent s are of ten porous
wth high water storage capacities and perneabilities, naking
it feasibe to store and recover recharged vater .

THE NOGALES INTERNATI oNAL WASTEWATER

TREATMENT PLANT

The specific area of concern in this project vas the sister cities of
Nogal es, Aizona, and Nogal es, Sonora. The area has limted vater
supply, sone of which is pdlued The nain wastewater treatnent
facility is the Nogdes Intermationd Wastewater Treatnent Hant

Table 1. ncentrations and Renoval E ficiencies for Key W er

Qality Gastituents at the NWP
Flawr (e} 112 54 10.% 14.1
BOD, 1% L 11 X5
[\ 3 % 1% T Y
Somproded salids (mgfL) 24 1 17 5
0% i) % % 5% %
Foral calilocrm 102 A 54 3
2 A i
H L3 10.9
mﬂrm (g (T3 55 151 58
Nitre 1.1 ] 0.6 2.2

Source: U.S. EPA NPDES data files.

75



The US Mxican Border Environnent

(NWP), wvhich receives an average flow of 11 million gdlons per
day (ngd) of sewage, approxinately two-thirds of which originates in
Mxico ad flons across the border for treatnent in the Uiited
Staes. Treatnent processes at the NWP include aerated | agoons,
sad filtraion, ad cHaingion Treated ef fluent is dscharged to the

Table 22 Wter Budget for Sant a Quz Gounty 1987

Aniraal voluime

fncra-Goefyens)
Lernondwoms fomn Merics 500
Suxface: watrer oo Mesow 20458
Warrwewmr s Fam NI TP 13,338
Tribatary nflwws fraem [1.5. 28,574
Melaruneals froeu nechurpe 15,504
Total mflaws 75,575
Surhuce: wakiast utitfhomr 21,860
Phoacophys axammpdan 24,098
Groordwaizr oolew 553
~Tool et FReT

73,

Source: ADMAR 1989. 1 acre-foot = 1233nt

Santa Guz Rver, vhich floms north through Aizona. For nest of the
year the discharged vastevater ef fluent conprises approxinately
100%o0f the streanfilowin the Santa Guz Rver, wichis then cher -
acterized as an ef fluent-domnated stream Hgh-flow events in the
Santa Quz Rver occur during sunm@r noNSOONS.

Athough the NWP generally net 1996 NPOES water quality
¢ andards (Tdde 1), dride st andards were anticipaed for sus-
pended solids and chlorine residual and newlinmt s were expected for
cdroic tadcty (paticdaly foo ameia), taa phosphorus, and
viruses (Ginp Dresser and MKee, Inc. 1997). Ulhder these new
$ andards, ef fluent fromthe NWPwou d not be suit dde for indrect
nuni ci pal reuse wthout further treatnent prior to recharge

The vol une of ef fluent produced by the N WP anounted to
about 11 x 10°m¥yr in1987. The potential anount of water produced
by vastevater reuse woul d therefore be 12%of the totd veter inflov
to Snta Quz Gunty and about 67%of current groundwater punp-
ing (Table 2). Wastewater is therefore a signficat resource that
coul d augnent future water supplies.
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CONCEPTUAL DEVELOPMENT

The first step in this study vas to idetify treatnent oectives ad
sustainability issues for a lowtech trestnent system The second
Step was to reviewliterature on treatnent processes to formul ate a
series of research questions for further study.

Treat nent (j ecti ves

In reviewng vater quality data fromthe NWP, three key con-
situats appeared to be of greatest concern: nitrogen (severa
speci es), dissoved organic naterial, and pathogens. Alowtech sys-
tem designed to augnent or replace the existing |agoon system
voul d probabl y have to neet both di scharge st andards and rechar ge
¢ andards. Two other considerations in designing a |owtech treat -
nent systemwould be habita qdity, paticdaly for the vetlad
conponent, and the inpact of water reuse on the ecdogy of the
Santa Guz Rver.

N trogen

D scharge st andard. The key concern for discharging this ef fluat to
the Santa Quwz Rver is amonia toxicity (Stronberg et a. 1993).
Ntrogen in the formof free amonia (NH) ishdlytodictofish Ai -
zona s veter quaity standard for free amonia in receiving waters is
01nyL A apHo 88 (the Qth percentile for pHin NWP € flu-
et) (see Tdde 1), thistraslaestoata a ammoni umconcentration
of 0.4nyL Brena the average pHof 7.9, the total amoni um con-
certration wu d have tobe less than 26 ng/L, far less than the | eve
curently being d scharged

Rechar ge st andard. The treatnent obj ective for recharging ef fluat to
the agquifer for later use as mnicipd vae sypy is tad nitrogen
concentration. The goal here would be to neet Aizoma s recharge
sadad for taaa Nof 10 ng NL fa €fluent being recharged to
aqifers. The Aizoma st andard is based on the premise that al Nin
recharge woul d eventual |y be converted to nitrate. Keeping totd N<
10 ng NL would therefore ensure that wastewater reaching the
aqui fer woul d neet the BPAs Maxi num Cont aminant Limt (ML) for
nitrate of 10 ny ND-ML

Qganic Mteria

D scharge st andard. For vastewater that is dscharged to ariver, the
treastnent ojectiveistopraect aquticbiadtainrecevingvwaers from
anoxi ¢ conditions caused by bi odegradation of organic natter in the
vastevater ef fluat. As seenin Table 1, the BDD5 in the ef fluat o
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the NWP generally neet s the exi sting st andard for bid ogica oxy-
gen denand (BD), so further reductions would not be necessary.

Recharge st andard. For vastevater that is recharged to aquifers and
stored for nonicipa water supply, the paetid for forning disinfec-
tion by-product s (DBPs), upon subsequent groundwater punpage
and chlorine disinfection, such as trihal onethanes (TH@W) and
hal oacetic acids (HA%s) would be a key concern. BRs formwhen
dissoved organic natter reacts wth cHaine o aher dsirfect ats
during treatnent of nunicipal water supplies. [BP foarnation is
directly corelated to concentrations of dissdved organic carbon
(D3D. The curent Mls are 80 ny/L fa THW and 60 nu/L fa
HW 5 (the sumaof five hal oacetic aci ds).

Qncentrations of 0B could generally be kept bel ow current
Mls if DOClevels in recharged ef fluent were kept below3 5 ngy/ L.
The ef fluent fromthe Nogal es |agoon had an average DOC of 15
ny L, so the proposed | owtech systemwoul d have to renove nore
than 10 ng/ L DOC before the ef fluent reaches the aguifer. Qrtrd -
ling buk organic carbon cocertrations (i.e, DO levds) wil likdy
aso cotrd poetid cotamnation from trace synthetic organic
chemcals (e.g, sdvents or pharnaceutical conpounds).

Pat hogens

Three classes of waterborne pathogens pose potentially serious
hedth ef fed s for hunans: becteria (e.g, CGinpyl obacter jeuni, Vib-
rio choeraw, Shigella sp., Sa nonella typhi ), virwses (eg, hepditis
A Norvd k, raotavirus, poiovirus, coxsackie), ad pratazoa (e.g, Ga-
rda lanbia, Qyptosporidi um parvum Eit anoeba histol ytica) (US
EPA 1993, Qaun 1985).

D scharge st andard. The current feca cdiformst andard for ef fluat &
the NWP of 200/100 nb (nonthly average) and 800/ 100 nb (cHly
average) vas generally net (see Table 1), so no inprovenent in co -
ifoomrenoval would be needed. @liformare indicator organi sns
used as surrogates for nicrobial cont amnation. Avirus & andard nay
be added (Ganp, Dresser and MKee, Inc. 1997).

