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Water Issues along the US Mxi can
Bor der

Paul Wsterhof f

Sust ainabl e rural and urban prosperity a ong the border between the
Lhited States and Mxico depends on the availability of suitade
vater supplies. Agicdtura irrigation requires large vo unes of vater
dring certain periods of the year, and the sat content nust be | ow
enough (< 1,000 ng/L) to prevent danage to plant roots. Irdstrid
nanuf act urers, such as of fshore assentl y i ndustries (nagui | ador as),
need vater for comercial applications (e.g., cleaning, processing,
and cooling water). My border conmunities are experiencing rapid
popu aion gronth, wiich wll provide labor for intensive agicuture,
naqui | adora industries, and cross-border work, increasing the
denand for industria water resources. Lhpl anned urban settlenent s
(coonias) are growng quickly and do not have adequate infrastruc-
ture or safe donestic water supplies. Increased popul ation growh,
irrigation return floms, and industria/donestic vestevater flovs
i npact downstreamwat er users and ecosystens on bot h sides of the
bor der . This nonograph conpri ses summaries of five studies of the
US Mxican border region that aid in underst anding border water
issues and pose patentia strategies for sust ai nabl e border devel op-
nent .

PopuL AT 0N GROWT H

Devel opnent in the border region has occurred prinarily near areas
wth surface vater supplies. The border region conprises an area
that extends approxinately 100 kmon either side of the border. Fg-
ue 1 illustrates the US Mxican border region and its river sys-
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Figure 1: Major River Systems of the U.S. Mexican Border
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tens. FHgure 2 present s US counties and Mxi can nunicipios in the
border region. Gties wth the highest popul ations and naquil adora
densities are located along the Ro Gande and Tijuana Rvers, bath
of which flowyear-round. In sone areas, such as Nogal es, Aizona,
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and Nogal es, Sonora, rivers rarely flow due to the over-punpi ng of
goundvater vells (e.g, Santa Guz Rver). Such epheneral rivers
flowonly during sust ai ned wnter rains or intense sunmer NONSOONS.

Tables 1 and 2 show the popul ation and rate of popul aion groath
for US counties and Mxi can nunicipios along the border, respec-
tivdy. In 1995 approxinately 10 mllion peopl e lived a ong the border,
wth 55%in the Uhited States and 45%in Mexico (I nfonmexus 1996) .
If the current rates of popu ation gronh continue, the border popul a-
tion wll dode in 25 years. A portion of the popdation of Mxicois

Tddel Taa Population (1995 and Gowh Rate (1990 1995) for
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Tdde2 Taa Population (1995) and Gowh Rate (1990 1995) for
Mexi can Muni cipios along the US Mxi can Border
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enployed in naquiladora industries, but nany nore peopl e have
also noved into colonias along the border. Gowng popul ati ons can
have a detrinent d inpact on vater quality, yet requre a sust ainabl e
suppd y of safe drinking vater.

WATER CONSUMPTI ON PATTERNS

The increase in popul ation along the border nay resuit in a shiftin
curent vater use fromagricutural irrigation to donestic and indus-
trid gicaios. Grretly, irriggaionvae weis sigificatly lager
than domestic requirenents; however, the denand for nunicipéd
vater treated for donestic and industria applications is increasing
(see Qapter 2). Furthernore, donestic drinking water requires
higher vater quality st andards than does irrigation applications. The
anount of water treated to provide for donestic, public, and com
nercia usesis gererdly reportedinliters per capit a (person) per day
(Ipcd). Hgre 3illustrates per cgoita vater use for US counties and
Mexi can nuni ci pios a ong the border. The average water consunp-
tion dong the border in the Uhited States (615 Ipcd) is 41%greater
than that in Mxican border nunici-pios (435 Ipcd). Water consunp-
tionis cardaed wth the st andard of living, and as the st andard of

Fogue 3 Rr Gpita Witer ke for US Qounties and Mxi can
Mini ci pi os al ong the Border
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living increases in Mxico, water consunption wll increase as well.
Aplying the US and Mxican water consunption rates to the tot &
border popul ation in 1995 would result in an annual water consunp-
tionrae (noirrigation) of L3x10°m¥yr (L1mllionacrefest/yr) ad
0.76 x 10° m*/yr (0.61 mllion acre-feet/yr), respectivdy.

DovesTl ¢ WASTEWATER

Aproxinately one-half of all vater treated for donestic and industri al
applications is conveyed through sevage treatnent plants. Sewage
cont ai ns hi gh concentrati ons of pathogens (virus, protozoan), organic
natter (BD naterial), and nutrients (nitrogen and phosphorous).
Bith sides of the border suf fer frominadequate civil infrastructures
wth which to convey wastewater fromhouseho ds and industries to
a centralized location for trestnent. Wdere insuf fidet irfrestructure
eis's, inadequate on-site vastevater treatnent (eg., surface dis-
posd o sgxic tanks) can lead to surface or ground water cont am -
nation. In some@ border conmunities where sewage is collected,
vastevat er treatnent occurs wth lowtech, | owcost systens such as
lagoons or wetlands. In other conmunities, sewage pipe infrastruc-
ture does not exist and sewage enters surface water supplies as
runof f, impairing dowstreamwvater quality. Wth apropriate pan-
ning, treated vastevater fromthese systens can be safely used to
irrigate nonconsunptive crops (Chapter 5 or used to augnent
depl eted groundwat er aquifers (Gapter 6). Therefore, treated wvaste-
vat er shoul d be considered a val uable coomodity in the US Mxi -
can border region.

AGRI CULTURE

In addition to the naguil adora industries, agricutural water denand
domnat es the annual water usage, especially along the Ro Gande
Rver (Gapters 2 and 3). As vater is applied to crops, dat sdretly
utilize approxi nately 50%to 70%aof the water through evapotransp -
ration or bionass production. Wile sone nutrients aet aken up by
thepats, nost of thedssdvedsdidsinthe vater (e.g, sodum cd -
cium chloride, sulfate) are concentrated in the renai ning 30 50%of
the veter nat wilized by thepdat's, and dssdved sdid sdts concen-
trate in the pore vater beresth agicdtud fidds. SHts wll mgae
into the groundwater, pedfdtae in the sals, o leach into suface
vaters as irrigaion reaun flos (Geper 3. Irrigation practices
therefore cotribue sigificatly to incressing sdinity, o tad ds-
sol ved solids (TD5, in downstream groundwater and surface water
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aquifers. My types of plant roots cannat tderate igh sdinity lev-
ds. SHinty guddines aso exdist for sat concentrati ons in donestic
and industria source waters due to hedth effaxs (eg, sufae
causes darrhea), taste ad dstribution issues (sdts predptate and
clog pi pes and equi pnent). Long-termsalinity nanagenent wll be an
incressingy sigificat issueinthe border regon

WATER QUALI TY

Wile the availability of vater for various uses dog the border is a
najor issue for sust arddlity, adsdinty-rdaedvae qaity dteri -
oaionis akey concern for agricuture, vater quality energes as the
nost significant environnent d health issue in cdonias in the border
region. Both chenncal and microbial water quality issues pose heath
concerns. The World Health Qrgani zati on has guidel ines regarding a
large suite o inorganic (eg, nitrate asenic, nercury, fluridg leed
copper, radoudides) ad arganic (e g, pesticides, fertilizers, petro-
| eum product s) cot aminant s. Qui del i nes have al so been devel oped
to protect against microbial pathogenic waterborne diseases (e.g.,
typhoi d fever, hepditis A dardiasis, cryptosporidosis, chorera) due
to pathogeni c virus and protozoa (Ghapters 5 and 6). The frequency
of waterborne di sease out breaks associ ated wth microbia cont am -
nant s i ncreases duri ng wvarmweat her conditions (Gaun 1988), thus
placing surface vaters in the border region a a high risk duri ng nany
nonths of the year. In nany arid regions, punping groundwater in
close proxinity to surface waters creates a direct connection
between groundwater and surface water supplies. Chemical and
nicrobia cont aminant s can readily nove through such connections
and present significant health risks associated wth drinking ground-
vater. Mny of the chemical cont amnant s pose long-term chronic
heal th risks whereas microbi a pat hogens pose significant short-term
acute hedthrisks. Thus, nanagenent of risk fromwater quality con-
tamnation nust include protection agai nst both chemical and nicro-
bd cotamnants

In summary, nany regions aong the border have histarically relied
upon both groundwat er and surface water supplies for drinking water.
Sone water supplies have becone cont amnated by a high salt con-
tent or other chemica cont amnation. Qher aguifers are being
punped at rates greater than natural groundwater recharge, resulting
innonsust ainable nmining of groundwater, and utinatey inpacting
riparian ecosystens. Therefore, sone conmunities are shifting from
groundvater to surface vater supplies. During periods of prol onged
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drought, regional surface vater supplies wll have to be bal anced
between irrigation requi renent s and donestic/industria needs.

SUMMARY

The followng chapters address in nore det ail general issues regard-
ing the quantity and quality of water in the US Mxican border
region. Mst of the chapters address the st atus of vater quaity inthe
border regonasit rdaestothe availdility of vater for various uses.
The folowng is a summary of the focus of each of the chepters inthis
nonogr aph:

'Gapter 2 addresses the availability of water aong the Ro
Gande and the inpact of upstreamreservoir operation on
downstreamvater quality (predomnantly salinity).

'(hapter 3 establishes a linkage anong surface water flows,
vater uses, ad regod aqifer wate quity in the H
Paso G udad Ju/Eez region.

Chapter 4 present s resuts frama study of ranfdl ruxdff the
enters surface vaters in the Tijuana Rver watershed ad its
i npact on microbial cont aminati on based upon | and usage.

Chapter 5 considers vater quality, ad det alls animovative |ow
cost systemcapabl e of safely di scharging and reusi ng dones-
tic vestevater in Qinaga, Mxico, for irrigation of fast-growng
trees that can provide fiber and energy.

1Chapter 6 describes a sustainable, lowcost natural treat nent
process for vastevater that protect s hunan heal th fromwat er
qaity cotamnation and mininzes detrinentd inpadt s to
ripari an stream ecosyst ens.

Without considerabl e research, planning, and nanagenent of water
along the border, serios cofliads regarding water resources and
vae qaity wll devdop It isespecidlyinport ant to underst and the
issues rdated tothe availability of vater inthe border regon, includ-
ing the patertid to reuse irrigation return flows and treated vaste-
vater, as well as the inpact of urban devel opnent on water quality.
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Water Issues aong the Ro Gande
Hephant Buitte Reservoir: AWae
Quality and Qantity Assessnent

Garles D Turner

ABSTRACT

Water issues are invariaby contentious because of the val ue of vater
adits scarcity in the Ro Gande Basin. The nanagenent of water
resources is nainly concerned wth two inport ant aspect s quantity
and quality, bath of wnichvary over tine. This article provides an hi s-
toricad overview, dating back 50 years, of releases from Giallo
Reservoir and storage in Hephant Buitte Reservoir. Hstaicd dwver -
sions by vater users ad historical vater quality issues, such as
«dirity, are presented graphically. A perspective of the past, curet
trends, ad inplications for the future are presented.

INTRODUCTI ON

The 100 years between 1900 and 2000 have brought trenendous
change to the upper half of the Ro Gande Basin. In 1900, the Mx-
ican governnent was contesting reduced flows in the Ro Gande
(Ro Bavo) at Qudad JufEez, (hihuahua, to the US governnent.
Mxican and US farners were unable to irrigate land that had been
receiving vater for decades. A the sane ting, 500 niles to the north,
settlersinthe Sn Luis Valley of southern @l orado near the head-
vaters of the Ro Gande were developing privately funded irriga-
tion ddridas as fast as possible. In New Mxico, between A bu-
querque and Las Guces, spring flooding along the Ro Gande was
an and irritation for farners. (The spring floods, hovever, were
part of the process that provided arichad dverseriparianhadit & fa
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vildife) As aresult, Hephant Bitte Damwvas proposed just prior to
1900. The proposed damwoul d store spring runof f rer Truth or Gn-
sequences, New Mexi co, thereby providing water for reliabl e sunmer
irrigation rel eases and preventi ng downst reamfl oodi ng. Private funds
were not available to construct the dam and the US Bureau of
Reclamation (UBBR did not yet exist. Hwever, the US Qngress
supported water devel opnent for agriculture because it viewed farm
ing as the preemnent tod in settling the vest.

The UBBR which was created in 1902, conpl eted construction of
Hephant Bitte Camin 1916 and continues to operate the facility for
porer gereration and for vater deliveries to the Hephant Bitte Irri -
gation Dstrict (BD and the H Paso Gunty Wter | nprovenent
Dstrict (EFOND. The damhas a storage capacity o 206 mllion
acre-feet *and a generation capacity of 28 MNof hydroel ectric pover .
The USBR conpl eted CGaballo Dam 40 kil oneters downstream of
Hephant Butte in 1938 to capture and store wnter power generation
rel eases fromthe dam Below Giballo Dam all the way to H Paso,
the Ro Gande is largely channel i zed, i.e., straightened and bounded
by flood contrd levees. Mst of theriparianhebit at has been repl aced
wth irrigated fidds, indudng the hedtat of the silvery ninnon, an
endangered species that reflect s thetroided ecdogca staus of the
rive. Hephant Buitte Reservoir provides irrigation vater for 178 000
acres in New Mxi co and Texas, wth return floss irrigating an add -
tional 18,000 acres in Hidspeth Gunty, Texas. Agicdture still on-
tras the vast najority of the vater along the Ro Gande, despite the
fact that the econony is domnated by urban industries. Ayicudture
enpl oyed only 14,000 (1. 7% of the 820,000 person workforce and
generated $268 ml lion (1.06% of the $25 hillion incone in the Upper
Ro Gande basin in 1993 (Nem and MGuckin 1997). H ephant
Butte Damproduced approxi natel y 102 mil lion kil onatt hours of el ec-
tricity in 1999, which a seven cet s per kilonatt hour woul d be val -
ued a $7.1 mllion 2 The econonic power of nunicipditiesis shom
by the transfer of vater into nnicipd ad indwstrid uses. The H
Paso vater utility is swtching fromgroundvater to sust ainable Ho
Gande surface water by purchasing right s framagicdtud irrigation
ddgrias A thetun o the century, nost peode lived in rura aress,
whereas today nost live in cities. (hanges are being driven by the
trenendous increase in the popul ation of the region and the nove-
nent fromrura to urban conmunities.

Qe other inport ant variabl e has entered the vater equation: salin-
ity. For the loner part of the Uper Ro Gande basin, sdinity has
becone nearly as inportant as water quatity. SAinity is nessured
bytaa dssdved sdids (T0H. The headwaters of the Ro Gande

10
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cotain less than 50 ny L d TCO5 releases from Hephant Butte
Reservoir contain approxinately 300 ng/L, and flons in the Ro
Gande at H Paso during the wnter nonths cont ain 1,600 ng/L. The
T5 drirking vater linmit in Texas is 1,000 ng/L and the recom
nmended U S, EPA secondary linit is 500 ng/L. TDS concentrati ons
inthe Ro Gande at H Paso are directly inpacted by upstreamirri -
gtion retun flos. As B Paso swtches from groundwater to Ro
Gande surface vater, axflid saecataintoarise betveenirrigaas
and downst ream users.