Recharge standard. Treatnent objectives for nicrabiad pat hogens
dter sol aqufer trestnent (SAT) are sinlar to those for ather nonic-
ipa veter sypies. The US HPA (1997) has recormended the fol -
lowng treatnent goals for groundwater recovery and treatnent: zero
coiforng per 100 nh, inactivation of 99.9%6(4 log) of viruses, ad
D.9%(3lag) inectivation of Garda Inectivation of pathogens (e g.,
by chlorination) is recoomended followng wthdrawal of recharged
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d fluent fromaguifers. Achlorine residual > 0.2 ng/L should al so be
naintanedinthe vater distribution system

Ecoogica Sustamability dong the Sata Guz R ver
Beyond neeting treatnent obj ectives, there are several sustardility
issues regarding the use of effluent and the use of wetlands as
widifereddtd s

Recharge or O scharge?

Because the Santa Quz Rver below the NWP is & fluent dom -
nated, recharging ef fluet to uderlying aguifers codd resut inady
riverbed during the sunmer. Loss of streanfil owwoul d probably have
a negative ef fect on the well-devel oped riparian zone below the
NI WI'P and danage the aquatic ecosystem |f rechargi ng wast evat er
to aquifers located anay fromthe Sant a Guz Rver were shown to
reduce downstream flows, the inpact nmight be avoided by linmting
d fluent recharge during lowflow period Recharging ef fluent during
hi gh-fl ow periods would probably have no negative inpact. It nay
even have a positive inpact onthe riparian ecosystem since ef fluart
recharged to the aguifer during high-flow periods nay raise the
grouncwater level near theriver, concevady resutinginnore flovto
the river duing the lowflow period as water lesked from the
nounded groundwater systeminto the Santa Guz Rver. A reason-
able ecdogica obective (though not necessarily a regu atory one)
vwould be to alocate the distribution of recharge and di scharge to the
river to preserve the riparian ecosystem

Wetland Hbita Qaity

A second sust anrgbility issue patains tothe use of a treatnent vet -
ladas awldife hehit at. Engineered wetlands are of ten designed to
achieve plug-flow hydraulics in order to achieve ef fid et treanen.
True plug-flowhydraul i cs neans that the treatnent wetland can be as
snall as possible to neet specified treatnent o ectives. The practi -
cd ramfications of this are low construction and land acquisition
costs and low evaporation. Tre later is paticdaly inport at inthe
desert envi ronnent.

However, a plug-flow wetland wth densely planted energent
speci es has limted value for widife. (pen ponds, seasona |y fl ooded
fringe aress, riparian trees and shrubs, and other conponents d a
natura wetland greatly enhance the utilization of a wetland by
vildife Thus, a key question regarding the use of wetland treat nent
systens in the arid west is howcan both treatnent objectives (eg.,
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Fgure 1. Shenatic Represent ation of a LowTech, Low Cost
Systemto Treat and Reuse Vst evat er
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nitrogen renoval) and widife dyectives (high species diversity, dc)
be achi eved?

TREATMENT PROCESSES

The vorki ng hypothesis for this study is that alowtech treatnent sys-
temcoud provide a level of treatnent sufficient to neet nonicipéd
drinking vater requirenents wth mninal additiond treatnent, pri-
narily cHairetion The research focused on the key treat nent obj ec-
tives discussed above: nitrogen renoval, minimzation of [BP pre-
cursars, reduction of pathogens, and ecol ogical sust ardility.

Several coni nations of lowtech treatnent operations woul d neet
these treatnent obj ectives. Hwever, because nany snal ler cities in
the border region already have aerated |agoons, the study focused
on a treatnent train that expanded the capdility o a tradtiad
lagoon system ne treatnent system that would probably neet
these requirenent s cosists of aerated |agoons, constructed wet -
lands, and soil aguifer trestnent systens (Fogure 1). A description of
each conponent of this treatnent train foll ovs.

Perated Lagoons

Mchanical nmixers inject air into the sewage to provide oxygen for
aerobi c degradation of dissolved organic natter (DO and linited
oxidation of anmonia to nitrate. Sone renoval of suspended nate-
ria occurs by sedinent &im
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Onstructed Treat nent Wétl ands

Sedinent ation and filtration renove nost of the suspended solids
that remain in effluent from the aerated lagoons. Further B®D
renoval occurs by both anaerobic and aerobic processes. Ntrifica-
tion occurs in aerobic zones and denitrification occurs in aneerodic
zones, fueled by plant carbon, converting nitrate to harnhess nitrogen

gas (N)

Rl Auifer Treatnent System (SAT)

B fluent fromthe vetland is apdied toinfiltration besins that transmt
vater to the underlying aquifer. In the upper fewneters of the sal,
mcrobial activity degrades organic natter (B and D) and con-
vat s the remai ning anmoni umto nitrate. Pathogens are renoved by
straining, adsorption, and bidogica processes. The ef fluent noves
dowwmard, recharging depleted aquifers (Bowver et al. 1980). This
treatnent has been called soil aquifer treatnent (SAT) (Pyne 1995).
Specific processes and treatnent ef ficiencies for each conponent of
the proposed treatnent systemare sunmari zed bel ow

N trogen Renoval

Mst nitrogen in raw wastewater is anmoni umor organi c nitrogen.
Amoni umis rel eased by the degradation of organic N (equation 1,
anodficaion of the cassicd Rdfidd FEetion). Ntrification con-
vet s amoni umto nitrate (equation 2), consuning oxygen. Denitrifi -
cation converts nitrate to nitrogen gas under anaerobic conditions
(eguation 3), consuming organic matter (represented as GHQ. Mst
net renoval of nitrogen fromvastevater occurs by denitrification

C.H,O,NP+9l0 106CO+ 16NHPO:+ 86HO equation 1
NH'+ 20, NOQ+2H+2HO equati on 2
NO +1.25CHO + H* N,+ 1. 200+ 1. 75HO equation 3

The rol e of each conponent of the proposed | owtech treatnent sys-
temin transformng and renoving Nis discussed bel ow.

Perated Lagoons

Qganic nitrogen is converted to ammoni um during the process of
B degradation, but |agoons are generally not designed to accom
dish ntrificaian so there is little ritrae in the & fluent from nost
| agoons. Wth little conversion fromamaniumto nitrate thereis it -
tle opportunity for denitrificaion. Because of this, aerated |agoos
typcdly renove little nitrogen, as seeninrdaivdy hich ef fluat TN
concentrations for the NWP (see Tdde J).
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Qonstructed Treat nent Wétl and

A wetland receiving lagoon ef fluent would have to acconplish both
ntrificaion ad dxitrificaion The key factor is oxygen supply; from
the stoichionetry of nitrification shown above (eguation 2), one can
infer an oxygen requirenent of 4.6 ny O/ng NH. The oxygen
requirenent to conpletely nitrify 20 NH-NL (e.g., Nogales |agoon
dfluent) is therefore about 80 ng O/L S nce the saturati on concen-
tration of oxygen & 25°Cis only 8 ng/L, oxygen nust be supplied to
the vater fromthe air. Rat s transfer oxygen through porous aeren-
cyna tissues to the root zone (Schul thorpe 1967). xygen nass bal -
ance studies have shown that the anount of oxygen that is trans-
ferred in this nanner is lowrdative to the oxygen requirenent for
nitrificaion of vastenater a loading rates coomony applied to treat -
nent vetlands (Gites 1994; Kadlec and Knight 1996). The nain
source of oxygen in ef fluet passing through wetlands is probably
sippledffusiontothe vater surface and a ga gronth. Thus, wetl ands,
at least those wth dense energent plant s, are mat interetly e fidat
a nitrifying vestevater. Design features that have been used to
increase nitrificationrates inlowtech treatnent systens i ncl ude open
ponds, rock filters, and cascades between cells (Qites 1994; Minthe
and Ash 1993, Honmer and Knight 1994; Horne 1995).