PopPuL ATI ON

The H Paso G udad JufEez region popul ation has grown fromless
than 60,000 in 1900 to over 2 million today. The population is pro-
jected to clinb to approxinatel y 6 mllion by 2050 as shown in Hgure
1 H Pssoadone curently at 650,000, is projected to growto approx-
inately L8 mllion by 2050. The popul ation of Doea Ana County, New
Mexi co, which includes Las Guces, was 155,000 in 1994 (CERV
1998). This grothis occurring in a desert region that recei ves 20 cm
o rafdl andly, yet adl of these comnities tout gronh and pro-
noteit a every opportunity.

st ai nabl e devel opnent is a buzzword that attenpt s tod stingush
quality gronth, especialy concerning suf fic et veter supdies. The
cities of H Paso and QGudad Ju/Eez are intinately connected com

Fgwe 1 Popuation Trends for the B Paso G udad JuAEez Region
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nercially, altudly, and geographically. Maquladoras tie bath cities
toget her economical ly. Qltudly, bath cities share a 400-year history,
wth nany fanmlies in H Paso having strong famly ties to Mxico.
Geographi cal ly, the two cities are connected because they share the
Ro Gande, as well as theregion s two nain aquifers, the Hieco and
the Msilla bd sones. As aresut, Gudad Ju/Eez s prgected popul a-
tion of 35 mllion for the yer 20680 wll have a drect inpact on H
Paso. Witer usage rates between the two conmunities vary greatly,
wth Gudad JufEez using approxi nately 340 liters per capita per day
(I'pcd) and H Paso using 643 Ipcd in 1999. The H Paso Wae Uili -
ties Departnent hopes to reduce water use to 605 Ipdc in the year
2000. ®

Rio GRANDE COMPACT

The Ro Gande Gonpat & fet sthe s ates of ol orado, New Mex-
i Texas, and Chi huahua (Mxico). The conpact ded s wth the por -
tion of the Ro Gande drai nage basin above R. Qitnan, and forns
the basis for vater allocation by lav The R o G ande Conpact Comt
mssion was created to equitady alocate water to the three US
$ ates and Chi huahua, Mexi co.

Inthe 1890s, water short ages began to occur al ong the R o Gande
inthe Msilla and H Paso vall eys. Peopl e near G udad JufEez began
to conplain to the Mxican governnent. In response, the Mxican
governnent filed a claimagai nst the Lhited States, asserting that the
vater short age was due to increased diversions fromthe Ro Gande
in @l orado, New Mxico, and Texas. In 1906, a treaty wth Mxico
vas reached that entitled Mxico to 60,000 acre-feet annual ly, to ke
delivered from Texas. To ensure delivery, Hephant Bitte Dam wth a
capacity of approxinately 2 million acre-feet, was constructed in
1916. Wth water denands increasing in l orado, New Mxi co, and
Texas, a conmssion was forned of appoi ntees fromeach st ate and
one federal represent ative to study the vater supply in the area ad
todlocate vater tothe st ates invdved They concl uded a conpat in
January 1929 (Gark 1987, HIl 1968).

Later, on 28 xtober 1935 Texas sued New Mxi co, citing that New
Mexia had vio ated the terns of the 1929 conpact by inparing the
vater supply in Hephant Bitte Reservoir through increased diver -
sions and increased st cotet in the river, and that these actions
vidaed the rigt sd Texas water users as set out by the SQuprene
Qut. As aresut, thenpresident Franklin D Roosevelt requested an
investigation of the situation, and upon conpl etion, the Ro Gande
comnmissioners net to negotiate a new conpact on 27 Septener
1937. These negotiations resuited in the fomlation of the Ro

12



Water Issues a ong the Ro Gande H ephant Butte Reservoir

@ ande Conpact Gmission of 1938, which incl uded a set of deliv-
ery schedules and requirenents fa the three states (Gark 1987).
The delivery schedul e stipuates that 790,000 acre-feet are to be
rel eased annual |y fromH ephant Butte for use by New Mxi co, Texas,
and hihuahua. In order to guarantee this release, during a year of
typcd rud f, @Goadbisreqiredtoddiver onethird of thetad Ro
Gande flowto Hephant Butte. This anount increases to 50%in wet
years and reduces to 20%in dry years.

New Mexi co s delivery requirenent s are as fdlovs: the st ate nust
contribute 60% of the Ro Gande flow passing the Qow bridge
above Abuquerque. Howat this bridge serves as the index st dionfa
determining deliveries south of Hephant Buitte, and is neasured at
the San Mrcial gauging st ati on above H ephant Butte Reservoir. The
requirenent is 80%in wet years wth no requirenent for vater deliv-
eies a the loner end of the scae (Gark 1987).

Texas is required to deliver 60,000 acre-feet to Mxico in accor -
dance wth the 1906 treaty. The quantity of vater availade for usein
the H Paso Gounty Water Inprovenent Dstrict (BFOND and the
Hudspet h Gounty nservation and Recl amation O strict (HIRD of
Texas are less precisdy defined.

The states of lorado and New Mxico do not need to strictly
adhere to their delivery requirenent s each and every year. Hwever,
the conpact does set limts fa dits ad credits. New Mexi co nay
not be charged wth nore than 150,000 acre-feet in any one year, @
ata a of 200,000 accrued acre-feet. Smlarly, @ orado has a debit
lint of 100,000 acre-feet in any one year and an accrued debit of the
sane anourt. Inthe case of over-deliveries, or credits, the maxi num
anout that either state nay clamin any year is 150,000 acre-feet.
Aso, the anout of credit wll be reduced by the anout of the spill

Table 1. Wdea Alocations fromH ephant Bitte Reservoir

Ham WD KB Maxicn Tatal
Wurcs tight woiry 39,514 50,640 15840 | 1P
Perexot of ol nys .5 11% 100%
Diettveerd ur head garec

whan £52.000 wors-fust 217,000 of | 205,000 8 | 53,300 of | 555,400 of
arc smalable Far releas

Diecbireiead xt bead gutes o
yeurs o full ; 550,00 of | 475,000 of | 60,000 of | 195,000 of

Source: US Departnet o Interior (1980).
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Houre 2 Hephant Bitte Storage
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fromthe reservair, and no credts can be clained in the year of any
swchsall.

The agreenents of the conpact are nuch nore specific than
$ated above and include nany nore provisions for the debit and
credt of vater. Despite continued controversy over vater use, the Ro
G ande Conpact has acconplished what it was designed to do,

nanely, to eqitady dlocate vater for use by each state (CERM
1998, HIl 1969).

Fgure 3: Gaballo Rel eases Versus Ta d Dversions
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Source: USBR dat a
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Fogre 4 Annual Dversions fromthe Ro Gande bel ow H ephant
Bitte Reservoir
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Foure 5 Quulative Ro Gande Water Wsage for BPW
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WATER STORAGE, USE, AND SALIN TY

Asummary of the water allocations fromH ephant Butter Reservoir
isshownin Tddel The EBDis responsible for vater deliveries in
New Mexi co fromH ephant Butte Dam and the BPOND has sini -
lar duties in H Paso Qunty in Texas (Mbsel ey 1970). Wae ddiv-
eries to Mxico are nade at the Acequi a Madre headgate in d udad
JuEez. The dfferece intata deliveries between years of |inted
supply and full supply is approxinately 360,000 acre-feet of water.
(Ayear is considered linmted in supply when onl'y 492, 000 acre-f eet
o vater are availade for release.) This is very signficat, espe-
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cialy as mnicipal water supplies becone nore dependent on the
vater fornerly used for irrigation

Water storage levels in Hephant Bitte Reservoir have varied dra-
natically since the 1950s, as shomn in FHgure 2. Beginning in 1979,
the volune of water in storage on Mrch 1 increased dranatically
over the previous 30 years. This increase in storage tramslates to a
high degree of certainty for ful-supply deliveries to head gates during
the irrigation season. Vien 200,000 acre-feet are in storage on
Mrch 1, head gate ddliveries are usua ly close to the full -supd y sce-
nario shomn in Table 1 and confirned in Hgure 3. Fgure 3 includes
the average reuse factor, which was determined by dividing Gball o
Reservoir releases by totd dversias. The average reuse factor
between 1950 and 1996 was 1.18. The reuse factor since 1980 has
been hi gher than the | ong-termaverage.

Dversions fromthe Ro Gande between Giballo Reservoir and
HIFD are shown in Hgure 4. Dversions by EBD are fol | oned by
BPOND HORD, and Mexico at the Acequia Mdre. Bringing up
the rear isthe H Paso Waer Uility (BPA). Athough the anount of
the diversion for BAMW seens insignificant by conparison, there has
been a narked increase since the early 1990s. This incresse reflect s
the EPW s plan to increase uwilization of Ro Gande water as a
renewabl e resource. Hgure 5 shows the exponential growth of H
Paso s cumil ative water use since 1950. The R value for the expo-
retid fit tothedtainFHgre5is 097 The exponential growh of
Ro Gande vater use clearly illustrates H Paso s increasi ng depend-
ence on the Ro Gande for water. H Rwso stdal water denand
i ncreases every year despite decreasing per capit a use, because the
rae of popuation ggovth is higher than the rate of declining per

Fore 6 Yexly Average TB5in the Ro Gande at H Paso Staion
E. .

e N
N EROMIBIVACAS LN .

P

Source: |B/AC (1931 ).
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Hogure 72 Ro Gande TDS in Wt Years (1942, 1966, 1987) and Dy
Years (1954 57, 1964, 1972, 1978)

i

LPEFEYRIL 4

= T M b My b M by By Oz e e W
|~ =

Source: |BAC (1931 ).

cgitauwse Inaddtion H Pasois being forced to decresse it s use of
aquifer vater due to declining vater tades and sdinization

B Paso currently has 300,000 nf/d of surface water treatnent
capacity split evenly between two surface water treatnent plants
These plant s treat surface water during the irrigation season, which
begns inlate February and ends in early Qtober. The EPWJ want s
to bring these dat s on-line earlier in the year and shut themdown
laea, eventually operating themthroughout the year. In addtion the
BPWis currently working on the design of a new 300,000 ni/d sur -
face vater treatnent facility that would be located near the New M-
i Texas border a Anthony, Texas. The city of Las Quces, New
Mxico, is aso considering the use of Ro Gande water to suppl e-
net its groundvater resources. The trend is obvious. Minicipdities
are swtching to the Ro Gande as a | ong-termsust ai nabl e resour ce
as agquifers decline and becone nore saline.

Sinity is acotentious issue. Slinity reduces the econonic use-
funess of water in every inst ance, wether for agricuture or nunici -
pa use UWfotunately, nearly every use of water increases sainity.
Muni ci pal use increases salinity 200to 300 ng/L as it nakes the tran-
sition fromnthe vater suppy in the dstribution systemto treated
vastewat er. This hes littleinpact since | ess than 10%0of water usage
isfor nonicipa andindustriad useinaridregons. Haure 4 shows that
the BAW has diverted approxi natel y 50,000 acre-feet per year in
recent years. In 1999, 53,000 acre-feet were taken fromthe Ro
Gande. Tdad agicdtua dversios are 10 to 20 tines this anount.
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Fgure 8 Helds near Hatch, New MXi co

Irrigation has a dranatic inpact on salinity because 85 90%aof con-
sunptive vater useis for agriculture as shown in Fgure 4. Wth each
gicaion sdts are concentrated, as approxinately hal f of the water
islost through evapotranspiration, wile addtiod sdts are | eached
at o thesal pdile

The annual average TS concentration in rel eases from H ephant
Butte Damis approxinatel y 300 ng/ L, while the annual average TDS
concentration at the H Paso Station is approxinately 1000 ng/L, as
shomn in FHogure 6. The | egal naxi num TDS concentration i n drinki ng
vaer in Texas is 1000 ng/ L. TDS concentrations for January through
Decener for selected wet years (1942, 1986, and 1987) and dry
years (1954 1957, 1964, 1972, and 1978) are shown in sequence in
FHgre 7. The inpact of successive dry years is shown when | ooki ng
a the years 1954, 1955 1956, and 1957, which are st acked one
behind the other. The TCB concentrations during the wnter nonths
are extrengly high during each of these years, and the TDS during
sunmer nonths gradual |y increases for each succeeding year of
drought. The TO5 concentrations in wnter nonths increase to nearly
4000 ng/Lin 1956 ad 1957 as aresut of the drought that st artedin
1954. FHelds such as those shown in FHgure 8 near Hatch, New Mex-
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iocg suf fer decreased productivity when TOS increases and urban
areas have to consider the use of nenforane desalination.

CONCLUSI ONS

 Popul ation growth and the predominance of urban econon cs
indcate that vater transfers fromagricutura use to urban use
wll cotine

Water is available to support urben gronth as long as it can be
transferred fromagricutural use to nonicipa ad indstrid
USes.

' Yearly average TS concentrations in the Ro Gande shown in
Hgwe 7 ae drectly inpacted by drought, but appear to
renain const at overall. Hgh wnter season TDS concentra-
tions limt water use duing this period. Increased use and
resse of water in upstream netropolitan aress like A bu-
querque, New Mxico, are likdy to slody increase the salt
| oad del i vered downstream

Reriods of drought pose the largest challenge, not only because
of reduced vater quantities, but a so because of the increased
sdintyinthe availdde vater supy.

 The need for urban areas to have surface water deliveries 12
nont hs of the year wil gradual |y change the | ong-termdynam
ics o theriparian system

 The riparian ecosystemw || conti nue to degrade because of the
pressures of urban growth and nore intensive wat er-use prac-
tices. Qly najor ef fat s and significant investnent wll change
ths

B Paso has supported its goah by uwilizing a large pat o the
available fresh groundwater in the Hieco Bolson. Ths agifer is
gradual |y being exhausted. Hans to inject treated Ro Gande wat er
intoths aqufer wil nake it into a storage reservoir far seasod o
drought use, dependi ng on nanagenent deci sions. As the Lpper Ro
@G ande basi n system becones nore and nore intensivel y nanaged
and devel oped, perturbations such as drought or clinate change will
have significat inpad s The extent and nagnitude of these inpat s
shoud be studed in order to better understand the ef fed s o ar
growh and nanagenent decisions on the environnent in which we
live
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NOTES

1 land units and water volunes in the Lhited States are conmonl y
neasured in terns of acres. Qe acre is equal to 43,560 square feet,
whichis equvalent toasquare parce of land approxinatel y 209 feet
on each side. The anount of vater used to irrigate one acre of land
to a depth of oe foat is cdled an acre-fodt. An acre-foot cont ai s
325,851 gal lons of water,or 1233.5 cubic neters. Qe cubic neter of
vater contains 2642 US gdlons. A acre of cottonrequires three to
five acre-feet during a growng season. A famly of four using 200
gocd of vater during a year will use 0.9 acre-feet of vater.

2 For nore infornation regarding the Hephant Butte Dam see
<http://vwwv wsty . gov/ pover/ dat & sites/ @ ephant >

3. For nore infornation regarding B Paso usage rates see
<http://www epnw. org . >
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Surface and Gound Wate Inerac-
tias
H Paso dudad JuAez Region
John VWl ton and Gegory nl nacher

ABSTRACT

lon concentrations and flowrates in the Ro Gande neasured a H
Paso reflect a strong interacti on between surface and ground wat ers.
The interaction occurs as irrigation vaters are goplied to fid ds wth
shal l ow groundwater, retunng to the river in agicitud dars.
Strong seasonal cycles are apparent in flow and water chemstry
cased by irrigation patterns. Sumer water rel ease | eads to hi gher
flons and inproved vater quality. Wrter floms prinarily represent irri -
gationreturn flowvand are of lover quality. Mitiyeasr cydes reflecting
clinatic cycles are aso aparet inthe data Ehwpirical evidence is
presented suggesting precipit ation of cal ci umcarbonate and cal ci um
sufaeinfid .

INTRODUCTI ON

Gowh of the H Paso G udad JuAEez netropolit an areais increasing
the denand on the availabl e freshwater resources of the area Inthe
H Paso area, the increase in vater use is drectly coreaed to the
increase in population (FHgure 1). Population pressures have
increased water usage, even wth the water conservation neasures
inplenented in the 1980s. B Paso and Qudad Ju/Eez prinarily use
groundvat er frominternont ane-basin agui fers to supply their needs.
However, duing the past 10 years, H Paso has increased it s usage
of water fromthe Ro Gande. Based on 1994 dat a, H Raso obt ai ned
%o its water supply from internont ane-basin aquifers in the
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Fgure 1. Relationship between Popul ation Gowh and Water se
for H Rso, Texas
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Source: Rebuck et al. (199).

Hieco and Mesilla bol sones (Fgure 2) and 44%cane fromthe Ro
Gande (Rebuck et a. 199). Repeated usage of river vater for irri -
gation between the headwaters and H Paso has degraded the qual -
ity of the veter by incressing the sdinity. Dring periods of high ds-
charge, the vater quality neet s vater st andards and can be used by
H Paso. However, during periods of |owd scharge, includ ng the non
irrigation season (Qrtober March) and droughts, the sdinty
increases to the point that the vater is no longer usable for donestic
pur poses.

Goundwat er used for nunicipa purposes cones fromaguifers in
the Msilla and Hieco bol sones. Four aquifers, referred to as the
shal | ow, upper and | oner internediate, and deep aquifers, are recog-
nized in the sedinent s of the Msilla B son (N ckerson 1989). These
aquifers are recharged by the Ro Gande, irrigation cands, water
spread on agricutura fields, and groundvater flowfromthe La Msa,
New Mexi co, region. The Ro Gande is a losing stream(a zone of
groundwat er recharge) where it enters the north end of the Msilla
Bol son near Radium Springs (Fgre 2). Tradtiadly, the Ro Gande
was a gaining stream (a zone of groundvater discharge) where it
exited the south end of the Msilla Bidson near H Paso. This patern
has becone nore conpl ex and seasonal |y variabl e because of irri -
gation and nuni ci pal water usage.

The quality and quantity of recharge from surface water and
goundvater flow contrd the quaity of the water in the shalow
aquifer beneath the Msilla Bilson. A strong hydraulic connection

22



Surface and Gound Witer Interactions

Houre 22 Shaded Relief Mp of the Area Qurrounding H Paso,
Texas, and Qudad JukEez, Chihuahua (Dgita Hevated

Not e: The area of the shaded relief nap is shown as a bl ack box near H
Paso on the inset nap. The Msilla Bol son stretches from Radi um Springs,
New Mexi co, to B Paso, Texas.

eists between the surface water and the shallow aguifer. Ve
nass bal ances for the shall ow aqui fer show annual cycles of draw
down and rebound rel ated to irrigation practices (Updegraf f and (il -
har 1978). Hbwever, recharge to the shalow aquifer beneath the
Msilla Bol son appears to be keeping pace wth water usage (Her -
nandez 1978, Peterson et al. 1934). Gurrent water-use practices con-
trd sdintyinthestdlovagifer. Rver veter isgopdiedtoagicdtud
areas were the salts are concentrated by the high evapotranspira-
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tion raes cheracteristic of this semarid regon Addtiod sdts are
added to the vater due to the weathering of mnerals inthe soil. The
overd| sdinity of the shdlow goundwater reflects the bal ance
between applied irrigation water, evapotranspiration, and | eakage of
vater fromcanals. Wier curetly lesking fromirrigation cads is
not wasted as is commonly believed rather, it gays an inport at
rdeinreducing the salinity of groundwater inthe shall ovaquifer.
The bracki sh groundvat er fromthe shal |l owaguifer is discharged into
theirrigation drains and flovs back into the Ro Gande. This leads to
an inresse in the sdinty o the river veter as it flos through the
Mesi |l a and Hieco bol sones (Hernandez 1978). Additiod ly, punpi ng
inthe internediate and deep Msilla Bilson aquifers has af fected
groundvat er flow by causing the dowmard migration of bracki sh
groundvat er fromthe shal | owaqui fer. The mgration of this vater wil

Houre 3 Dscharge inthe Ho Gande at H PRaso
Flowr

1

*The seasons in Fgures 3 6 are represented as nuniers between 0 and
1, were 0is January 1 and 1 is Decentoer 31

Note: Wite regons ontherigt side of graph represent tines wen dis-
charge dat aare lacking The generalized H Nae tenperature range i s rep-
resented as a sdid line bel ow
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eventual |y cause degradation of the internediate aquifers (VAton et
d. 199. This study docunents and anayzes the relationship
between the vater quality, discharge, and source waters of the Ro
Gande in the H Paso area

WATER CHEM STRY AND DI SCHARGE TRENDS ON THE
Rio GRANDE

The approxi nat el y 60-year record of discharge for the Ro Gande at
B Paso is shown in Fgue 3. Hgher discharges are shown in the
darker shades. Severa trends energe fromthe dat a. D scharges are
generaly greatest during the irrigation season wen water is
rel eased fromH ephant Butte and Giball o reservoirs (Fgure 2). The
irrigation season extends (approxi nately) fromMrch to Gtober and
voul d have seasonal val ues of about 0.17 to 0.83 (Hgure 3).
Mitiyear variadios inprecipitaionaedsoviside as verticd ligt
and dark bands. DCarker vertical bands represent vwetter years, while
ligter vertica bands represent drier years. The dark band in the early

Fgue 4 Qnductivity inthe Ro Gande at H Paso
by Year and by Season

L] n L m

Not e: Gnductivity can be used as a surrogate for sdinity inthe river.
Hgher conductivity values are related to higher salinity va ues.
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Fgue 5 loride Gneentrations in the Ro Gande
a H Paso by Year and by Season
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1940s represent s a period of high precipit @aion A severe drought is
evident during the md- to late-1950s. The drought s and wet peri ods
shown in FHgure 3 can be conpared wth the B Nap tenperatures
fromthe southern Pacific Gean. H Nae tenperatures are cl assified
as warm neutral, and cold and are shown as high, mdd e, and | ow
val ues, respectively, as denonstrated by the line a the bottomof Hg-
ue3 The multiyear variations of discharge appear to have conpl ex
rdaioships wth the H Nae tenperature variations. Sone of the
vet periods appear to fdlowtransitions fromwarmto neutra or cdd
B Noo tenperatures. Droughts tend to occr af ter tramsition from
colder H Nao tenperatures. Huwever, exceptions to these patterns
are observed.

Gnductivity of Ro Gande vater is related to the discharge of the
rive. Houre 4 shows the observed conductivity of the Ro Gande by
season and year. nductivity of the river vater increases wth the
concertration of dssoved saltsinthevater and, as such, is an ama-
logfa sdinty. Gnductivity is lonest during the irrigation season and
increases during the wnter nonths. During the wnter, dscharge in
the river cosists predomnartly of irrigation return flows, wich are
domnat ed by bracki sh groundwater fromthe shal | ow aquifer. Thus,
discharge and vater quality during nost wnters represent an inte-
grated picture of the groundvater quartity and quality in the shall ow
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Houre 6. Bcarbonate inthe Ro Gande at H Paso by Year

and by Season
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aquifer for the entire regi on between H ephant Butte Reservoir and H
Paso. Mst years the sdinity of the vater inthe wnter istoo high for
donestic use. The drought inthe 1950s is visible as a darker vertica
band and the vet period in the 1940s is visibe as a ligter vertica
band in Hgure 4

(hl oride concentrations behave anal ogously to conductivity level s
intheriver. Houre 5 is the abserved chloride concentration in Ro
Gande water by season and year. Qiloride concentrations are
higher during the wnter nonths and during drought s when nore of
the dscherge intheriver is fromtheirrigaion dars. The drought in
the 1950s is evident in Fgure 5.

The variation in bicarbonate concentration (H3X;) is nore com
pex (Hgre 6). Ntice that the variadlity of bicarbonate is less than
the variability of chloride. Seasondl variations in bicarbonate concen-
tration are evident. Hcarbonate levels drop in February and Mrch at
the beginning of the irrigation season and i ncrease i n Sept enber and
Qtober a the end of the season. This nay indicate a change in
vater source for the river fromreservoir rel esses associated wthirri -
gation to brackish groundwater discharge fromthe shall ow aguifer.
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Foure 7: lon Miss Rations (S0,:Q, MG, add &x Q) as a
Function of Gnductivity
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Not e: Hgher conductivity values indicate periods of | over d scharge.
Decreases in the ion nass ratio for cal ciumand sulfate for high conductivity
va ues ind cates the precipit ation of cacite (G@3) and gypsum

The nul tiyear variations associated wth wet-dry clinatic cycles are
not as visible in the bicarbonate concentrati on dat @, suggesting con-
certrations are noderated by so ubility cotrds.

Fogue 7 pas the observed ion nass ratios for sulfate (S0,:@),
sodium(Nx @), and calcium(CGx @) to chloride as a function of vater
conductivity for the recorded period As discussed above, the higher
conductivity waters are associated wth periods of lowd scharge. In
Houre 7, the higher conductivity values and, correspondingly, the
lover discharge are to the rigt of the gaph. Gloride is used as a
tracer of evaporative concentration of the waters because it patid -
pates in few chenica reactions. Notice that the ratio of sodumto
chorideinthe vatersis not heavily influenced by the conductivity of
the water. In cotrast, the ratio of caciunto ch oride decresses by a
factar of fiveadtheratio of sufate tochoride decresses by afactar
o tw as the conductivity of the water increases in Hgure 7.

The vater chemistry trends suggest that cal ciumcarbonate is pre-
dptainginfieds dring periods of lowvd scherge. Recipitaiond cd -
cium carbonate (CGaQd;) in cocetrated vaters (and potentialy
sone dissoution during higher water years) would explain the
observed cal ciumto chloride ratio and the attenuation of variation in
bicarbonate ion. The sulfate trend suggest s thet, to a lesser extent,
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preciptation of caciumsufate as gypsum ( CaSOu*2H,Q occurs in
fidds. Redptation of calcium carbonate and calcium sulfate
decreases the anount of cal ciumin sol ution wthout af fecting sodi um
concentrations, thereby increasing the sodium adsorption ratio
(Rchards 1954), wichis acriticd factar far the qaity of irrigaion
vater. Witer wth high sodi umabsorption rati os can cause the break-
down of certan clay nnerds.

DI scussi oN

A nuniber of nanagenent decisions are likely to influence the quan-
tity and quality of vater flownginthe Ro Gande in the fuwe Rop-
uation gronth upstreamfromB Paso, in New Mxi co and Gl orado,
vill imitably lead to increased water denands. Bven wth water
reuse and (or perhaps especialy wth upstream vater reuse) the
sdinty o thevaer flowng dowstreamis likdy toincrease wth tine.

B Paso is currently considering placing an inperneable lining
along the base of some canals from Hephant Butte and Giballo
reservars to the loner Msilla Vdley. This would provide a year-
round source of higher quality surface water to H Paso. However,
reducing the cand leskage wll tend to increasse the sdinity of the
shallow groundvater and irrigation return flons. This codd further
degrade the quality of the Ro Gande and eventual |y danage the
quality of the interned ate and deep Msilla Bl son aquifers.

Another potentia water nanagenent strategy for the Msilla Va-
ley, which has not been attenpted, would be to apply excess irriga-
tion vater during high vater years at the end of the growng season.
This woud ted to periodcdly flush the sdts from the shalow
groundwater. The shallow groundwater is the prinary source of
recharge for the Msilla Bolson aquifers used extensively for water
supdy by the city of H Paso. Lovering ion concentrations inthe shal -
low aquifer would serve to protect this valuabl e resource into the
future as well as | ower downstreamconcentrations of ions inthe Ro
Gande during | owwater years.
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Qal ity of Uban Runof f inthe
Tijuana R ver Wt er shed

Rchard M Gersberg, Ghris Brown, V ctor Zantrano,
Karilyn Worthington, and Caniel Was

ABSTRACT

A sanpling programwas conducted to assess the quality of runof f
associated wth a variety of land uses inthe Tijuana Rver wat ershed,
abinational river basin onthe US Mxican border. Greraly, nat &
concentrations in sanples cdlected during the first tw to four hours
d rudf (early storm were higher than those in sanples collected
24 36 hours into the rain evert (late storm. A nat abl e exception to
ths pattern vas observed for the site on Tecate Geek, where level s
of cadmum chromum copper, axd nickd were higher in the lae
stormsanple. This is possibly due to the point source d scharge of
vast evat er ef fluent fromthe Tecate Mini ci pal Wastewater Treat nent
Hat just one nle upstream A the industrid site, cocetraios of
lead and zinc in sanples of early-stormruncf f fdl in the 8&h pe -
certile range (8xth percetile for copper) of a US indwstria rundf f
Cet aset (Lineet d. 1997). Qher urban land-use sites (including resi -
dential and conmercial) were generally conparable to the 9Q0th per -
centile values for vet-weather runof f in an urban watershed of Los
Angel es unty. The resul ting dat a suggest that nonpoi nt source pol -
[uion arising froma variety of lad uses inthe Tijuana Rver vater -
shed Wil cotinue to enter the Tijuana Estuary and near-shore ocean
during wet weather, arguing for basin-wde vastewater and storna-
ter managenent in this urban wat ershed.
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INTRODUCTI ON

For decades, rawsewage fromthe city of Tijuana, Mxico, has fl oned
irnothe Tijuana Rver and across the internationa border into the
Tijuana BEstuary. This probl emhas worsened in recent years wth the
subst atid gonh of Tijuaa s popd ation, along wth the intensive
industrial devel opnent associated wth the naguil adora program(in
bond nanufacturing and assenbly plants) in Mxico. Athough dis-
charges fromthe Tijuana Rver watershed account for only a snall
percent age of ta al gauged runof f to the Southern Glifornia coest &
ocean, it cotans the highest concentrations of suspended sdlids,
@, G, N, Pb, Zn, and R®Bs anong the eight largest creeks and
rivers in Southern Gilifornia (SCOMP 1992).