B/ cotrast, wetlands are inherently suitdde fa ditrificaion
because wet| and pl ant s provi de the organi ¢ carbon needed to fuel the
process (equation 3, where GHOis provided by deconposing wet -
land plats) and a deconposing plant nmat provides an anaerobic
enviromnert in close proxinity to the overlying (oxic) vater. Severd
researchers have shown that denitrification rates in vetlands are lim
ited by carbon supply (Gersberg et a. 1983 Ingersoll and Baker
1997; Beker 1998). Ingersol| and Beker (1997) shows that dentirifica-
tionrates in wetland ncrocosns supplied wth nitrate-enriched vater
and chopped-up cattails were dosdy rdaed to the imppt CNratio,
and that the denitrification rate coud be predicted fromthe carbon
supply. For vetlands recaving nitrified ef fluent o aher higrnitrae
vaters, denitrification rates up to 50 kg/ha per day have been
observed (Horne 1995; Baker 1998).

Ntrogen renoval in treatnent wetlands is generally based upon
sinple box nodels in wvhich Nrenoval is represented by a single,
overd| reaction rate based upon the input and output of tatd nitrogen
concentrations across the wetland (Kadl ec and Knight 1996), where

K,=[IM(MN, )/(TN  ©)]/tlh equati on 4
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Fgure 2. Mchanismof Qganic Grbon Transfornations
in Qnstructed Wt | ands
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vhere TN  =tdd nitrogen cocertraion in the ine ad oul e,
respectively; C = background TN concentration, which Kadl ec and
Knight found to be around L4 ng/L; t =travel ting and h = depth of
the wetland. Using neasured values of TN and TN for nany treat -
nent wetlands, Kadlec and Knight (199) reports an average K|
val ue of 22 niyear for surface fl owwvetlands. Hwever, K va ues are
quite variabl e anong wetlands, wth a range from1 miyear to > 60
i year .

SAT System

Little Nrenoval is likdy to occr during recharge of ef fluent through
the vadose zone, although further nitrification occurs (Kopchynski et
a. 199%; Wlson et a. 199%). Dringinfiltration, amoenum(NH,")in
recharged ef fluent adsorbs to soils. Vien recharged basins are peri -
adcdly dried to reest ablish hydraulic pernesbility, oxygen df fuses
into the subsurface and oxidizes NH,"toritrae The extent of N’
sorption to sals is adrect fuction of the cation exchange capadty
of the sols. Sibsequent wetting cycles flush nitrate into the ground-
vat er .

Qganic Mitter Renoval

A key function of wastewater treatnent systens is the renoval of
organic natter. In the proposed lowtech system organic natter
vwoul d be renoved in all three conponent s of the system
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Fgure 3: Mechanismfor Qganic Grbon Transfornations in SAT
Syst ens
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Tabl e 4: Pathogen Renoval in Aerated Lagoons
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Aerated Lagoons

BDis renoved in lagoons by settling and biol ogical degradation.
Peration, long detention tines, and a nutrient-rich nedumresut in
high BD renoval rates (e.g., an average of 94%treatnent efif-
ciency in the NWP | agoon as shown in Tade 1).

Qonstructed Treat nent Wétl ands

Wetlands are efficient at renoving organic natter via aerobic and
anaerobi ¢ processes (Fgure 2) (Rch and King 1999; Segers 1998,
o prasert et al. 19983, b, Bramdinarri et a. 1991). Mcrophytes fil -
ter particulate organic natter (PQM and i nprove BD renoval (Brix
1997; Tanner 1996). However, the decay of wetland plants con-
tributes DOC In wetlands receiving hignly treated ef fluent, DOCin
the e fluent nay actually be higher than the DOC in the influent
(Horne 1995). Several process nodel s for construct ed wetl ands have
been proposed (Buchberger and Shaw 1995; Chen et al. 1999), but
the sinple, first-order, area-based pd | ut ant reduction nodel s (TOC,
B or QD renoval) anal ogous to equation 4 are general ly used
for desion Typicd rate costats for BOD renoval in wastevater
treatnent wetlands are k = 47.5 niyr and C = 6 ng/L (Kadl ec and
Knight 199; Knight et a. 1999). Wétlands regul arly achi eve 80%to
>90% B renoval and ef fluent levels < 20 ng/L (Verhoeven and
Meul enan 1999, Mreno et a. 1994; Zachritz and Fuller 1993
Bhramdinarri et al. 1991; Geenvay and Wl | ey 1999)
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Tabl e 5 Pathogen Renoval in Gonstruct ed
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Tabl e 6: Pathogen Renoval across Soils Systens Represent aive o
Infiltration Sstens
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SAT System

SAT treatnent ef ficiently renoves tat a organic carbon (TGD). Trans-
fornations of organic natter that occur as ef fluat s nove through
sols include filtration of RO biodegradation of DOZ sorption ad
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pedptation of DOG partid oxidation/reduction reactions, and co-
net aboli sm(MGCxrty et a. 1981, Dewes and Jekel 1996) (F gure 3).
DXC transformati ons in SAT systens general ly occr wthin the first
few meters of soil (Wlson & d. 19%). The near-surface
schnut zedecke |ayer and continued fixed- and free-living bacterial
biofilns create nmixed zones of aerobic and anaerobic conditions.
Resear ch summari zed in Tabl e 3 shows that organi ¢ carbon renoval
dficiencies in SAT systens vary from-~25%to ~90%

Pat hogen Renoval

Pat hogen renoval would al so occur in al three conponents o the
proposed treatnent system Pathogen renoval rates in each conpo-
nent are presented in Tables 4 (lagoons), 5 (wetland treatnent sys-
tens), and 6 (SAT systens).

Perated Lagoons

Mcrobial pathogens are renoved in aerated | agoons by aggregati on,
adsorption, predation, and de-of f (T e 4). Larger bacteria ad pro-
tozoa agregete into flocs that settle ot side of the water col unm
(Mezriou and Bal eux 1994; Ml bart and Mlina 1974). Hgh salt lev-
ds (4t a and Hernansson 1994) and hi gh organi ¢ | oadi ngs (Ml bart
and Mlina 1974; Fnch and Swth 1986) enhance floccul ation.
Viruses are renaved fromthe sd ution by adsorption into settling
flocs (Gake e d. 1961, Shreiter et a. 1984 Gxrba et a. 1990).
Adsorption does not inactivate viruses, and virus desorption can
occur wth changing vater quality conditions (Gass and ORian
1980; More et al. 1975 Kmet a. 1995 Kimand Uno 1996, Zta
and Hernansson 1994). Pathogens are al so i nactivated by predation
fromprotozoa and other larger nicrobes. Predation is inport at fa
the pernanent renoval of viruses and bacteria (Gurds and Fey 1969;
Kim and Uhno 1996). Nbn-pathogenic mcroorgani sns can al so
secrete conpounds that act as a virucide (Barzily and Kott 1989).

Renoval rates for bacteria and viruses in biodogica treatnent sys-
tens are subst atid. Wilelivingat side their host organisns (e g,
humans), pathogen die-of f rates increase wth increasing pH sunlight
inesity, and large deviations fromneutra pH(@& dreich et a. 1964
Swrikaya and Ssatci 1987, Hoglud et al. 1998 Fallodied et d.
1996, Gbbs et al. 1995 Myo 1995).