Ny of the water quality prodens in the Tijuana R ver watershed
aedetodffuse, nonpoint sources of pallution and, as such, nay be
addressed nore ef fectively a ong vat ershed lines. Mnaging natural
resources on a watershed basis of fers a geographic context wthin
wichtheinteractions of land, vater, and hunan activity can be non-
itored, assessed, and understood. Nonpoint pollution processes,
such as stormnater runof f, aeineeatly dfficdt tonodd duetothe
tenporal and spatid copledty o pdlu ant |oading and hydro ogi cal
processes. Such nodeling generally requires organizing and pro-
cessing large amount s o spatialy referenced dat a To acconpl i sh
this, a geographic infornation system (GS nay be linked wth a
hydro ogica urban runof f nodel and |and-use-specific vater quality
dtato estinate the nass emssion of sel ected ant hropogeni ¢ pol | u-
tat sinothe Tijuana Bstuary. Wfortunatdy, no cat a curetly exdst
on the vater quality cheracteristics of rundf f inthe Tijuana River
vatershed. The objective of this study was to generate such | and-
use-spedfic vaer qeity dat a for the Mxican portion of the Tijuama
Rver vatershed, includng industrid, residentiad, comercia, and
opentland sites, as vell as Tecate Qeek. In addition, we conpare the
vater quality a thesesitestothat inthenainriver dringranevet s
and to stomater quality of simlar landuse sites in the Lhited
States.

METHODOL OGY

Seven sites were sanpled in the Tijuana Rver vatershed: two in the
Lhited States (Ganpo and ottonwood G eeks), and the remai ni ng
sitesin Mxico (Fguwe 1). The specific geographical coordinates for
these sites were deternmined with a gl obal positioning system(GS
receiver, and vere then incorporated into a GSfar further analysis.
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Fgure 1. Witer Quality Sanpling Stes
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Determnation of Land-Use Types wthin Each
Qntri buti ng Subbasi n

To del i neat e whi ch | and-use types were present wthin the subbasins
upstreamfromthe sanpling points, we used nodeling al gorithng in
owr GSsoftvere, adgta eevation node (OB, and the | ocati onal
cet a of the sanpling sites to generate boundaries of the subbasins.
Spdficdly, the GRRDnodul e of the Arc/Info G S was used to exam
ine a (BMfor the Tijuana Rver basin to nodel the direction ad
accunul ation of surface vater floms for each grid cell. The resuting
flow direction and accunul ation dat a forned the basis for a stream
netvwork nap for the ertire basin. Then, each sanpling point s |loca-
tion was placed exactly on the streamnetwork and a further series of
algorithns was run that incorporated the accunul ation dat a in arder
to generate the specific boundaries of the contributing subbasins
above each of the sanpling point s These subbasi n boundaries were
then overlaid wth land-use dat a for the larger vatershed to deternine
the conposition of the land use wthin each subbasin. The | ocations
of these sites in the watershed are shown in Fguwe 1 and are
descri bed bel ow

Open- Space Stes

Two sites, which drained nostly rural and undevel oped subbasins,
vere sanpled to characterize this land use. The first site, Ginpo
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Qeek inthe Lhited States, isjust wpstreamd the city of Tecate, Mx-
ico, and is 88%undevel oped. This reach of the river runs through a
sparsely popul ated, predomnantly agricutura rura area and flons
ino Tecate Geek, a nain tribut ay d the Tijuana Rver. The ot her
site, on ttomood Geek, is located directly under the State H gh-
vay A bridge and drains a region that is nostly undevel oped (92%,
wthlimted agicdtud adivities.

Residertia Jtes

Two sites were sanpled to characterize this type of land use. The
first, GonaBena Vida liesinan aropo thet dams afarly lage
residetid aea o Tijuana near Qay Msa. This site is nearly 100%
resicetid lad usee The olonia Buena Vida extends along the
length of the channelized Tijuana Rver and is conprised of two set -
tlenent s of lowincone famlies. The second site, located in Gisen
Od Zaines, isanaroyothat drains alarge residentid area of south-
vestern Tijuana, and then enpties into the Ro de | as Pal nas branch
d theriver. Residential and use conprises about 30%of the devel -
oped | and-use area of this urbani zi ng subbasi n.

Indstrid Ste

Thssiteliesa thefoodt o Qay Msa, and drains a rather snall sub-
basin (Qay Msa) that is anost entirely developed (98.5% wth
naqui | adoras industrial facilities conprised nostly of assenbly and
nanufacturing plant s. Mquiladora plant s are foreigromed facilities
that had initialy used | ower-priced Mxi can | abor to assentl e goods
frominported conponents, however, cureatly, NAFTA has al | oned
nany of these plants to be ful-scde prodution fadlities. Industries
located & this site include Njpro, Mt sushit g Hit adi, Tabuchi H ec-
tr ica Tocabi, Sanyo, Santom, and Energy Labs.

mmercial Ste

This site is on a large stormater channel that drains a nain com
nercia center close to the Tijuana Rver. The site is located on
Aveni da 20 de Novientre in the col onia (nei ghborhood) of the sane
nang, a the intersection of severa inportat trasit rades: Bwd
Daz Odaz, Bvd Bentez, Bvd Agua Gliente, Paseo de los
Hdoes, and Glle F. C Sonora. G the devel oped | and-use area at
this site, conmercial use account s for about 40%0f the tat &

Tecate Geek Jte

Tecate QGeek lies just belowthe urban area of Tecate, Mxico, (acity
of 90,000 inhebitats) adis anga tribuway o the Tijuana Rver.
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Tecate has narginal sewage treatnent and disposal infrastructure.
This site is located approxinately one nile downstream from the
Tecate Minicipal Wastewater Treatnent Hant. It drains a very large
subbasi n of 39, 660 hect ares, which is 81. 5%nondevel oped. The two
naj or |and-use categories are agriculture and residential, conprising
9.5%and 3.8% respectively, d treta a land-use area of this sub-
besi n

CGhemcal and B ol ogica Anal yses

Atda of seven stormevent s were sanpled at Lindbergh Held, San
Dego, wth the dates of each stormand the tatd anout of precip -
tation given below. Three events were sanpled during the
1996 1997 rainy season: 21 23 Novenber 1996 (4.3 cm), 15 17
January 1997 (0.53 cm), and 10 12 Mrch 1997 (< 0.25 cm. During
the 1997 1998 rai ny season, four stormevent s were sanpl ed: 24 25
Septenber 1997 (2.0 cm), 26 27 Novenber 1997 (1.0 cm, 9 10
January 1998 (2.9 cn), and 14 15 February 1998 (2.9 cn).

Qrface water grab sanples were taken twce during each storm
event once wthin the first tw to four hours of the storm's inception
(early-stormsanpl es), and once again a an interval of 24 36 hours
dter thefirst sanple vas t aken (I ate-stormsanpl es). An exception to
this regine was the coomercial site (Septener 1997 and Noventoer
1997 events) ad light industrial site (January 1998 and February
1998 event s), which were sanpled on four occasions during the
above rain event s

Al sanples were hand ed, preserved, and anal yzed according to
the Standard Methods for the Exanmination of Water and st evat er
(APHA AW WA WPCF 1989). Stormmater sanples vere filtered (for
dissolved netd adysis), ad the filter vas then dgested for tat &
netd amdysis. Bih particuate and dissoved net a concentrations
vere anal yzed by graphite furnace atonic absorption (G-A4 using a
Perkin-H ner S MPA G000 AAwth Zeenan corrector . The exception
vas for the analysis of Zn, where flane atomic absorption spec-
trophotonetry (Perkin-Hner Mdel 2380) was used because of the
rdaivdy highlelds o thsneta. Qality assurance/qua ity contrd
(QYQ for netas analysis included duplicate ana yses, bl anks, and
¢ andard additions to stormater sanples consisting of both dis-
sol ved net al spikes, and particdate net d spkes (inthe famd asal
¢ andard addition). Statistica analyses conparing netd leds
anong | and-use sites and for early- versus |ate-stormsanpl es vere
done using the Studet s T-ted.
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Figure 2: Cd Concentrations for Early- and Late-Storm Events
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Figure 3: Cr Concentrations for Early- and Late-Storm Events
e

1y

m

N Easly T O Lawr Eerem

Gk}

REsuLTS AND D1 scussi oN

This study was conducted to characterize the metd leds in
stormnater runof f fromavariety of latuse sitesinthe Tijuana Rver
vatershed. During the 1996 1997 rai ny season, precipitationwves rd -
aivdy ligt, wth only 17.5 cmrecorded a Lindbergh Held San
Dego, from1l Getober 1996 through 31 My 1997. Fom1 Crtober
1997 through 31 My 1998, precipitation vas rdaivdy high wth
42.7 cmrecorded. The precipit ation for each stormevent sanpled is
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Figure 4: Cu Concentrations for Early- and Late-Storm Events

Ekﬁhﬁﬁ

Induerid Commereld Dodderdd  Otus Sparx Torwe: Capde
B Exly Bnem O Lt Kl

Figure 5: Pb Concentrations for Early- and Late-Storm Events
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given in the nethodd ogy section. Due to logistica constraint s asso-
ciated wth sanpling in Mxico, there were no neasurenent s nade
of streamflow vol une when sanpl es were t aken.

Man concentrations (n =7 for industriad and residentia sites, ad
n=>5fo residentia and open-space sites) o taa netds fa ealy-
and late-stormevents are shown in Fgures 2 7. Mta concentra-
tions in stomaters of the Mxican portion of the Tijuana Rver
vatershed vary considerably anong the followng circunst ances:
during the course of a stormevent, fromevent to event at a gven
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Figure 6: Ni Concentrations for Early- and Late-Storm Events
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Figure 7: Zn Concentrations for Early- and Late-Storm Events
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site, and fromsite to site depend ng on land use. Suich dif ferences in
cocatraios aearesut o vaiaiosinranfdl cheracteristics, df -
fering vatershed features that of fect rudf f quatity ad qaity, ad
vaidility in uben ativities. Grerdly, the early-stomnet d con-
catraios far the sites inthe Tijuana Rver watershed were higher
than the late-staomva ues, this pattern reflecting vat is generdly
terned the first-flush phenonenon. Levels of QJ, G, axd N foud in
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theresidetid sites vere signficantly higher (p<0.05 inealy-stom
sanples as opposed to late-storm sanples. Addtiodly, fa the
industrid site leveds o Qinthe early-stomsanples vere sigifi -
catly higher (p <0.05 thaninthe |late-stormsanpl es. Hwever, due
tothe reativdy snall nunber of sanples (and the high variation of
netd levds wthin a gven staomevert), oher tenpora dif ferences
vere not found to be st aigicdly sgificat.

The term firg flueh was coined to describe the phenonenon
vhereby high pol | ut ant concentrati ons are ooserved during the initial
$ages of arunof f event, decreasing as the event progresses. The
variaioninqaity dring an evert can be exdained by rdaingit to
the transport cepacity of the rundf f flon The potentia capadty to
tramsport pdlu at s is significantly reduced once the hydrograph peak
isreached Theresut istha asigificat fraction of the nass | cad of
aninsdudepdluant canbe renoved by arelatively snall fraction of
tretad rud f vdue (Giffing d. 198). Amtade exceptiontothis

Tdde 1 Toxic Heavy Metal Qoncentrations (ng/L) for Nationwide
U ban Runof f Programand Tijuana Rver Wt ershed
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* NURP val ues are 90th percentil e event nean concentrations (US BPA
1983).

firg-flish pattern was observed for Tecate Qeek, where totd leds
of @, G, G, and N inour late-stormsanpl es vere higher than for
the early-stoomsanples. For N, the late-storm sanple on Tecate
Qeek shoved the highest value (226 ppb) anong all of the sites
(FHgre 6). The presence of continuously el evated levels of these
toxic heavy net dsin Tecate Geek, a najor tribut ay of the Tijuana
Rver, issurprising due tothe rather undevel oped nature of the vater -
shed, but is probably due to the point source discharge fromthe
Tecate Minicipa Wastevater Treatnent Hant just upstreamof our
sanpling point. This fact, couled wth our findng of raher continu-
ous loading of net ds a thissite (wWth no dsservad e first-flush ef fet)
suggest sthet Tecate Geek is a significat contributor to net d |ced-
inginthe Loner Tijuana Rver watershed and estuary. Inadition the
Ste n Tecate Qeek consistently shoned the highest level of tot &
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dissoved sdids (T anong a |l of the sites tested, wth a nean TDS
concentration of 1300 ng/ L as conpared to 782 ny/L, 752 ny/L, and
297 ny/L for open-space, residetia, ad indstriad sites, respec-
tidy. Ufortunately, najor anions and cations were not neasured in
this study.

To the best of our know edge, the present study represent sthefirg
tine that dat a have been published on the quality of stormmaters in
the Mxican portion of the Tijuana Rver watershed The EPASs
Nati onw de Wban Runof f Frogram(NURP) identified toxic net ds as
the nost prevdent priority pdlutats found in urban runof f in the
Lhited States (US HBHPA 1983). The toxic netals |ead, copper, ad
Zincvereidetifiedin 91%of the sanples. Qher inorganic palut at s
detected were arsenic, chromum cadmum and nickel (US BPA
1983). For the toxic heavy netals Fb, Zn, and Q), the 90th per -
centile concentrations of the NNRP det a for specific land-use cate-
gories are shown in Tdde 1

The nean levels of each netd fo each lad use in the Tijua-
naR ver watershed, obtained by averaging the early- and late-storm
vdues for dl o theranewets, ae asoshownin Tabe 1 Wile
stoomevent sanpling is not entirely equivalent to the evert nean
concentrations (BMD given by the NRPdet a, it does provide a use-
ful benchnark for conparison purposes. Vien nean val ues for our
early-stormand | ate-stormevent s (Tabl e 1) are conpared to the 90th
percentile NLRP values, there was a general agreenent (wthin a
factor of 2.5) anong all |and uses except open space

Conparing neta levels between land-use types, the industria
land-use site shoned the highest level for Zn only, wth a nean | evel

Table 2 Rercentage of Tda MtdsinStormater Runof f
Associated wth Hiterable Particu ate Mtter
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d 1150 ppb. Zn levds a the indstria site vere sigificatly higher
(p<0.05 than a any of the other sites tested. Hwever, fa C, @
and Fb, the residentia |and use shoned the highest level s, wth nean
levels of 73 ppb, 101 ppb, and 231 ppb, respectively. This is sone-
what surprising since there are a nuniber of eectronics firns a the
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industria site that night be expected to be significant sources of net -
als such as copper. Wen netd levds vere staisticdly conpared
anong the | and-use sites, only open space vas signficatly df feret
(p<00 fromd! oher laduwse sites, for dl netds tested For the
open-space sites, theleveds o Fhad Zninthe Tijuana Rver water -
shed were less than 5 %(< 10%for Qi) of the 90th percentile NRP
va ues. The reason for this signficat dscrepancy is unknown, but it
does suggest that the relative cotribution to the loading of net ds
fromthe nonurbani zed area of Tijuanais probably even | ess than one
mght surmse fromNRP ¢t a d oe

Inorder tolend addtiona perspective tothe data inan atenut to
assess the degree to which the lack of anindustria pretreatnent pro-
gramin Mxico influences the quality of stormmaters, we can comt
pare these dat a to that of Line et a. (1997), which neasured the
vae qeity o first-flush rundf f from20 industrid sites inthe Uited
States. These authors found nean levels of Fb, Zn, and Qi were 82
ppb, 593 ppb, and 116 ppb, respectively. QGxresponding levels of
these sane net dsinou early-stomrundf f sanples far the industriad
land-use site in Mxico were 199 ppb, 1412 ppb, and 129 ppb, and
adl vereinthe 8xh percertile (or above) of the US industria runof f
dat aset.