Hgh renoval rates have also been reported for protozoan cyst s
Renoval ef ficiencies of 99%and 99. ¥%ohave been reported for G a-
rdalanliainwvaste st abilization ponds and conventional wast evat er
trestnent plants, respectively (Ginason et a. 1996, Myer and
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Pal ner 1996), wth sonewhat |ower renoval rates for Qyp-
tosprodi umsp. (Myer and Pal ner 1996).

nstructed Treatnent Wetlands

Inport at pathogen renoval nechani sns include aggregation of
nicrobes, adsorption to soil, adsorption to plats, sda dsirnfection
predation, and chemical inactivation (Table 5). Mrny of these
processes are sinlar to the renoval nechani sns that occur in aer -
ated | agoons. Pathogen concentrations in wetlands can increase as
a resut of bacteria regoth, wldife defecation, and stormater
runof f (US HBPA 1983, Mrtin and Johnson 1995; Gersberg et al.
1995), yet, overall, constructed wetlands achieve high renoval efif -
ciencies of bacteria, protozoa, and viruses.

Mcrobid interaction wth sal ad pdats is an inport ant renoval
nechanism Mcrobia removal rates in neWwy planted wetlands are
m & aidicdly df ferent fromrenoval rates in nature wetlands wth
large pat s(Tanner et al. 1995, Shi and Wang 1991), suggesting that
ineationwththesal doeissufficient to achieve greater than 9%
renoval of fecad cdifomafter seven days. Gershberg et a. (1987)
report s alover inactivation rate const at for a surface flovwetl and (k
=0.29 day*) than for a subsurface flowsystem(k = 0.86 day*), on-
firmng the inport ance of soil interactions. Hwvever, Garheart & d.
(1989) observed higher renoval of a bacteriophage wien nuni ci pa
vastevat er was applied to a veget ated wetland than an unveget at ed
vetland, suggesting that plant interactions aso contribute to
pathogen renoval. Solar radiation aso inactivates pathogens
(Wdinet d. 194 Acraet al. 1990). Gnpared to bacteria, viruses
required three tines nore radiation and protozoan cyst s required 15
tines nore radiation to be inactivated (Gang et a. 1985). The pres-
ence of particulates can reduce the inport ace of sdar inectivation,
whi | e the presence of DOC can i nprove sol ar inactivation through the
production of virudcad agents (Wodinet d. 1994). Grsbherg et d.
(1987) neasured virus decay rates in stagnant and flowng water. A
lover rate const at (k = 0.012 to 0.028 hour *) was observed in st ag-
nant water conpared to flowng vater (k = 0.44 to 0.502 hour %)
Based on these observations, the authors conclude that predation
and chemical inectivation contributed little to overal virus renovd .

Qrerall, wetlands can provide efficient (> 9%, sustainable
renoval of bacteriaand viruses. Thereisinsuf fidet liteduetoed -
uate protozoan cyst renova in wetlands. Further research in this
area i s needed.
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SAT System
Infiltration systens readily renave bidogcad patides (eg, bedteig
protozoa, viruses) (Table 6). Basic nechanisns responsible for
pathogen renavd are filtration ad inectivation (i.e, ded f). Rrtide
filtration invd ves bath tramsport and et achnent processes (Bal es et
al. 1993 Fotes et d. 191). Straining occurs wen the diameter of
the pathogen (d) is large rdaive to sal presize (d) (d/d < 2.
The dnidp ratiois onthe order of 1000 for viruses and | ess than 100
for bacteria (MDpwel | -Boyer et a. 1986). Qnsequently, stranngis
ngighe for viruses, but is inportant for larger bacteria and proto-
zm

Very snall particles (e g, viruses) nust be transported to the sur -
face via sedinent aion, inecgtion o dffuson The surface chem
istry o baththe pat hogen and the soil surface deternine whether the
pathogen sticks to the nedia surface or is repelled (Hrvey and
Garabedian 1991). The surface charge of both clay particdes ad
viruses depends on pH pHtherefore af fet sat achnent and det ach-

Fowe 4 Locations of Stes Wed in this Study
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nent (Drevery and Hiassen 1968, Heper et a. 1997, Zerda et a.
1985 Taylor et a. 1981, Bldes et a. 1989). Hirogphodic attraction
bet ween nonpol ar lipid-contanng partios of the pathogen and soil
surface can be inport ant, especidly a devated pHlevds (e.g., pH>
9 (Bdes et a. 1991, 1993). Gtions present in water can enhance
pathogen att achnent by forming salt bridges between negatively
charged pathogen and soil surfaces (Bales et a. 1991; Lance and
Grba 19848, b; Fontes et al. 1991). Hectrost atic repul sion between
pathogen and soil surfaces decreases wth increasing ionic strength,
so higher salinity enhances the renoval of snall pathogens (H eper
et al. 1997; Lance and Gerba 1984a, b; Ryan and Gschwend 1994).

Sil composition and insitu conditions af fect the edtet o
pathogen renoval (B anc and Nasser 1996). Qays have a nuch
hi gher surface area than sand and adsorb nore viruses (Schaub and
Sorber 1977, Jin 1997). However, clays have | ow pernesbility and,
therefore, clay-besed sols are gererdly not suitable for SAT sys-
tens. FHne sands have been reported to renove pathogens faster,
over ashorter dst ance, than coarse sand (0.56 nm) (Farooq and A-
Youssef 1993). Virus renavad is dso better insauraed sals thanin
unsaturated soil s, possibly because flowvelocities are loner and the
ligud filmthickness is snaller under unsaturated conditions (Fowne -
son and Gerba 1994; Lance and Gerba 1984a, b). Qganic natter
readly sorbs to sol surfaces, decreasing pathogen att achnent
potential (Jin 1997, Jansons et a. 1939, Heper et d. 1997; Johnson
and Logan 1996). The presence of nicrobia biofilns, and the asso-
ciated predation of pathogens, generally inproves overall pathogen
renoval (Schaub et al. 1982, Hrst et al. 1980, RPowelson et al. 1993
Weiss & d. 19%).

SAT systens denonstrate very efficient renova of becteria and
viruses. However, increased pathogen | oadings or changes in water
chemstry can lead to det achment and pathogen mgration, resulting
inthe detect abl e presence of pathogens in groundwater (V\Iirgs et
d. 19/ Yanko et a. 1999; Redley and Howard 1997). Therefore,
dsinfection (e.g, choine o W irradaion) is encoraged upon
groundwat er wi thdrawal for hunan consunpti on.

LABORATORY AND FIELD STuDI ES

The conceptual i zation outlined above led to the folowng questions,
whi ch required further research:
1. Hwcan nitrogen renoval processes be predi cted nore accu-
rady, particdarly for wetlands in the US Mxi can border
regi on?
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FHgre 5a Transfornations in Ntrogen Species, February 1997
Fuletumry 13¥7
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Source for Fgures 5a, b Gerke (1997).

2. WMat are the sources and fate of D3Cin wetlands and SAT
syst ens?

3. How does vetland design infl uence the hydraulic characteris-
tics of wetlands?

4. \Wat inpact would diverting vastenater fromsnall, ef fluat-
dom nated rivers have on the hydro ogy of these rivers?

5 Howecan treatnent wetlands in this region be designed to opti -
mze both pd lut ant renaval and widife habit &?
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Fgre6 Taa Ninthe Inflovand Qi flow of the K ngnan Wetland

1 1

Cahe, g MIT.

Source: Adepted fromGrke et d. (inreview.