Tabl e 2 shows the percent of heavy net ds associated wth the fil -
terdde paticdae fraction o the stomae rudff fa indsrid,
urban, and open-space |and uses. It can be seen that the val ues for
the particu ate-associated fraction are rather highfor al the nat dsa
nost of the sites. Qly a the open-space site does the percent age of
particul ate-associated net als fall bel ow50%for Fb and Zn. For @,
the early-stormval ue for the coomercia land use is a so bel ow 50%
The high percent age of particu ate-associated net ds inplies that
nanagenent strategies that involve ercsion contrad in the upper
vatershed may al so function to reduce netd oot amnation of the
downst r eam est uary.

Hacchi (1998) neasured net a levels under base flow conditions
during dry weather from30 April 1997 through 25 June 1997 in the
Upper Tijuana Rver vatershed. The open-space and industrid sites
inestigated in Racch s study were identical to the wet-veather
sanpling sites of the present study. Racchi found concentrati ons of
Q, P, and Zn were 0.015 ny/L, 0.009 ny/L, and 0.082 ny/ L,
respectively, at the open-space sites during base flowconditions. In
contrast, our wet-weather val ues (Table 1) were narked y | over, pa -
ticdarly foo Qi (0.004 ng/L) and Zn (0.016 ng/L). This pattern was
attribued to rather cost at, lowlevd sources of these pdlut at sin
these subbasins, which were then diluted by runoff drxing ran
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event s Asimlar pattern was shomn by Qu at theindustria site, were
the concentration during dry weather flowwas 50%hi gher than dur -
ing aranevent. Hwever, a the sane site, both Fb and Zn leve s
vere significatly elevated for wet-weather as opposed to dry-
veather flovs (30-fdd for Fb and 7-fdd for Zn).

Figure 8: Storm Event, 7 8 December 1997

Figure 9: Storm Event, 24 27 March 1998
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Figure 10: Storm Event, 11 15 April 1998
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In order to estinate net a |oadings to the downstreamestuary, a
land-use runof f nodel was devel oped using a G S dat abase for the
Tijuana Rver watershed, coupled wth an enpirical runof f nodd .
Several assunptions were nade for this nodel i ng ef fat. Hrst, se
vater quality dat avere oy availabl e for four |and-use cl assifications
inthe Mxican portion of the watershed, the | and-use dat abase was
reclassified wth al landuse types (and areas) being assigned to
either openspace, residertia, comercid, o industria designa-
tions. Second, since annual precipitation vas not available for the
Mxi can portion of the watershed, we used the annual precipit aion
values for Lindbergh Feld in San Dego for our regional estinate.
Third, since nuch of the runof f inthe Tijuana Rver watershed is
i npounded by reservoirs, only four subbasins were considered as
contributing to the downstreamfl ow of the estuary. These subbasi ns
arethe Ro Tijuana (24,708 ha, enconpassi ng nuch of the urban city
d Tijuana), Lower ttonwood Geek (35, 147 ha), CGanpo G eek
(43,159 ha), and H Horido (28,343 ha). Wsing land-use specific
ruck f ooef fidets (Discdl e d. 1990), ve codd then cacuae the
vol une of runof f fromeach | and-use area of each of these four sub-
basi ns, which, wen nultiplied by our nean | and-use-specific net &
concentration, yielded an estinate of the neta loading fromthe
wat er shed on an annual basi s.

The resuts of this analysis for the two years from @tober 199
through My 1998 (nean annual precipitation of 30.1 cm vyiel ds nod-
eled val ues for annual net d load ng of 6,660 kg/yr for Fb, 3,140 kg yr
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for Qi and 22,740 kg/yr for Zn. Fom Septenber 1986 through
August 1988 (nean annual precipitation of 39.6 cm the Southern
QGlifornia Qest al Water Research Project neasured the net d |oed-
ing fromthe Tijuana R ver (SCONRP 1992). They found that annual
loads of Fb, Qi and Zn were 24,867 kg/yr, 10,468 kg/yr, and 28, 964
kgyr, respectivdy. Conparison of our nodel ed estinates wth their
neasured dat a shons that while both estinates of annual |oading for
narerdaivey sinlar (wthinabout 20%, inthe case of Fb and Qi
our nodel underpredicts SCCWRP s neasured |oading val ues by
nearly 70% For Fb, this discrepancy nay be rather easily expl ai ned
by the phase-out of |eaded gasdline that occurred inthe Uited States
inthe early 1980s and was subsequently initiated in Mxico in 1991
Appaetly, cocentrations of Fb in runof f have declined narkedy
since the late 1980s when SOOARP dd ther study. Indeed the
nean b levels for all of the urban land uses that we investigated
vere in the range of 0.98 0.231 ny/L, while SCOMP s flow
vei ghted nean |ead concentration was 0.988 ng/L fa the Tijuama
Rver .

In order to assess the nature of the tenporal variations in vater
qaity, sanpling was conducted at Dairy Mrt Road during three
stormevents: 7 8 Decenber 1997, 24 27 Mwrch 1998, and 11 15
Axil 1998 This process deternmined how the levels of tota netds
varied as a function of flow throughout the stormevents. Hgures
8 10 show the pattern of change throughout the three stormevent s
foo Fb, Zn, and QL For al the net ds tested, there is a pronounced
first-flush phenonenon (paralleing what we observed at nost of the
indvida laduse sites), wth metd lews typcdly incressing
narkedly (conpared to bese flowlevel) af ter the oset of the ran
event to sone peak | evel, and then decreasing thereaf ter to neer the
aigrd besdire led.

Snce the Tijuana Rver vatershed is a semarid environnent, it is
useful to conpare o resuts to those of sinilar coest al chapard
basins of Southern Gil ifaria A study on vater quality under wet-
veather conditions at three sites in Balloma Geek (wich drains into
Sant a Mni ca Bay) showed that the 90th percentil e val ues for Fo, Zn,
and Qi were 1,329 ppb, 2,055 ppb, and 247 ppb, respectively (Sten-
stromand Strecker 1993). Wth a nminor exception (Gi during storm
tw), these vaues for Balloma Geek vere higher than levels we
neasured for the Tijuana Rver. The fact that these vaues for an
urban environnent in coasta Los Angeles (ounty generally
exceeded those for our sites inthe Tijuana R ver watershed suggest s
that stormmater contamnation is ubiquitous in urban environnent s
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even where industrial pretreatnent and stormmater permatting regu-
laios aeinpace

CONCLUSI ONS

This study represents the first pidished data on the qaity o
stormater in the Mxican portion of the Tijuana Rver watershed.
Results showthat levels of @, Fo, and Zn a both industria and
urban land-use sites in the Tijuana watershed were generally com
parable to the 90th percentile NLRP values. Levels in the nain
Tijuana Rver vere not significantly el evated above those in urban
vet-weather flows in Ballona Geek in Los Angel es Gounty. The dat a
docurent the effect of the discharge fromthe Tecate Minicipa
Wastenster Treatnent Hant on netd leds in Tecate Geek, and
suggest that this najor tribut ary to the Tijuama Rver is a sigificat
source o pdluatsinthe watershed Nonpoint source pollution aris-
ing froma variety of land uses in the vatershed wil continue to con-
tamnate the Tijuana Estuary and near-shore coast al ocean during
vet weather and, therefore, hignlights the need for conprehensi ve
vast evat er and st ornmat er nanagenent in the urbani zed portions of
the wat er shed.
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ABSTRACT

The US Mexican border region has experienced rapid popul ati on
gothinthe last 30 years, resutingin natura resource degradation
and incressing threats to pldic hedth A prinary concern is the
threat posed by water pollution, especialy through inproper treat -
nent and di sposal of hunan wastes. Hnational ef fat s are underway
tofind sduias, particuarly through the devel opnent of al ternatives
to high-cost, convertiona waste treatnent systens. Aternative sys-
tens should reduce contamnants as well as inmovatively recycle
nirient s and carbon present in the vaste naterials. This pla study,
wichisaful inegration of applied research and technd ogy transfer,
denonstrates a wastevater land application systemintegrated wth
the production of fast growng trees for fiber and energy. Inthefirg
year of this study, trees reached an average height of 1.78 mand
gound line dianeter of 2.8 nm with an average survival of 88%
Theinstdlation of aful-scde systemdf thistypeis economcdly jus-
tified based on cost-benefit andlysis. This pilat study coud serve as
a nodel systemfor ef fective vaste treatnent in other conmunities in
the border area
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INTRODUCTI ON

The Ro Gande, or Ro Bravo, flows nearly 2,000 kil ongters through
the Texas-Mxico border region. Paradoxically, it isbahtheregon s
lifebl ood and a source of environnent d cot amination. Gommuni ties
depend on the river for drinking vater, farning, industry, and recre-
ain Yet, decades of ragpid popuaion ggovth, a lack of infrastruc-
ture, and poor environnent al nanagenent have | ed to an escal ating
cot amretion risk. Thus, the once-clean river is now pdluted wth
industrial organi c conpounds, heavy net als, sewage waste, agricul -
tud rund f and pesticides, add high levds o sdts and sedinent s
(Sharp 1999).

Brationd effots to address these environnent a problens were
intiated in 1983 wth the est ablishnent of the La Paz Agreenent.
The EPAfolloned in 1996 wth the Border X4 Pograman exten-
si ve pl an designed to decentral i ze the nanagenent of envi ronnent &
issues in order to increase public patidpation and to encourage
better communi cation and col | aboration anong pertinent agenci es
(US BEPA199%). The programs Border Franework Docunent iden-
tified severa key areas of concern, but one of the principal areas was
the dleviation of vater pdlution by devdoping and rehehilit aing
infrastructure for drirking vater, wastewater collection and waste-
vater treatnent (US HEPA 199).

Miny cities in the border region have vastevater treatnent sys-
tens that provide only mninal treatnent or are i nadequate to hand e
the | arge anount s of sl udge and wast evat er generated. Furthernore,
sone cormunities lack a treatnent systemal together. Qnventional
vastevater treatnent systens, while ef fective, are generdly too
expensive to instal and naintain for nany snall conmunities.
Instead, innovative, lowcost systens are needed as viable aterna-
tives to the curent lack o € fective vaste trestnent in the border
communi ties. These aternatives nust not only be relatively i nexpen-
sive and capabl e of safely recycling sl udge and vastevater, bu they
shoul d a so provi de opportunities for econonic devel opnent (Bastian
e d. 198). This chapter explores one aternative vastevater treat -
nent systembeing studied in Qinaga, MxXico.

PRroFI LE OF OJ1 NaGgA, CHI HUAHUA

Qinaga, located on the Wt Texas Mexi co border, issitieda the
confluence of the Ro Gande and Ro (nchos, about 500 kil one-
ters southeast of H Paso Gudad JufEez (Fgure 1). Qinaga, wth a
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Fgure 1. Wt Texas Mexi co Border Area along the Ro Gande
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popul ation of approxinately 24,000, is located across the river from
issda dty, Resdqg Texas, (population 3,500). Whike other border
conmuni ties, the population of Qinaga has decreased, dropping
fromabout 26,000 in 1980 to 23,600 in 1995 (US BEPA 19%6). This
decline has been attributed to a l ack of economc gpportunities inthe
comunity, snall landhddng size, nargnal farnhand, flooding, ad
ngration to the United States (Rrieto Barrera 1995, Nusez 1997).
Qinaga s clinate is hot (wth a naxi numtenperature of 50° G and
a mni numtenperature of 10°Q and dry (the average annual rainfall
is 235 nm, yet the comunity has an irrigation infrastructure that
support s approxinately 12,000 ha of agricutura land Athough Qi -
naga produces an array of crops, indudng dfdfa cdton oon,
wheat, nel ons, onions, pecans, and forages, |ess than one-half of the
farnhand is currently in production. Thisis dug inpat, tosmal lad-
hol dings, averaging 5 ha, naking agricul tural production unconpeti -
tive (Nisez 1997). Furthernore, poor farmnanagenent has resul ted
insdl sdinzation creging usltable conditions for the economcal
production of agronomic crops on sone | ands (QN\A 1998).
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Whlike other border conmunities, industry does not play a najor
rdein Qinaga s econony. There are few naqui | adoras, which con-
tribute less than agricuture in terns of incone and enpl oynent
opportunities inthe conmunity. Mre inport atly, these naquil adoras
arenot apan source for cont amnationto either groundwater or river
systens (Pando 1996).

Interns of infrastructure, Qinaga currently lacks an ef fici et veste
treatnent system For over 30 years, the nunicipal sewage had been
piped into a 1.5 ha (45000 nf) ulined, anaerchbic settling | agoon.
The | agoon separated the solids fromthe waste streamand provi ded
sone reduction in waste strength. Ater the lagoon filled wth settled
solids, a new2 ha (60,000 nf) anaerobic |agoon was constructed in
1995, CGurrently, about one-half of Qinaga households are con-
nected to the nuni ci pal wastewater system The Junt a Mini ci pd de
Agua y Saneamento (JMAS) hopes to have 95%of the househol ds
connected to the systemwthin a few years. Wastevater fromQi -
naga i s al nest excl usively donestic inorigin, and current flowrates
are expected to double from70 /s to 150 L/s when the entire com
nmunity is connected to the system (Hores 1994). Wth these pro-
jedias, it is atidpated thet the newlagoon wil fill wth cdlected
sdids wthin five years. These sdids nay have utility as a soil
anendnent if the organic content is high and the salt content is not
del eterious.

Fogre 2 Average Mnthly E odi Gont amnation of the Ro Gande
bel ow Qinaga B fluent Dscharge Roint, Adjusted for Rver
How(t aken January 1996 through June 1998)

Ism Feb e Apr Mey Fm Bl Joag Sept Oct New Den

Source: Waggoner (1998).
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Presently, d fluent fromthe sewage lagoon is used for irrigation of
adj acent pasturage, wth the excess water discharged into the Ro
Gande. Measurenents of Ro Gande vater quality near Qinaga
indcae that even this rdativdy snall dscharge of ef fluat into the
river sigificatly incresses fecd cdifomlevds. Water flow bel ow
Qinaga averaged 7.9 ni/s from January 1996 through June 1998
( Waggoner 1998). Qrer this tine period, the conmunity ef fluert
(007 m¥s) represented less than 1 %d td a flow(mn = 0.3% nax.
=4.0%. Wile the contribution fromthe ef fluert toriver flovis regi -
dbe fecd cdifarmecot anination increased froman average of 110
colonies/100 nh (se = 28) above the Ro (onchos to 579
col oni es/ 100 nmh (se = 101) bel owthe R o Gnchos (\Waggoner 1998).
Qrrectingfor df ferences inflowover the corse of the year ind cates
high cont amnetion in the fal wen flowis noderate, but irrigation
denands are low (FHoure 2). During this sanpling period, the feca
caiformcount s exceeded the Texas Natural Resources (onservati on
Gmmission (TNRX) river quality standards (200 col onies/ 100 nh)
over 50%of the tine conpared to | ess than 20%above the ef fluert
atlg. This cot amnation represents a serious health hazard for
downstreamirrigation water users, or anyone coming in cont act wth
river vater, indudng chlden wo gday o fish in the river. Mre
inport atly, fecd cdifarmeort aninetion ind cates the likelihood that
nore serious bi o ogi cal hazards, such as hepatitis o chdera, nay be
presert.