Research Stes

Research for this study was conducted at severa sites: (1) a ful-
scale treatnent wetland in Kingnan, Aizona; (20 12 wetland
research cdls a the Tres Ros Wetland Denonstration Rroect in
Fhoenix, Aizona; (3) the Bwironnent d Bngineering laboratory at
Aizona State Lhiversity, and (4) the region surrounding the N WP
(Fore 9.

A constructed wetland in Kingnan, Aizona, served as a nearly
ideal surrogate for wetland treatnent systens along the US Mxi -
can border for three reasons:

(@ TheclinateinKngnanis nearly identical tothe clinate a ong
the Arizona portion of the US MxXi can border .

d[agN =-k, [org N/h equation 5
dt
d [(;HJ =k, [agN/h- k, [ NH]/h equation 6

d[dl\tIO] =k, [NH]/h- k_ [ NOJ/h equati on 7
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® As wth nany border cities, Kngnan has had a lagoon in
place for many years, and had built the wetland to inprove
the qaity of e fluat.

(@ Aninport ant treatnent objective of the K ngnan wetland was
toneet a 10 ng/L tad Ns andard so the ef fluent coud be
recharged. Gties aong the US Mxican border that vant to
recharge vastevater would al so have to neet this st andard.

The Kingnan wetland is a free-surface vastewater treatnent wet -
land that consists of three long cells (700 mx 50 M connected in
sexies. The shall ow zones (~0.2 mdeep) were planted wth Scirpus
in 1994; however, the wetland vas a mxture of Sirpus and Typha by
the tine our study began (1996). Each cell is transected by tvo inter -
nal deep zones (1 min depth) and includes an open pool near the
atlg. The dfference in plant density a the Kingnan wetland
between the tine of construction and af ter three years of operation
shons that the vegetaion in trestnent wetlands in this regon

Table 7. ef fidet s Devel oped for the Wtlad

DOC Model
Woe T o
[ i [T 7] i

reaches naturity very quickly. This wetl and vas the focus of our stud-
ies of nitrogen and carbon dynanics.

Wetland hydraulics was studied in the research cels a the Tres
R os Wtland Cenonstration Rrgect near the 91st Avenue Wste-
vater Treatnent Hant in Fhoenix. Several design configurations at
thissite aloned us to conpare the e fed s of varyi ng nunbbers of deep
zones on the hydraulic characteristics of wetlands. Laboratory infil -
tration colunms were used to study the fate and transport of DOC
noving through the vadose zone. These colunms were filled wth
soils fronseveral potentia recharge sites in Nogal es and operated
wth treated vastevater ef fluent collected fromthe NWP. Frdly,
the inpact of recharging wastewater fromthe NWP was studi ed
usi ng hydrol ogi ¢ nodel i ng and hydrogeol ogi ¢ dat a fromthe Aizona
Departnent of Water Resources.
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Fgure 7. DOC Renoval in Wastewater Passing through the
Ki ngman Wl and

——Dm B Du & B --B--Bay k- %y
Surce Anney et a. (2000).

N trogen and CGarbon Transfornati ons in the K ngnan
Wetl ad

Transfornations of nitrogen and carbon in the treatnent wetland at
Ki ngman, Aizona, were studied for one year. The goals of this study
vere (1) to develop a nodel of sequentia nitrogen transfornati ons
apropriate for treatnent wetlands inthe border region, (2) toidetify
raelimting factors for nitrogen renava, (3) to devdop idess to
inprove nitrogen renoval, and (4) to devel op a conceptual nodel of
DCOC transfornations in wetlands.

Sanpl es vere collected at 13 locations aong the longitudinal axis
of the Kingnan wetland on 10 occasi ons over the course of a year,
and vwere anal yzed for nitrogen species (dissdved organic N patic-
ulate organic N ammonium and nitrate), D3OG P3G and tenpera-
ture on every sanpling event. B and suspended sol i ds were ana-
lyzed on several occassions. Details regarding the wetland design
and experinental neasurenents are presented in Gerke (1997),
@&keet d. (inrevie, ad Amey e d. (2000).

Ntrogen Transfornations

Ntrogen was renoved in the K ngnan vwetland wth an average efff -
ciency of 66% TNrenoval was generally less during the wnter than
the sunmer (Fgures 53, b). Mt of the nitrogen in the lagoon ef flu-
ent vas inthe formof organic nitrogen or anmoni um As the | agoon
dfluent noved through the wetland, concentrations of paticdae
organic nitrogen (RN declined quickly inthe first wetland cedl (Fg-
ures 5a, b). Mneralization of PON produced ammoni um(equation 1),
consequent |y, anmoni um concentrations of ten incressed dligtly in
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the first cel, then subsequently declined, presunably fromnitrifica-
tion. Ntrate was then renoved fromthe systemby denitrificati on
Dring the wnter, conversion fromamoniumto nitrate resulted in
elevated nitrate levels wthin the wetland. During the sunmer, dai -
trification vas so rapd that nitrae concentrations consistently
remained < 1 ng NO-ML

Ths series o reectios let itself to the devel opnent of a sequen-
tid nodd inthe fdlowng form

Inthisnodd, arganic Ninthe e fl uent degrades to yi el d anmoni um
(rate costat k, eguation 5). Mneralization produces ammoni um
wich intun is lost by ntrificaion (rae cost at k,, eqetion 6).
Ntrate concentrations are represented as a bal ance between gai ns
o nitrate fromntrificaion ad losses o nitrate fromdenitrificaion
Athough this nodel does not explicitly recognize plat upt ake and
subsequent degradation, the contribution of these processes to the
long-termN bal ance of a heavily Nloaded treatnent wetland is gen-
edly smll.

This nodel was calibrated wth data fromthe K ngman wetland
fromQtober 1996 to August 1997 using fornmal optinization net hods
(&rke & d. inreview. Average seasonal coef fidats were used to
vaidate the nodel using dat a from1998 and early 1999 (Tade 7).
Analysis using these dat a shoved that the nodel captures the gen-
eral seasond trends in TN renoval and ef fluent ammoni um very
accuady (Grke e d. inreview. Hfluent nitrae concetrations
vere not quite as accurate, nainly because calibration of the denitri -
ficaionrae coef ficient (equation 7) was nat as successfu as calibra-
tion of the ather coef fidet s

Despite several limt ations, the caibrated nodd is usefu as a
designtod for sinilar constructed wetlands in the border regon The-
aeicdly, thecadibrated node woul d be applicad e toarange of influ-
ent types frommon-nitrified to fuly nitrified vastes but verification
of the nodel for nitrified wastes needs to be conducted in wetlands
thet recave nitrified e fluat s

The study aso reved s potentia lintaions for nitrogen renaval. In
paticdar, it aopears that denitrificaionis linted by organic carbon
supy inthe wnter. Severd point s support this assertion

‘Theratio of plat carbonto ef fluent nitrogen locadng (CNratio)
vas about 7:1. Thisis barely above the 5.1 ratio deternmined to
be optinal in wetland mcrocosns (Ingersoll and Baker 1997).
The sane experinent shows that the denitrification rate coef -
ficient vas directly proportiona to organic carbon supply.

 The order of nagnitude dif ference between wnter and sunmer
deitrificaion rae coff fidets is nuch higher than woul d be
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FHgure 8 Bomde Recovery Qurves for the Wetland Research Galls
a the Tres Ros Wetland Denonstration B o ect
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Note: The background bromide concentration is ~0.25 mg/L.
Source: Whitmer and Baker (in review).
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Note: Theoretical hydraulic retention times were 4.6 to 5.1 days.
Source: Whitmer (1998)
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expected by a netaboic tenperature ef fect over the 14°C
range i n vater tenperature throughout the year. Thi s suggest s
that sonething other than tenperature (e.g., organic carbon
sudy) cotrds the dentrification rete

vInlae wrter, the vetland ef fluent B, was < 5 ny/L. Ma-
sured bi odegradabl e di ssol ved organi c carbon (BD3D in the
vetland ef fluent vas only 3 ng/L in Mrch. These measure-
nents indcate that there vas very little degradable organic
carbon in the ef fluet that codd support denitrification

BEfluent nitrate concentrations were nuch higher (up to 8 ng
NO,/N inthe wnter than in the sunmer (<1 ng NO,N.

If denitrificationrates are linnted by organic carbon during wrter, a
logical nethod to inprove Nrenoval would be to increase the supply
of organic carbon during the wnter. This coul d be done by addi ng an
external supply of carbon during the wnter (e.g, hay) or by nodfy-
ing the wetland design to provide additional organic carbon to
enhance denitrification rates.

Sources and S nks of DOC

As noted earlier, it would be desirabl e to keep DOC concentrations in
vetland ef fluent low in order to nminimze [BP fornation, yet high
enuwhtofeacilitate denitrification. DOCrenoval in the Kingnan wet -
land changed along its length (Fgure 7). Oh the average, DCC
declined by 26 wth higher net renoval occurring in the wnter
(~45% and lover net renoval occurring in the sumer (~15%. The
chemcal nature of DOC changed throughout the year. Utraidet
adsorption at 254 nm (WA nornal i zed to DAC concentrati on (spe-
cific W adsorption, o SWVA is ardative neasure of the aronatic
carbon content of DOC SWA values increase in proportion to the
degree of aromaticity. SUVA increased aong the length of the wet -
land by an average of 44% with the largest increases (85%to 135%
occurring during the surmer when the wetland plant s vere activey
grow ng. I ncreasing SWVA val ues coul d have occurred by two nech-
anisns: preferential renova of aiphatic (i.e, biodegradable) DCOC
fromthe | agoon ef fluent, and | eaching of aronatic |igni n-derived DOC
fromthe wetland plant s

These dat a suggest that DOC in the ef fluent fromthe treat nent
vetl and has two sources: the lagoon ef fluent (wetland influent), and
degradation of platsinthe vetlad it sdf (see Hgre 2. To devel op
a nodel incorporating each of these variables, we spit the red
world wetland into conponents in the lab. Bdogcad degradation
rates (0.15/day) of |agoon DOC were determined in biol ogical |abo-
ratory reactors (Hnney et a. 2000). Production of DOC fromwet! and
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Houre 10 DOCin the B fluent of Laboratory SAT Col unns
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pats was deternmined in | aboratory nicrocosns, conprised of water
and sedinent phases, that were fed known quantities of dried,
coarsely chopped catt ails each veek. Inthis experinent the fraction
of subnerged wetland plant carbon (e.g., Typha) that becane DOC
was 5 7%of the anount added. Finney et al. (2000) devel oped a
general process nodel that represented both | agoon- D3C bi odegra-
dation and leaching of plant-derived nateria. The nodel shows that
concentrations of D3C in the wetland ef fluent depend upon the
anount of D3C in the lagoon ef fluent, the flux of DOC provided by
deconposi ng plant s in the wetland, degradation rates for bath types
of DO and the residence tine of the system The nodel predicts
that nmini num D3C concentrations occur at internediate hydraulic
residence times, about 5 10 days. Hgher DOC concentrations at
shorter hydraulic residence tines (HRT) occur because | agoon-
derived D3C has not had adequate tine to degrade, while higher

D3C concentrations at longer HRTs occur because plant-derived
DAC accumul at es.
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Hdrauic Qaracterization of the Tres R os Wtland
Research Calls

Whlike engineered concrete-t ak structures (eg, drada daifies)
were flow characteristics can be carefuly contrdled, achieving
desirabl e flow characteristics in wetlands can be problenatic. Hug
flowis theoreticdly the nast ef ficient hydrauic systemfor achieving
pdlu ant renoval (Tchobanogl ous and Schroeder 1985). Achi eving
true plug flow neans that a parcel of water noves through the sys-
temwth no mixing In redity, no reactor truy achieves pdug flow
because dispersion spreads the plug out as it noves through the
system but wetlands can be designed to approxi nate pl ug-fl ow con-
dtions. FHrst, Gites (1994) recomends | ength:wdthraics uypto4 1
Second, the inclusion of deep zones that transect the | ong tud nal
axis of the wetland help to remx vater that has becone channel i zed
in shallow zones wth enmergent vegetaion This channelization
causes short-circuiting in shall ow zones; deep zones tend to remx
vater and naintan pugflovcodtions. Third, separating the vet -
lad ino dstinct cdls dso hdps to nsintan pugflow condtions.
Brenif the individua wetland cells were conpl etel y nixed, near-pl ug
flow conditions for the overall systemwould be approxinated wth
for o nare cdls in series (Tchobanogl ous and Schroeder 1985).
The ef fect of deep zones on wetland hydraulics was examined in
the experinent d vetlad cdls a the Tres Ros Wetland Denonstra-
tion Roect (Witner 1998). Each cell was 1200 nf wth a 21
length:wdthraia There were four design configurations: no internal
deep zones, one deep zone, two deep zones, and three deep zones.
There were three cells having each configuration, for atatd o 12
adls Al had hydradic lcading rates of 8 3 cniday, resutingin HRTS
of 4.1 days (for zero deep zones) to 5.1 days (for three degp zones).
Bronmde tracer was added to each of the experinentd cdls ad
brommde was analyzed in the ef fluent over a two-week period. Bo-
mde recovery curves (FHgure 8) were analyzed to determne
hydraulic characteristics of each cell. Bonde recovery was poor,
presunabl y due to plant upt ake (Witner and Baker in review, but
tracer curves still alloned the conput aiond e fective HRTs (the pant
at which 50%of the recovered bromde passed through the outl et
var). The ef fective HRT varied wth the nunier of deep zones (H g-
ure 9). For the cells with no deep zones, the average neasured HRT
was only 2.2 days (conpared wth atheoretical HRT of 41 days). The
measured HRT increased to 3.6 days (conpared wth a theoretica
HRT of 5.1 days) for cells wth three deep zones. Mst of the increase
in neasured HRT cane fromthe inclusion of one deep zone; add -
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tional deep zones had | esser ef fed s. In sunmary, a concl usi on drawn
fromthe hydraulic tests is that the indusion of a lesst oe o tw
deep zones inproves the hydraulic performance of treatnent wet -
lands, but additiona deep zones do little to inprove hydrauic per -
f or nance.

Laboratory Smulation of Soil Aquifer Treat nent

DOC Renoval During Infiltration

Two soil's were collected bel owthe root zone near the US Mxi can
border in Nogal es, Aizona, at sites that are viad e recharge | ocati ons
near the Santa Quz Rver: Gilabasas Park (P sal) and Ko
Springs (KSsal). The soils were sieved to renove patides geder
than 4.75 nm and both were characterized as sandy | oam based
upon the US Departnent of Ayicdtue sdl dassificaion KS sal
had a hi gher organi c carbon content (4.5 ngQgsoil) than the CP Kl
(28 ngQgsail). Each soil was packed into separate |aboratory plex-
igass counms (8 cmlong x 7.6 cmdiam) a a porosity simlar to
field conditions. Lagoon ef fluent fromthe NWP cd | ected biveekly
was passed through the soil col unms by gravity (1 cmhydrauli c head)
and collected twce over a seven-day period. During the second
seven-day period the columms were alowed to dry. This approach
simil ated the wet-dry cycling comonly used in full-scal e SAT sys-
tens to naintan high perneability during vetting cycl es.