In order to address the wastevater situation in Qinaga, a Search
nference and Participative Design (SOPD workshop was held in
Qinaga in My 1995 PRarticipative design enphasizes specific
organi zational principles and conmunity-based, patidpative, deno-
cratic processes as the keys to sustainable hunan and natural
resources devel opnent. This nethodol ogy asserts that prgects
i nposed upon conmuni ties, or those that sinply assune community
support of the proect, are destined to fail because nenbers of the
conmuni ty have played little or no pat inthe pgett s design This
enphasi s on sl f-deternmnationis critical to the realization of techno-
logically appropriate, nondependent, and sust ai nabl e devel opnent of
hunan and natural resources (Gibana et al. 1995). Thus, through a
communi ty referencing system nenbers of the Qinaga community,
along wth other organizations concerned about Qinaga s fuue
devel opnent, were invited to attend the SOPD wor kshop.

Within a historical, socid, econonic, and ervironnent d cotext,
the patidpat s identified sone key needs, chal |l enges, and possible
prescriptions for saving the vastevater problem These were:
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1. Gven the economic conditions of the conmunity, the fuue
vast evat er systemnust have | owcapit al and operating cost s
nist hep to revitalize the econony of the conmunity, ad
nust be able to generate revenues to repay loans and
investars.

2 The systemnust be technol ogically appropriate and easy to
naintain by the coomnity, rather then a costly, hdghttech
covertiona wvaste treatnent facility that woud be an eco-
nonc and nai nt enance bur den.

3 The system should inprove the quality of any water dis-
charged into the Ro Gande and neet the environnent d & an-
dards of both Mxico and the Lhited Staes.

Gven these criteria, aland application wastevater treatnent system
that reused the water for pulpwood production was favorably
received. Furthernore, the conmunity comnmitted to work toward
bring ng such a proposal to reaity. Snce the conclusion of the work-
shop, the coomonity has cd |l aborated wth a binational, mltidiscipi -
nary teamconsisting of Qinaga conmunity | eaders and expert s from
both Mxican and US agencies (Lujan 1996, Prieto Barrera 1995).
Withful comnity support, apila study ves intiaedin 1996 tointe-
grate pul ppood production wth wastewater renediation and eco-
nonic devel opnent .

LAND APPLI CATI ON OF WASTEWATER

Land appli cation of nunici pal wastevater and sl udge for renedi ation,
coupl ed wth nutrient and organic natter recycling by veget dian is
not a new concept, and has been practiced in dif feret coutries,
indudng Astraia the Lhited States, and Israel. Slids and vaste-
vater have been applied to forest plant ations, disturbed |ands such
as mne spoil sites, edible and nonedible crops, rangel ands, and
recreational areas, includng parks and golf courses (Sopper and
Kardos 1973; Sopper et al. 1982, Bastian and Ryan 1986, Qe et al .
1986; Luecke and de la Parra 1994; Mers and Fol gl ase 1996).

Land application systens include various designs, such as the
application of wastes tothe soil suface using SowRite, Rypid Infil -
tration, and Qrerland Howtreatnent systens, and to the subsurface,
using leaching fields and absorption beds (VIRQ- 1990). Ste char -
acteristics, such as soil properties, ground topography (slope ad
rdief), locd hyddagy, groundwater depth and quality, lad wse di -
natic factors (tenperature, precipitation, evapotranspiration, wnd,
and length of grow ng season), and expected waste |oading rates, as
vell as consideration of possible social and economic constraint s
determine the suit dility  a particuar system (Red and Qites
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1984; WPCF 1990). The land application concept shoul d be distin-
guished fromwater reuse, where wastevater is reused af ter com
plete nultistepped treatnent. In land application systens, the appli -
caion of vestenater to the land is an integd pat o the vaste
treatnent system occurring af ter mininal upstreampretreat nent.

The underlying principle of land treatnent systens is that the sail
environnent treat s and renedi ates applied wastes through dynamc
physi cal, chemcal, and biol ogi cal processes (Zasoski and Ednonds
1986). FPhsically, the sdl ats a a buffer between
wast evat er/ sl udge particulates and surface and ground water sys-
tens. Asthe vastevater infiltraes the sol profile wvaste patides ae
trapped by the soil. Minaging the quantity and frequency of waste
loading permit s adequate drying, thereby avoiding poding and soil
clogging, wiich result in anaerobic conditions (Thonas 1973). This
system may be paticdaly wdl suted to arid ad semarid lands
wererarnfal islesslikdytoinefere wthland goicati on schenes.

The chenical netwre of the soil emviroment is criticad for the reac-
tions necessary for waste renediation. Soil cdloids and organi c nat -
ter adsorb and exchange ions preset in the soil vater solution
\llen vaste is applied to soils higher in coloids and organic natter,
thesdl at's as a chemncal filter by renoving ions fromthe soil water
sduin This feature is especidly attractive in land trestnent sys-
tens used in conjunction wth cropping systens, since nutrients are
assimlated for plat production (Hlis 1973).

Bdogcdly, the sal-pat systemis areservor o dverse nicroor -
ganisns that thrive and miltiply under favorabl e environnent a con-
ditions (specific pH tenperature, noisture and oxygen levels, ad
adequat e energy source). Appdying organic natter at contro | ed rates,
coupl ed wth a favorabl e environnent, resuts in increased mcrobia
activity and subsequent deconposition of organi c conpounds in the
vast e.

Li ke other nacrobes, the survival of hunan pathogens is a function
of the conplete soil environnent (Foster and Engel brecht 1973
Rddy et d. 1981). Snlarly, atagonistic mcroorgani sns, which
occupy specific niches wthin the soil system uilize a variety o
nechani sns to ef fectively conpete wth introduced microbes. Wile
there is the pptentid for harnid organisns to persist inthe sol, the
physi cal and bi ol ogi cal processes are not conduci ve to the long-term
suvivd of these pathogens. Generally, over 90%adf the pat hogen
popu ation de wthin 30 days of goplicationto sol (Smth 19%). The
oedl e fect of merodd activity inlad goication systens is tha
the i ndi genous nicrobes facilit ate the recycling and transfornati on of
vastewater constituents wthout extraordinary neasures (Mller
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1973). This neans that vastewater can be applied to soil wthout
prior dsinfection wth chorine and still be safe for hunans wth mni -
nal precauti ons.

Trees play ausefu rdeinarenedation program Hd ogicaly, tree
rot s support a variety of organisns that deconpose organic natter
and absorb and net abdize nutrients. Furthernore, trees require less
nai nt enance than other crops, thereby reducing the heath risks to
humans. Economical |y, the wood produced can be sold on the open
narket or used in the conmunity to sust anthe prgect. The sel ection
of tree species should be based on the anticipated nitrogen | oadi ng
rates as well as the water-use requirenents. For exanple, in sem -
arid clinates, trees tderant of high evaporative denands, yet capa-
bed hghntrogen wilization, woud be preferred

ENvI RONMENTAL, EcONOMI C, AND Socl AL BENEFI TS
OF LAND APPLI CATI ON SYSTEMS

Land Restoration

Grrently, there are over 2,000 ha of irrigad e farnhand in the Qinaga
region that have been renoved fromproduction because of high soil
dirnty. THis ladis usut abl e for economic producti on of nost agro-
nomc o horticdtura crops. However, the land nay be suitde for
production of woody crops that are less semsitive to sdt than ago-
nomc crops This would restore the land to beneficia use, and of te
oe o tw rat ations (about 14 years) wth good nanagenent, the
land vou d likey be suit ale for agronomic crop production again, if
desi red

dean Water (70/70 20/ 20)

Grrently, Mxico requires a 70 ng/L BD and 70 ng/L tdd sus-
pended solids (TSS9 standard, while the Uited States requires a
2020 standard for vastewater treatnent. A systemthat returns no
water to the Ro Gande, other than through groundvater infiltration,
vwou d nat have to consider this guiddine. The loss of flowtothe Ro
Gande wth the land application systemwou d be nmnor (less than
1%, and a greater benefit woul d be the trenendous reduction in bio-
logcd cotannation. ganisns, such as feca cdiforns, viruses,
and parasites, wou d be confined to the land were they woul d pose
little threat to surface water systens. Furthernore, system design
voul d ensure worker protection st andards equal to or exceeding fed-
erd guddinres.
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Reduction of Demand on Natural Forest Systens

There are over 7.6 nillion ha of forest lad inthe st ate of Chi huahua,
of which over 3.7 mllion ha are classified as conmercial forests In
1998, the forest conmonities were permitted to cut 24 mllion ni, a
70%of the nean annual increnent of 0.9 ni/hyr fa thest ae(Ide-
Sias 197). It is prgected that fiber dat ations in Qinaga cou d pro-
duce nearly 29 ni/ha/yr or 200 ni/ha wth a seven-year rot ation. Hur -
vesting only 100 ha/lyr of short rat ation woody crops would neet 1 %
d the etire st de s fiber denand. In addtion to provid ng a sust an-
abl e, economcal approach to vaste handling, the wastewater treat -
nent project could serve as a cat alyst for the devel gonert of a tree
farmcooperative in the Qinaga conmuni ty and surrounding areas. A
successful cooperative could conceivably bring nmuch of the aban-
doned agricutural land in Qinaga back into production, and cou d
repace a significat portion of the wod harvested in the Serra
Madre nount ains of Ghihuahua. The production of wood fiber in Qi -
naga coul d a so provide val uabl e tine for the ecd ogical restoration of
aregonlogeqated far itstiner. Furthernore, this land cou d be
used continuously on a sustainabl e basis, further reducing |ogging
pressures to natural forest systens.

Bficent Water Wse and Hgh Rroductivity

Wastevater can be utilized nore ef ficetlyinaiddinates as aresut
of high evapotranspiration and solar energy rates availade for plant
gonth Adtiodly, the lowrainfal reduces the uncontrdled vater
loss and drai nage problens that are associ ated wth hund regi ons.
The conbi nation of high evaporative denand and | ow rainfall |eads
tonore ef ficient use of the nutrient-enriched vastevater for crop pro-
duction

Better Gntrol in Nutrient Minagenent

Base there is little ranfdl in aid dinates, the gpied veter is
practicaly the oy sarce o irrigion This shoul d nmini mize exces-
sive loss o nuriets, due to uncontraled runof f or deep percd ati on
Furthernore, crop water consunption can be estinated and water
applications nanaged, such that the available vater and it s nuriet s
aedficietly used by the plant. However, even in a tree farmpro-
duction system it is inperative that sol salinity be nanaged to pre-
vet futher sdinzaion o loss o production This can be accom
plished through proper irrigation scheduling and |eaching of excess
sts bdowthe root zore of the trees.
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Qust ai nabl e Rural  Devel opnent

Grrently, between 20 40%c0cf the land irrigated by the Qinaga wvat er
dstrict is no loger uder cutivation due to sdinzation By using
species of puptrees wth high sdt tderance (e.g, BEucal yptus gp),
it shoud be possibe to reclamnuch of this land By bringng land
into production not currently under cultivation, the devel opnent of a
pul pwood pl ant ation woul d create nuch needed jobs. Approxi nately
the equivalent of one full-tine job wou d be crested for each 2 ha o
land returned to production (Reiche et a. 1991). Mreover, by adopt -
ing technol ogy appropriate to the local econony, such devel opnent
should be sustangde in the log run The jobs created would be
skilled to sem-skilled, and woul d include fieldveork jobs (such as tree
plating as wlll as nore skilled harvesting jobs (e.g., chan saw
operators). Furthernore, nany jobs would be out doors, which is
attractive to sone peopl e, and would pay conpetitive wages.

Mdel Systemfor Aid Rgions of the Virld

Miny snal | comnmunities are pursuing alternative systens for waste-
vater treatnent. Economics and safety are the prinary factors driv-
ing this novenent. Several communities in New Mexico have con-
structed wetlands for vwastewater treatnent (Tessneer 1998). The
advant age of a constructed wetland is ease and cost of operation.
The disadvant age is that it generates no future revenue stream
Thus, atree patation systemwth a narket for the wood product s
voul d be favorabl e over a constructed wetland system Gurently, the
city of Las Quces, NewMxico, is designing a land application tree
systemfar its West Mesa Industrial Park based upon the Qinaga
nodel (VWA son 1998). As wth Las QGuces, the Qinaga systemcoul d
serve as a nodel for other snall communities throughout the arid and
semaridvrld. Inthe case of Qinaga, thet arget narket is short fiber
pu pwood, but in other conmunities the narket could easily be fuel -
wood, specialty hardwoods, Qrristnas trees, or pine for pul pwood or
saw tinber. The tree plant ations could even serve as recreati ona
aess. Thus, the state of Chihuahua coul d becone a |eader in sys-
teminnovat i on.

CHALLENGES OF LAND APPLI CATI ON SYSTEMS

Athough land application systens provide nany benefits, there are
al so sone constraints The four freguently voiced oy ections are: (1)
hurman pathogens, (2) organic conpounds, (3) nitrogen cont am na-
tion, ad (4 netals and trace elenent s (Bestian et a. 1982, kKova
1986). Pathogens can pose a health threat to both hunans and ani -
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nal s through cont amnati on of surface water and groundwater and
subsequent crop contamination. Hwever, the suvivd o nest

pathogens, includng bacteria, viruses, and protozoans, is greatly
reduced by exposure to sunlight, high tenperatures, and drying
(Koval 1986). Helminths (worns) have nore adapti ve resi st ance and
can persist inthe soil for longer periods, froma fewdays to severd

years, depending on the species (Burge and Mrsh 1978; Feacham
et al. 1980). Hwmever, alits, eggs, ad cysts ae mt likdy to be
problenatic where prinary treatnent of the wastes precedes |and
application (Kowal 1986; Zasoski and Ednonds 1986). Treatnent as
mnind as a settling pond, like that used in Qinaga, in which the
sludge and organic natter separate fromthe ef fluent, renoves nost

protozoans and hel mnths. Smth (1996) reported the tine to kill 90%
(T,,) of hunan parasites ranged from2 10 d for protozoans, to 6 d for

virwses, to 17 d far Ascaris, toless than 0 d fa E odi . Thus, the
najor risk to hunans would be all but elimnated af ter 30 days. Nev-
ertheless, caution shoud be exercised during land application
processes to linnt public access and to alowperiods of drying out to
failit ae pathogen die-of f (Foster and BEngel brecht 1973). Generally,
pathogens pose little health risk vhen applied to nonedible crops

Gl orination would be ef fective in reducing pat hogen nuniers, but

the treated vastevater woul d have to be dechlorinated prior to land
application to mni nze subsequent danage to the trees. Both chlori -
nation and dechl orination are expensive and unnecessary if sinple
precauti ons are t aken.