The DOC of columm influents (lagoon ef fluent fromthe NWP
ranged from12 to 20 ng/ L. Net DOCrenoval represented a bal ance
between renoval of |agoon-derived DOC and leaching of initia soil
organi ¢ carbon. During 65 weeks of operation the perfornance of the
simil ated SAT soil colunms were narked by three periods of per -
fornance for DOC renoval : a ripening period (weeks O to 12), an
acclination period (weeks 13 to 35), and a naturation period (from
veek 36 ovard) (H gure 10).

Dring the ripening period (weeks 0to 12) infiltration rates declined
from14 L/week to 2 L/week as soils became saturated and a bi ol og-
i cal schrut zdecke bi of i | mdevel oped. DOC concentrations exiting the
col unms were between 4 and 8 n/ L, representing average renoval s
d 25 40% Net D3Crenoval was lower in the KS soil col unm than
inthe @Psoil coumm, probably because the KSsoil had a higher ini -
tial organic carbon content and nay therefore have |eached nore
DaCinto the so ution than did the G col unm.

Dring the acclination period (weeks 13 through 35) infiltration
rates gradual |y declined to less than 0.5 L/week. DCrenoval st &i -
lized at 66%renoval for the QP soil and 40%renoval for the KSsail.
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Snce the KSsol had alarger fraction of finegrained naterid (41%
conpared against the Psal (23%, less vater infiltrated through the
KS soil. DOC loading (BCC concentration nultiplied by infiltration
volung) vas therefore loner for the KS soil coumm. Average DOC
removal was 2 ng/L for the P soil codum, but only 0.9 ng/L fa the
KS sdl. The sigificat dfference in observed DOC renoval per -
fornance between the two soils was attributed to variations in the
fraction of organic carbon and percent age of fines.

The naturation period (weeks 36 through 65) was characterized by
very low, yeat steady, irfiltraion raes ad costant DOC renoval .
Average DOC concentrations exiting the P and KS soil col unms
vere 3.7 and 5.8 ng/L, respectively. SWA increased from between
1 and 2 m(ng/L)* in the vastevater being applied to the sal
col umms to an average of 4.2 mt(ng/L) *inboth of the @ and KSsail
colum ef fluets The increase in SWVA represented a preferentia
renoval of non-aromatic D3OG such as carbohydrates and other |ow
nol ecul ar wei ght conpounds.

To siml ate wtharawal of groundwater and chlorination for pat able
use, water exiting the soill coumms was colected and chiorinated to
determne trihal onethane fornation potentials (THMP). In this
experinent, THMFP vas determined using a high level of free chlo-
rine (51 chlorine to DO) and a seven-day reaction period \ste-
vater entering the colum had an average THMFP of 508 gL
THMFPledsine fluent that hed irfiltrated through the sail cd unms
vere nuch lower: 220 g THVFP/ L for the P colum and 344 ng
THVFP/ L for the KS colunm. However, the reactivity of DOC (reec-
tivity = g THMP/ ng DOC) of ef fluent fromthe soil coums (70 g
THWP/ g DOC for the CP colum and 68 g THWP/ nmg DOC f or
the KS cd um) vas higher than the reactivity of the influent (34 g
THVFP/ mg DOC). The reactivity of the DOC passing through the soil
ca unm was therefore about twce as high as the reactivity of DBCin
theirfluet. Infiddaicaios, sigificatly loger floypaths and in
situtreatnent tine woul d be available for continued renoval of DOC
Therefore, the resuts of this work presert a worst-case scenario for
SAT treat nent.

In the above work, lagoon ef fluent was passed through the soil
col unms. The soil col unms ef fectivel y renoved | abi | e (bi odegradabl €)
DCC If the lagoon ef fl uent had been passed through a wetland treat -
nent systembefore reaching the soil infiltration counms, the nature
of the DT entering the soil col ums woul d have been dif feret. As
shown above, constructed wetlands are capabl e of transforming the
DOC podl, resulting inless bidogically degradable DACin the ef flu-
et thanintheinfluet (Hmey et d. 2000). Incressing the nonladile

101



The US Mxican Border Environnent

Houre 11: Shenatic of a Wetland Gonpl ex Designed to Trea
Wastevater and Provide Widife Htt &

Note: The conpl ex incl udes a plug-fl owwetland, which treat s the vaste-
vater, surrounded by pool s and associ ated riparian veget @aion Asnall flow
woul d be nai nt ai ned through these pod to prevent st agnation. A veget ated
channel woul d be dry during the sunmer, providng nesting hebit a& and
food. Dring the wnter, the channel would be used as part of the treatnent
system providing additional carbon for denitrification

fraction of D3C has been shown to decrease net renoval of DOC
during SAT (Dreves and Jekel 1998). Thus, in the proposed | owtech
trestnent train, nuch of the labile DOCin the | agoon ef fl uent woul d
al ready have been renoved in the wetland before it reached the SAT
system We would therefore expect to observe lower net DOC
renaval during soil infiltrationinthe ful-scde treatnent systemthan
vas observed inthis experinent, but the net result would still be DOC
intherange of 35 nyLintheirfiltraed vaer.

Hdrodogc Adysis For the Lse of H fluent at the NWP

For the ef fl uent-domnated rivers of the Southwest, rechargi ng vaste-
vater ef fluent to aguifers rather than dschargng it to vatervays
could reduce river flows during the sunmer |owflow periods. To
address this question, a hydrol ogic ana ysis was conducted to deter -
nne whet her recharging vastewater to sites | ocated upstreamaof the
NI WI'P, rather then dschergmng it drectly to the Sata QGuz Rver,
woul d reduce river flows downstream (MSparran 1998). Hydrol ogi c
nodel i ng conducted wth MIDFLONshowed that groundwater |ev-
ds inthe Sta Quz Rver below the NWP were declining and
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would continue to decline due to overpunping, even if the NWP
cotinued to d scharge to the river. MIDFLONwas used to simul ate
the e fect of dverting & fluent fromthe NWP to ae o three sites,
eechinadfferent alwia subbasin the Kno Springs subbasin, the
Hghway 82 subbasin, and the Buena Vid a subbasin. S nmul ations
show that diverting NWP ¢ fluent fromriver dscharge (the curent
condition) to aguifer recharge (proposed) at any of these sites has no
d fect on downstreamnonitoring well's, indicating that there woul d be
no inpact on the flowdf the Snta Guz Rver. Waer leds in the
aquifers upstream fromthe NWP wu d increase as the result of
artificid recharge (MSparran 1998).

Qality and quatity of input det alinted the accuracy of the hydro-
logic nodeling. Spdficdly, MSparran (1998) found that MIDFLON
sinol ations were very sensitive to the val ues used for hydraulic con-
ductivity and recoomended that field studies be conducted to nore
accurately determine hydraulic properties of the aguifers in the
regon Asecond ngjor limtaionwvas therdidility o pupinginfor -
nation, particularly downstreamfromthe NWP. Frdly, suface d e-
vations used in the nodel were derived fromwvell el evation dat g
nuch better surface contours could be devel oped using Dgitd He-
vation Mdel (CH\V) dat a, wichwvas not availade a the tine

The nodel devel oped by McSparran coul d be used for other vater
resource issues. For exanple, it coud be used to predict the ef fedt o
new punpi ng vells, determne the best location for punping vells,
and predict the ef fect of nore conpl ex ef fluent di scharge/ recharge
scerari s.

Design Qonsiderations for a Low Tech Systemto Treat
and Reuse \Wastewat er

Result s fromthis study point to severa considerations in the design
and operation of conponent s for a lowtech systemto treat and reuse
wast evat er .