Goundwater contamnation by toxic organic conpounds from
industrial wastes and household wastewater is another potential
thret. Although nost organics are eventual |y bi odegradabl e, nany
aeresist ant to deconposition because of their chemical conplexity.
Subsequently, they coud evertually leach into the groundvater
(Kowal 1986). The best nanagenent strategy for these naterials is
to enforce laws requiring industry to renove these naterias from
their vaste streans before they enter the nunicipal system Like-
wse, inplenenting toxic waste minimzation prograns by providing
alternative depositories for househo d chemical wastes, such as pes-
ticides and autonative |ubricants, and educating people about the
proper use of the nunicipal sewage systemare inport at straeg es.
Beyond this, wastewater streans containing toxic organic com
pounds at lowlevels should be applied a lowrates, thus providing
optinal conditions for degradation.

Hoh levels of nitrogen, which are typica of donestic vastevater,
can pose a threat of nitrate (ND,) cot amnation to the groundvater,
since NO, is nobile wthin the soil systemand susceptib e to | each-
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ing. However, nitrogen |oading can be nanaged to avoid | eachi ng.
Waste application can be based upon the anount of nineralized
nitrogen (plant-available forns of nitrogen) that the tree crop needs
a apaticdar gothstage Typicd loadngrates for land application
systens supply 0.3 2.4 kg Nha/d or 110 876 kg Nha/yr (US BEPA
1992). Wing this nethod, nest of the NO,-N and ammoni um N
(NH,"-N shoul d be available for plant assimlation (sone NH,'- N may
vol atilize fromthe system) (Bockvay et al. 1986, Sormers and Bar -
barick 1986). In addition, nicrobialy ned ated pahvays o nitrifica-
tioW/denitrificaion can & fect further nitrogen renova .

Heavy nmeta s and trace elenent s are of concernin terns of drink-
ing vater and groundvater qual ity and possible assimlationinto ed -
bHe pat pats. G the heavy netds, oly cadmumis signficatly
absorbed by plant roots (US HPA 1984; Sonmers and Barbari ck
1986). Lead and nercury can be problenatic, although they are
insoluble and inmobi | e in plant root systens. Furthernore, nost net -
als becone less souble as pH increases, wth the exception of
anionic net al s (Logan and Chaney 1983). General ly, sals wthaneu-
trad todkaine pHimmabilize toxic net ds as precipt ates, wich are
nt avalade to pgats ad nat susceptible to leaching into the
groundwat er (Jewel | 1982; Zasoski and Ednonds 1986). Uhder nod-
erate vaste loading rates, it wodd t ake decades to accumul ate | ead
and nercury in soils to dangerous levels (Kowal 1986). To avod
potertia risks, applicaions can be cotrdled and limted by deter -
mning the naxi num cunul ati ve anount s accept able for each de-
nent applied over a period of years, and then nanaging the |oads
accordingly (Sonmers and Barbarick 1986).

These concerns are valid and can pose a possible health threat
through the cont amnati on of surface water, groundwater, and subse-
quent crops Ye, owerdl, the paetid hedth threat s posed by |and
application systens are no greater than conventional waste treat -
nent systens, if land application systens are properly nanaged
(Kowal 1986). Sustainable, safe nanagenent practices nust be
based on a thorough underst anding of land application design, the
soi | -plant system the surroundi ng envi ronnent, and the risks associ -
ated wth hand i ng vastes.

In addition to the above concerns encountered in using land appli -
cation systens throughout the world, there are sone unique chal -
lenges wth these systens in arid and semarid regions. Any land
application systemusingvater highinsalts nust be nanaged to nin-
inze sdt buldyp in the pat rooting zone. Excess sdts can
decrease crop productivity and, in severe cases, destroy productive
farnhand. The sdt cocetration in the sal is a fuxtion o the sat
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concertrationinthe applied irrigation vater and the | eaching fracti on
(the ratio of drainege veter toirrigation vaer). Agricutural systens
use a leeching fraction to flush st s belowthe rooting zone but not
into the groundwater. In reusing vastevater for crop production,
were the soil and the plant s are used as a trestnent unit, the | eve
of salt and nitrogen accunul ation in the groundwater will show the
dfectiveness of the nanagenent of the land treatnent system
Therefore, the groundwater should be nonitored throughout the life
of the prgject. Increased nitrogen levels in the groundwater can pres-
ent a health hazard in places where shallowwel|s are used to oot an
pat abl e vater.

Aother challenge is organic natter induced soil deterioration
Hgh organic natter in untreated wastewater can plug soil pores and
cregte a reduci ng envi roment, rendering the soil ufit for agricdturd
uses. Properly designed prinary vastevater treatnent resultsinthe
sepaaion o a sigificat pat o the oganic naterial fromthe
vastevater before it is applied to the land

Wastewater application in arid areas is coupled wth consunpti on
of the wastewater by veget ation based on the evapotranspiration.
Thus, the nost ef fective vay to uilize the vastevater is to use
species that have the |ongest possible growng season, including
netive pats that nay intiate gonth earlier than non-native types,
and to incorporate peremnia or wnter-type forage crops that can be
i ntercropped between the trees, thereby utilizing the vastewater dur -
ing periods of tree dornancy. Land application treatnent systens in
humd areas, where the vater is anost inconsequentia, are well
studied. However, arid regons have received less attention, wth the
buk of the research cetering in Asstradia ad Israd (Mers e d.
1995; Mers and Pol gl ase 1996; Mers et al. 1997). Thus, thereis a
need to determne site-specific factors and nanagenent appr oaches,
which are nost ef fective in vaste rened ation and uilizationin arid
reg ons.

OJ1 NaA PiLor Stuby

Miterials and Mt hods

Mini cipal sevage in Qinaga is piped drectly into an anaerobic
lagoon, which provides prinary treatnent of the sewage. S udge
sanpl es were obt ained fromboth the ol d and new | agoons to deter -
mre qa ity ad uility. AL 2 ha site, adyacent to an oxbowlake, vas
sel ected downstreamfromthe | agoon. Soils were sanpl ed to a depth
of 1 mto characterize texture and to nodel the ef fed s of sal type an
tree growth and vater use. Routine sanpling and analysis of the
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vastewater ef fluent and influent, along wth vater froman oxbow
lake, the Ro Gande, and the Ro nchos al so were inpl enent ed.
The depth to groundvater at the site is approxinately 3 m and the
slope is < 5% Wdls vre imstalled to nonitor the groundwater (in
paticdar, the levels of nitrate and chloride). Baseline sanpl es from
the nonitoring wel I s were t aken and anal yzed prior to st atirgirrica-
tion wth ful-strength vastevater .

Qe goal of the study has been to identify tree species and cl ones
that exhibit the greatest bionass grovth and ion upt ake. Based on
previous studies (Yadav 1980; Donal dson and Standiford 1983,
Stevart et al. 1986, Mther 1993) and Eucal yptus fidd trids on-
ducted by the INFAP experinent station in Qinaga (Nisez 19953,
b ¢ Tena Vega 1998), Hucal yptus canal dul ensi s vas sdected for it's
cod tderance ad fast goth. Three Hical yptus camal dul ensis
clones fromSnpson Tinber @., Glifornia, were chosen for inclu-
sioninthe study: S5 (505), 4016, and 4019. Two other tree speci es
vere a so sel ected: hybrid Popul us (poplar) and Robini a pseudoaca-
da (Hack loowst). Popul us is native to the Ro Gande and is foud
inather river vdleysinha dry areas (Bongarten 1996). Three cl ones
were purchased from Broadacres Nursery, Qegon: TD 15-029 (P.
trichocarpa ¥ P. ddtades) TD 50-197 (P. trichocarpa ¥ P. ddtai des)
and OP 367 (P. ddtddes x P. nga) Robinia pseudoacaci a, known
fo its hardiness, has been used in stream bed stahilization ad
mnel and reclamation (Matt 1997). Qpen-pollinated Robinia
pseudoacaci a dat s were obt ai ned fromthe Ckl ahoma Depart nent
d Arvicdtue

InApril 1997, the site was pl oned, di sked, and shaped into 54 sep-
adetest das abot 7 m¥ 7 min size each. Gt a nerized Euca-
| yptus canal dul ensi s, bareroat Robi ni a pseudoacaci a seed i ngs, and
Popul us cuttings (20 cmin length) vere transplanted & 2 m¥ 2 m
spadng A seven nonths, four represent ative trees of each of the
seven tree sources (28 tot a trees) were sel ected based on nean tree
dianeter, excavated and fractionated into | eaves, stens, trunks, and
rot s Tissues were dried, weighed, and anal yzed for chemical con-
situats A eight nonths and at 20 nonths af ter dating the sur -
viva, height, and dianeter of the trees were neasured.

Dring the first growng season, plot s were nanual |y flood irrigated
wth vater fromthe oxbow | ake to est ablish the trees before inple-
nenting irrigation regines using full-strength vastevater ef fluat.
The chaice of flood irrigation versus other types of irrigation systens
vas based on the premise that flood irrigation techno ogy was faml -
iar to Qinaga farners, wereas other systens woul d be less famliar
and nore costly. Weeds were control | ed nechani cal |y and chenical |y
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Table 1. Slected Water Qulity Indicators (nmin nax range)
Qinaga, Chi huahua, Decenber 1996 March 1998
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Tamee Walsr Idmaithe |Biflew
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‘;11':1:1- TAgA|  7aad 78| a-ia FATF
1A-L§ 143F 15 1554 1351
Casrletivicy
T wal Dismlwsl, | 7FF-Li00 | 11901180 | 1690 | L6700 | 1=y
ﬁ;ﬁ PEEAD | LIRBTT 55| APEEY | LANE
Fatls {EAR)
Faul Tl 40| 180150 - ABO0 | 2B i T
[P Bl
BOD - [T] - WS | mEAR
oD ﬁ - 30 - =BT 100-117
it Fiiztts m I [T T T 11| 188 | E-BlE
o p—— [T W T"] [T = T Y TA-ALE
_lmghll
Witar Ejudadl OA-L5 Wy = SA-9ED L7
T T 0 i
[T [ -0 W aip-asd 0288

wth Fsilade. Ater the first growng season, the pat s vere irrigaed
a three regines wth wastevater ef fl uent based on potential evapo-
transpiration (FEI) data The first irrigation regne was based on the
PET plus 36%addi tiona water for leaching Thisresdtedinthe ai -
cation of excess water throughout the year. This was done in consid-
eration of the possibility that just enough trees wil be pgatedto trea
the vastewater, ad that farners using river-fed flood irrigetion tend
to use excess water. A second irrigation regine was based upon the
PET plus approxinately 20% additional water for leaching. This
regine woud tend to supject the trees to mild water stress as sats
nay accunl ate in the upper soil profile The third schedul e vas to
exanmne deficit irrigation, supplying 8%l ess water than FET. Tsirri -
gation regine woul d tend to naxi mze the accunul ation of saltsinthe
sol. Wier appication rates, pat gonh wvestevater quality,
veather data (ranfdl, insdaion ad tenperawes), sol nurient
andysistoadepthof 1 m and the quality of the leachate bel owthe
root zone were anal yzed.

In addtion to the fie d research, the economc feasibility of a ful-
scale proect was investigated The st andard nethod for eval uating
the econonmic inpact of a prgect extend ng over severa years is to
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Tdde 2 Analysis of Sudge Sanples ot ained in Qi naga,
Chi huahua, Decenber 1996

Parameter New Lagoon Old Lagoon
e e

pH 7.2 )
_BC (¥ m} 435 6.4
TDN™ (agfL} 187 -
SARS 12 -
Mugpwsluin [oaeg/L) 15 -
Callchur (ouegL) 5 -
Sexdinune, {veyT) 43 -
Wieeyped a0/} 111} i gy
A {eagfL) - 3%
K] eld sh - ragrL) 74 -
Chlsdds (mgfL ) 77 335
Fhusphorus (mgieg) 240 -
Pousderm {mgflegh Ti0 -
Sotim l:mlfL} 7o -
Colbonme” {cold100ml) — | <3PFC* ceornfy

*TDS (total dissolved solids); SAR (sodium absorption ratio); FC (fecal col-
'Coliform data from analysis taken June 1997.

cadcuae the net present value (N) of the prgect. Bva uation of the
econonc return to short fiber production in Qinaga is not a sinple
natter. Both the environnent d bendfits, as vl as thefinadd prd -
i dility, nust be considered. Hacing a val ue on envi ronnent al bene-
tsismaiady dfficdt, honever, and this vas nat done directly in
this study. Rither, environnent d berefits were eva uated indirectly
by assunming that a specific environnent d ¢ andard nust be net, and
that the preferred nethod for neeting this st andard is the least costly
nethod. In patiada, it was assuned that the Qinaga vaste treat -
nent system nust neet the standards for ef fluat est ablished by
SEMARNAP (Scret ar a de Mdio Anbiente, Recursos Natural es y
Resca). Further, it was assuned that the alternative nethod for neet -
ing these st andards is a conventional sewage treatnent facility sim -
lar tothe facility proposed by the Gnisi n Naciondl del Agua (1994).
Thus, the return to fiber production includes bath the tree plat aion
and the avoidance of costs incurred in constructing and operating a
traditional sevage treatnent plat. This approach ignores the envi -
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Tabl e 3: onparison of the Gncentration of Mt as in 9udge
Sanpl es Taken fromthe Forner and Present Sewage
Lagoons near the Qinaga Alot Study Ste and the US
EPA Part 503 Sewage dudge Awnual Rollut ant Loadi ng
Rate Regul ations

Metal Old Lm Mew Lagoon  |USHPA Aonual
g
cd 00 74 1500
Cr 145 i3 150,000
Ca 00 1520 75,000
Hg 17 103 15,000
Ni 10.0 00 29,000
Pb 750 B0 15,000
Zn 00 5730 140,000

*Source: U.S. EPA 1994.

ronnent d berefits arising fromfiber production not associated wth
vater quality, such as hebitat creation ad reductioninar pdluion

Qust ai nabl e econonic devel opnent i ncl udes the creation of |ocal
financing. Infornation was obt ai ned fromBanco Nacional de G@lito
Rural (BANRLRAL) of ficids in Qinaga concerning yidds and the
cost of production of various crops. Inaddtion investiggas dsods-
cussed terns under which credit mght be nade available for |ong
termfinancing of wod production beyond the pilat proect. Interest
rates in Mxico are noderately high by international st andards, but
favorable rates are available for snall farners and d so for financing
o exots The Ferrocarril Nacional es de Mgico rail road has experi -
ence in shipping tinber, and hes railcars sutade for shipping |ogs,
chips, oo puptoUS or Mxican narket s To deternine the extent of
the donestic (Mxican) narket for short fiber pul pwood, the
Copanex facility (one of the largest nanufacturer of paper product s
inMxico in AndBuac, Chi huahua, was visited.

Resul t s

Waea Analysis

Al o the vater sources have high pH (pH> 7.3), eectrica conduc-
tivities (B) between 1.3 and 3.4 dSm and sodi umabsorption ratios
(SAR between 3.7 and 8.8 (Tdde 1). These high EC and SAR val -
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Tdde4 Tree Qurvival, Height, and Daneter Gowh, Masured 8
and 20 Mnths Ater Hanting (Frst and Second Gow ng

Seasons)
[ Cordul | Sombel |Blalds | Mgy Dhmws el | Poam
BITL (S8E3 (EiIr] ()T i
rﬂ- A Sl | B
[ EL&
i ] 5T FIT) 1M 5 7| s
L] ! 1 1al [T ] | Om
[+ ] £ H FT ] 1% Ml | AW
a 71 [z L I [T | wEy
Fgrala 197 1] M LA [T ] 155 3| 0
Bl 37 ] ] ETT A A w| e
Bk Ei] B [ K. -] L% b ] E| ! LT

Note: Both survival neasurenent s are based oninitid stocking levd s a
the tine of pating

ussindcaetha thevater isnargnd for traditiod agicuture (Mller
and Donahue 1990); however, st ra ati on woody crop production
isfeesibe wth ths vater. The vastevater had a totd KYdddl nitro-
gen (NH'-Nand organic-N of 14 37 ny NL of wastevater. Mst of
the nitrogen ves in the NH" form wth low ND, levels, suggesting
that leaching of nitrates wvoud nat be a problem A an application
rae of 20 ni/nt, the loadng rate of Nas NH" would be approxi -
nately 250 kg N ha/yr.

There were 2.3 6.4 ¥ 10_cd onies of feca cdiformbacterial/ 100 nh
d dfluent. International guidelines suggest a naxi num geonetric
nean concentration of 1,000 fecal coliforns/100 nh for wastevater
applied for edde crops (Kowal 1986). For crops raised inesivey
wthashot rat ation, such as veget abl e crops, theselevds ae dearly
unaccept able. In contrast, woody crop productionis extensive, and in
conmparison to veget ddes, the raaion is long Mst inport atly,
these trees are not being raised for food, and represent no second-
ary health hazard.

Bosdids (Qudge) Andlysis

Died sludge fromthe original |agoon had high pHand EC (Tade 2),
but it had only 5 8%organic natter wth 0.25 kg NO,-N'M dry nat -
te. The sludge consists prinarily o sal particles carried by wnd o
vater, pedpt ated cal ci umcarbonate, and caliche, whichis calcium
carbonete typicaly foud in the desert sols of the area Thus, this
sludge is worthless as a crop nutrient source. The sl udge cont ai ned
snal | anounts of lead and nercury in insuf ficient anount s to pose
prablens for land application. The EPAlint for amud loadng rate
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Houre 3: Bonmass (in grans) at Seven Mnths of Hical ypt us
camal dul ensi s, Htrid Popul us, and Robi nia pseudoacaci a

™ = L
e D e |
- 0 Rt
e ] .
B
- H
™ —
T T o I W paai
Eneviype Pl ey

Tdde 5 Niriet Adysis of HEical yptus canal dul ensis, Hybrid
Popul us, and Robi ni a pseudoacaci a at Seven Mont hs

Plant Tirmoc N |G |Mg [C] | Na
) [o8 o8 | o0 |

Leowes Ecutypn 279|107 | 031 | 079 | 056
Popaha 257 | 25% | 040 | 147 | 033

o bimin Z4% | 357 | 00 | 089 | 0.02

Waedy Emcatypru Y | 68 | 0.0 | O | 0
Populur 0.70 | 0.6 | 010 | 013 | 040

s biwin 152 | 086 | 009 | 0.IF | UM

Rasts Ewcuirpr 0.7% | 031 | 0,10 | 055 | 011
Fupehy 050 | 0.6Y | 009 | 022 | 007

Badfnt 1.5% | 0.57 | 0.08 | 038 | 0.04

for both PFo and Hy is 15000 g/ha/yr (US BEPA 19%4). The sl udge
fromthe o d lagoon contained 75.0 g Py My and 1.7 g HY My, and
the new | agoon cont ai ned 81.0 g A/ My and 10.3 g HY My sl udge, on
a dy weight basis. Wing the BPA and loadng rae criteria the
concentration of every net al anal yzed was wel | bel owthe |imt spec-
ified(Tdde 3. The sludge poses little environnent d threst. Ufortu-
netely, the sludge fromthis | agoon al so has no econonmc val ue.
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Sl Analysis

The soils a the experinent d site are nonifom The siteis situsted
inthe floodplain of the Ro Gande, inmed ately next to the dd river
channd, and sals (flwent s) of varying texture have been deposited
over tineas aresut of flood evert s The experinent al site neasures
290 m (roughly east-west) by 45 m ad stradd es a variety of soil
deposits A oeend of the site, thesols are predomnatdy silty clays
and silty clay loans, wth plant availade vater (AW content s rangi ng
from12 15 cmvater in the top neter of sal. Inthe centra area of
the site, there are layers of loam sandy |cam and sand, wth | oner
AWin the top neter. Mreover, sone of these |ayers are extrenaly
gravelly (> 60%gravel by vol une), very gravelly (35 60%gravel by
volune), and gravel ly (15 35%gravel by vol ung), which further | on
es the AW. Inths pat d the st AWranges froma low of 4 cm
vater/msoil wth nore typical val ues running from6 12 cmwater/m
gl. A the aher ed of the site, the graved ly layers d sappear, ad a
mxture of clay, clay loam silty |cam |ocam and sandy | caml ayers are
foud The AWhere ranges from10 15 cmwater/ msoil .

These variations in textwre and the resuting AW can af fet tree
gonh Onloany soils, the Popul us 367 cl one had an average hei ght
o 28 m wile on sdls cotanng layers of gavely to edrenay
gavely sand, these clones vere only 1.9 min height. In contrast,
Robi nia pseudoacacia dats had a heigtt of only 1.1 mon | cany
sols, bu ahegt o L7 mongadly sals. Thus, the Popul us 367
clone gewtdle insdls wth iger AWthan in soils wth [oner AW,
whereas the Robinia pseudoacaci a gewt dle insalswthlomer AW
then in sals wth higher AW. This response agrees wth the prefer -
ence of FRobinia pseudoacaci a fa ligtea, well-aerated sals (Bn-
garten 1996), in cotrast to Popul us, wichis retive toriparian areas

(Little 1960).

Table 6 Gl ative Df ference (in US ddlars) between Nt
Present Val ues fromHF ber P oducti on and Gnventi onal
Waste Treatnent Hant a& Df ferent Loan Rates*

Inmreet Bate | Year 1 Yewr7 | Yearld | Yewrdl | Yew i
25.0% | 1,860,071 | 167588 | 16674653 | 1,705,408 | 1705055
10.0% | 1AREALS | ZO0RG.ZIS | 21604898 | 2710808 | 2750992
0.0% | Z075,0%0 | 2617191 | 3110588 | &345.208 | 7448506

*Not e: Assuming 424 hect ares under cutivation, a price of $0 per ton, ad
ayiddd 160 tons per hect are a harvest.
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Table 7. Enpl oynent fromHA ber Production

Actrity Bmplayment per balyr mm:ﬁ:

Establish mewt (Year 1) 150 kabar-houn 3,800 Labor-barun

Cerowth & Mywtrvaners | 50 bhbar-heun 21,200 labor- harurs

{Vear 28]

Harvest (Year 7) 250 Labat-bensiy 105, DM Ladber- b ra
Tree Gowh

Dring the first and second growng season, the three Hical yptus
clones had high survival rates (Tdde 4). Incotrest, suvivd o Popu-
s was cl one-dependent, wth the 367 cl one having the highest sur -
vival rate (95%for year one and 88%for year two) and clone 197
having the lonest survival rate (53%for year 1 and 24%for year 2).
Robi nia had high survival rates the first year (93%, declining to 73%
in the second year . BEical ypt us cl ones had good hei ght and di anet er
gowh both years. However, drirg the first wnter, tenperatures
dropped to -10°C resutingindanage todl of the Eucal yptus cl ones.
Q ones 4016 and 4019 died back to ground level, whereas the SB
clone had danage only to the | eaves. Neverthel ess, during the sec-
ond growng season, the 4016 and 4019 clones outgrew the SB
variety in height, athough the S5 naintanred a digtly geaer
breast heignt diangter. In the secod wnter, freeze danage was
mnnal for dl three Bucal yptus dones, wtholy sligt fdia d eback
on scattered trees.

Gonh of the Popul us cl ones was cl one dependent, wth cl one 367
gowng best. During year tw, clone 367 outperforned al other
clones and species for both height and dianeter, growng over 4 m
in the second year to an average heigtt of 6.4 m This average
heigt was over 1 mtaller than the other species and nearly 2 m
taller than the second best Popul us clone (029). Robinia grow h was
highly variable both years, because it was an open-pollinated seed
source and was sensitive to heavy soils. Hwever, a nunber of trees
grew wel | and show pronise for the devel opnent of Robinia clones
adapted to conditions in Qi naga

B onmass/ | on Wt ake Dat a

Bucal ypt us canal dul ensi s (4019) and Popul us cl one (367) produced
the nost bionass the first growng season (Fgure 3). Hwever,
Bucal yptus canal dul ensi s had the greatest proportion of bionass in
woody tissue. Al three Eucal yptus clones had the | owest percent age
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of bionass inroat tissue (19%, wile Robinia had the highest per -
cert age (40%. There appeared to be no relation between root bio-
nass and survival among and wthin species. However, the geaer
survivd and gonth of Robiniainxeicda s mght be expl ai ned by the
greater root production rel ative to shoot bi onass.

There were also dif ferences in the ability of the species to accu-
nl ate sats (Tdde 5. Robinia had higher nitrogen content s in both
rod s and stemtissues, but foliage nitrogen level s were conparabl e
to the other species. Hwever, Robinia had higher accumil ation of
cdciunin the fdiage, dnest tothe taa exclusion of sodum This
trend fol loned for woody tissue as well. There were no dif ferences in
nagnesi umaccunul ati on. Popul us had hi gher chl ori de accunul ation
inthe foiage, but generaly loner levels in wody tissue. Long-term
accunul ation could inpact sal restoration or species perfornance if
excessi ve | evel s devel op.

Econonmic Analysi s

The Copanex mil| has the capacity to process 146,000 netric tons of
wood fiber per year but currently only processes 128,000 netric tons
per year. @ that quatity, 50%is short fiber from hardwood speci es
and 50%is sof twod fiber frompine. The rail lines comecting Qi -
naga to Ghi huahua al l ow direct transhi pnent into the sorting yard of
thre AvBuac facility. Grrently, the short fiber is inported fromthe
Lhited States. Gopamex of ficiads are interested i n devel opi ng dones -
tic sources o short fiber, and are wiling to purchase dl output from
Qinaga. Indeed, (panex has investigated the possibility of deve -
oping large-scal e production of Eucal yptus and other species near
Qi naga.

Table 6 present s the df ferences in estinated net present val ue
returns for forest production and atradtiond veste trestnent facility
for various interest rates ad over df ferent tine periods. The cal cu-
laiasinthet abl e assune that 424 ha are planted in Hical ypt us and
Popul us intheintid year, and then harvested in seven-year cycl es.
It is assuned that production a harvest is 160 tons/ha and that a
price of $0/ton is receved. Rgardess of interest rate o tine
period considered, waste treatnent coul d be achieved at | ower cost
wth fiber production than wth a traditional sewage treatnent facility.
Fber production requires less intid cagpita expenditure and has a
loner operating cost than atraditiond wvaste treatnent pant. O pa -
ticdar ineet isthelast linred Table 6, wiich is the actual budget -
ary savings to Qinaga fromfiber production. Intheintiad year, |oner
cautd oosts of fiber production saves Qinaga &2 mllion. The cunu-
lative savings over 28 years is nore than $7.4 mllion, conpared to
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constructing and operating a conventional wastewater treatnent sys-
tem

A inportant godl of sustainable devel opnent is the creation of
enpl oynent opportunities. This is an especiadly inport at issue for
Qinaga given the job | osses and acconpanyi ng decline in popu ation
experienced by the city inrecent years. Rotentia enpl oynent arising
frombi onass production is broken down into three categories: fiber
farmest abl i shnent, which occurs during the initial year and i ncl udes
Site preparation, planting, and irrigation; growth and nai ntenance,
whi ch occurs during years two through six and invo ves prinarily irri -
gation, and harvest, which occurs in year seven and includes har -
vesting activity (Teble 7). For each set of activities, 2,000 | abor-hours
per year were included for administration, including nanagenent,
organi zation, and secret arid support.

RECOMMENDATI ONS

The foundation has been laid for continued research on the applica-
tiond tree dat ations to the treatnent of nonicipa wvastewater by
vay of land application in arid clinates. Mny snall conmunities in
the border region lack suit able vastevater trestnent facilities. Fur -
thernore, these communities lack incentives to inplenent waste
nanagenent prograns. An approach that creates financial benefit s
for these conmunities has the best chance of ef fecting change. The
experience gained in Qinaga provides the basis for a sust ainabe
nodel of waste treatnent. Mreover, wth goroxiae infrastructure
devel opnent, Qinaga could serve as a valuable training center for
other border conmunities. The Qinaga nodel has short fiber pul p-
wood as the target outcone, based on the need in Chi huahua and
the availadlity of ral trasport. Hoever, other conmunities coul d
produce fud wood (for cooking o co-firing), pines for df ferent prod-
ws (incdudng QGristnas trees), speciaty hardwods, or even
anenity plartings for recreation

Akey tosuccess is theidetificaion of tree species sutade for the
target outcone. The three species used inthis nodel are suit dde far
pul pwood production. However, df ferences in groth rate, cd d-har -
diness, drought tderance, and salt tderance indicate a need for con-
tinued devel opnent of suitade plant nateria. Fomthis study, aly
one cl one each of Eucal yptus and Popul us aesutade for [ong-term
we There are sdlections of Robinia that could be valuable on
droughty soils. Hwever, propagati on techni ques nust be devel oped.
There are other species (Liquidanbar o Ra anus) ad cdtivars of
native cottomood that nay be better suited to Qinaga, wthitscd -
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careous soils, high evaporative denand, and |ong growng season.
Moreover, an evergreen sof twood species such as Hnus e darica
nay prove superior for wnter water use, wien deci duous species are
dor nant .

A successful 1and application systemincl udes not only an econom
icaly viable system but aso an environnent ally safe system Both
are required for sustardility. Gntinued nonitoring of ef fluent can
prevent endangering the treatnent process by cont amination wth
heavy netals or toxic organic conpounds, while nonitoring the
groundwater can mnimze the risk of conpromsing groundwat er
quality by overlocading the system Both wil require continued comt
nuni ty i nvol venent to prevent inappropriate dunping of toxic chem -
s
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A Low Tech Treat nent Straegy far
Treating and Reusi ng Wastevater in
Aid Lands

Lawence A Baker and Paul Westerhof f

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.
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(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

Wet | ands
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SON(surface flow constructed wetland); SSFON
(subsurface fl ow constructed wet| ands).

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
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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
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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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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
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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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