Perated Lagoons

The n@jor role of aerated lagoons is to provide tine (and oxygen)
af ficient to oxidize organic natter (BID). For systens adding wet -
lands and SAT systens to existing lagoons, nodification of |agoon
operation to naxinnze nitrification would be an inport ant consi dera-
tion. Greraly this would invove inproving the aeration system
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Qonstructed Wt ands

Ntrification appears to be a key linting factor in Nrenova in vet -
lands, particuarly in the sunmer. Ntrificaionis praedy linted by
oxygen transport, so nethods to increase nitrification rates generdly
invd ve increasing oxygen transport to the water. There are three
approaches to doing this: (1) increase the surface area of oxygen
transport, (2) decrease the depth of the water, o (3) use photaosyn-
thesis to supply oxygen. For nitrogen renoval, the required hydrauic
resi dence tine of a wetland recei ving | agoon ef fluent would be con-
sideradly reduced if the influent to the vetland vere dready nitrified
Wing the sequential nodel of nitrogen transfornations di scussed
exlier inths dgpe, Grke e d. (inrevie)y predcted that ritrifica-
tion of the lagoon influent woud inprove tot al Nrenova ef fidexy o
the Kingnan wetland from32 66%in the wnter and from64 97%in
the surmer.

For nany vetlands, denitrificationis likdy to be limted by carbon
supply, & lesst inthe wrier. Snce the carbon used in denitrification
is provided by vetland plant s, increasing the supdy of plant nateria
voul d probably increase the denitrification rate and i nprove overa |l N
renoval ef fidexy. The supply of plant naterial coul d be increased,
expanding the size of the wetland, however, this woud create add -
tional water loss through evaporati on and might increase DOC con-
cetraios. Adf ferent approach would be to grow grasses and ot her
veget ation in dryland channel s adjacent to the nain wetland. These
channel s woul d be dry during the sunmer (wWth occasiona irrigation
tosupply the pant s wth required vater) and then fl ooded during the
wnter, becomng part of the trestnent system The veget ati on woul d
then be a sorce of carbon for denitrification This systemwoul d not
increase overall water laoss by very nuch, since evaporation rates in
the wnter are low

Abroader consideration in the design of wetland treatnent systens
istheinegaion of widife ad trestnent functions. Mintenance of
puyflov codtios is hgly desirade for efidet vae qdity
i nprovenent. However, plug-flow wetlands wth dense energent
veget ation have linted widife value, serving nainy as a source of
food (high-protein seeds) and as a nesting site for a fewspecies. Hg-
ure 11 shows how auxiliary channels and wetland ponds nmight be
inegated into atreatnent wetland The auxiliary channel s woul d be
dry during the sunmer, providing nesting sites for ground-nesting
birds. Inaddtion, they wvoud be planted wth veget ation that woud
provi de food and cover for widifeinthe sumer (e g., Japanese nil -
lé). Then the channel s woul d becone part of the treastnent systemin
the wrter, providing additiona carbon supply and surface area
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Wetland ponds surrounding the main wetland channel would
include nesting islands, submergent veget ation for dabbling ducks,
and shoreline veget ation (e.g, wilons, cottomoods) to atract shrub
and tree-nesting birds. Asnall anount of ef fluent fromthe trest nent
channel would be recirculated through the pond systemto prevent
vater in the ponds from becoming st agnant. This water would go
back through the treatnent channel before bei ng di scharged.

Qich a systemwould provide efficient treatnent wth nini num
evaporation, while providing a highrquality riparian hebit at, novrare
inthe arid border regon. O a sufficiently large scd e (hundreds of
acres), such a wetland could becone a najor feature of the |and-
scape of theregon. THsisparticdarly true for the Nogd es area, wth
is proxinity to the fanous Aizoma sky island bird sanctuaries and
ango nmgration flyway. Sich a wetland night al so generate signif -
i cant i ncone fromecotouri sm

Recharge and SAT

The decision to recharge wastewat er should be nade wth consider -
aiond its inpact onthe regional hydro ogy. @ particda cocernin
the arid border regonis the potetia inpact of rechargng ef fluat to
aqufers rather than dschargng it to rivers viere it sust ars riparian
ecosystens. MSparran (1998) denonstrates the application of a
regional hydro ogic nodel for naki ng such decisions in the Nogal es
aea Athough the concl usions are sonewhat tent aive duetolinted
Ceta it gopears that rechargng dl o the ef fluent fromthe NWP
vaud have little ef fect on flows inthe Sinta QGuz Rver. MSparran
dsopedcts that current rates of well punping downstreamfromthe
NI WP vwoul d cause further declines inthe aguifer over tine. For the
Nogal es region, as well as other border areas, water nanagenent
decisions should be nade wth the support of hydrol ogic nodel s.
Athough sinple in concept, such nodels require extensive dat a
imt. The devel opnent of dat a bases on well punping, aquifer and
surface el evations, hydraulic conductivies, and other aspects o the
systemare the linnting factor in using hydrd ogi c nodd s.

With respect to SAT systens, the key design feature is to al |l owsuf -
ficient travel tine through the vadose zone to provide adequate
treatnent of DOC nitrate, and pathogens. A reasonabl e suggestion
is to provide one year of travel tine through the vadose zone and
aquifer prior to wthdravd. Genical disinfection a the well head
vwoul d be required before the vater woul d be safe for nunicipd use
However, persistence of high DOC levels could produce [BP levd s
that exceed health guidelines and regulations. Therefore, it wou d be
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advant ageous to bl end recharged vater wth native groundvater (I ow
D3) prior to recovery and disi nfection.

CONCLUSI ONS

Alowtech systemto treat and reuse vastevater is feasible, a |east
wth respect to treatnent of BO) nitrogen, D3G and pat hogens.
Traditional aerated lagoons provide ef fective renoval of BID and
suspended sol i ds. Wtlands provide additiona renoval of these con-
gituat s, but thenasinrde of wetlands is nitrogen renaval . A sequen-
tid noded of nitrogen transfornations for wetlands, cdibrated to the
Kngnan wetland, is nore appropriate for sizing wetlands in this
region than singe-paraneter nodels calibrated in other regons.
Increasing the rate of oxygen transfer to the water woul d increase
ntrificaion rates ad, therefore, woud incresse overdl nitrogen
renoval rates in the sunmer. Inthe wnter, increasing the supy of
organi ¢ carbon woul d increase denitrification rates. Pathogen reduc-
tion occurs in both the lagoon wetland and the SAT system yet the
SAT systemis necessary to reduce pathogen concentrations to very
low levels. Mchanisns of pahogen renoval include filtration,
adsorption, and predation. The SAT systemwoul d al so reduce DOC
to acceptable levels via long-term sust ai nabl e bi odegradati on
processes. Recovered water woul d have to be disinfected upon wth-
draval for nounicipd wse

M integrated approach to providng wetland treatnent and widife
hehit at has been devel oped. A wvetland conplex, as illustrated in FHg-
ue 11, located in a regon were vetland and ripaian hebit as have
largely been destroyed, nay have substantia ecdogica and eco-
nomc benefit s that shoul d be eval uated further.

Hdrd ogic andl ysis shou d be incorporated into a feasibility anay-
sis o ay e fluent recharge system Hydrol ogic noedel ing indicates
that recharge of ef fluent fromthe NWP would not af fect groundwa-
ter levels inwells belowthe NWP a ong the Sant a Guz Rver, sug-
gesting that flons would not be seriously adtered The use of hydro-
logic nodeling would be very useful for a wde range of wvater
nanagenent issues al ong the border. The key linting factor is det a
input for these nodd s.
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