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ABSTRACT 
f'ull((•lllr:tlion' and tli,lrilmfion' uf IJa, ll CIHIIJIOil~llf ur tJu• high 

explo~i.-e huritol, und liDX (hc:tahydw-1.3.5-trinitrn-lh;~~-lrla'tinc) , 

11 l1i1!h 1:\(llusivr, wer{' C''lllunted from 1996 to 2002 "ilhifl a M·minrid 
allttvinl sy~tcm in Canon de Valle. Ne>~ Mexko. A biJ:h erptnsil't· 
machininJ! facilil!' tli~clmr.:ed cmnenl containing !ltt•se chcmic11h lu 
Jill' runyon rrom 19!<1. lo 1\1%. 'fill' conncclivily hetwecn ullmial 
j(rnundnatcr, 'nrrat-c water, Hnd '>Cdimt•nt was Sj>edfil'lllly addrtsscd 
to undcrsfnnd the distrihnlitm\ and dvnumit~ of lla and ltOX h1 
lhe alluvial sysll'f!l, Snrfa~'t' wafer. J!fll~ndwutcr. and sediment were 
dllln•t·fcrin•d by •:onductin!! h~drutugic mc;t~un·nwlll 'i, geomorphic 
tn:rpplnjt. and .;HIIt•ctinl! .\lHllplc,. ll:t.rhun nnd IUlX in o;cdinlcnl prcf· 
trtnthtll' "'~ide in fin~~~rnint•d depn>il' thai rcprt.,t•nt flw MISpt•llllt'd 
foud ft.'Cft.•pu~ifCd Hll fluodj.>luin\ f•IIIO"in~ channd ";CUUr. tiO"l' \Cr. 
ROX and lla ,tum marked!~ difl'crcnl hcb:11io~ in 'urfacc "liter unrJ 
allu\•iaf ~rnundwatt!r ht•( Ul't' Of t."1Uitfll,fiug gt•ut.>-ftCUJiOtl ehonn•fl, ti-...:~ 

lie; und tr:uL\port ml'chani•m,,. llurium prcdpihth~\ in '-t'dimcrH' "' 
barite and wi11writt• and rt•lulil,· >OI'h.' h> scdimt•tll mincml•. Th •rerorc, 
<.t::dilncnl lrn.r•~r1nrt ;, an impnrt.uol l'nlllml '"' lb di\trlhuHon in tht• 
cunynn. In cnn1n1.~t. Rf>X UPJICilN In IICCur Jlr('dominnnfly in the 
dis~vhcrl phase, bclmH·• ctm~enulitcl~· . and is mo~t siwtilicaut in 
l!rnundwuter. 1ll(~rc l' u .\trnng corrclution beh,·ccn RHX t.:unccntrn
tlons in WufCf and !he \lllUraft'lf lhkkt'IC'iS or fbe alluvial iHJUifer. 
l)uri"l! proiMil!t'd ~>ct pt•rlod~ . tlw nlhl''lill utrulfcr enlarge.•, euu;.ing 
more nux tn be mubiliit~d " 'ilhhl the allut·ial ssstt<ill. Sub;;url'ucc 
prnc6sc~ iu the unn~iul lHJidft•r "'" tln~rcfore rno,l imp(lrtant in •~on· 
fruiting tlrc~cn t ROX trun~pnrl. \\hcrca' 'nrfat•u prot'C\SCS a~-.:•t:iolctl 

with Oo"d~ arc mn'l impnrtanf in wnlrolling lla. lrall.'P"rt. 

H.'"" FXPt OSJ \ p; a rc contaminants of interest at 
.many active and inactive installations that support 

wt•apons production. High explosive production sites 
are widespread acros. the United States and the world 
and represent potential sources of widespread high ex· 
plosive cont~uninatiNJ to Otc environment High explo· 
~ivcs contamination is also associated with firin g sit e ~. 
but ill these sites contamination is often difficul! to pre 
t~iscl) loc<tle and he t e rog~: neously distributed. Many 
prev io us environmental studies of high explosives fn· 
cuscd on r mediation tcchm logi c~. including biodegra 
dation ( Shcremata and Hawari, 2000: Belle r. 2002: Rain· 
Wil le r c 1 al.. 2002. Pudgc et al.. 200~: Ringdberg ..r al., 
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2003: Zhang and Hughes. 2003: Beller ct aJ..l00--1). phyw
rcmediation (Sikora d al.. !91.J7: Best <: 1 a!. . 1994: Blmdra 
t:! aL. 2001 ). constructed wetl and~ (lkst d aL IYYll). lao
valent iron (Comfort ct aL 2003). and monitored natural 
aitenmnion (Pennington et al.. 2001 ). 

Identifying the key surface and ~ul:lsurfacc tran~port 
processes of high explosive contamination is cri ti ca l to 
modeling transport and predicting contaminant concen
trations in environmental media (Pennington and Bran
non . 2002}. However. we are unawan.; of anv ~tudi.: s 
that haw focused on high explmin· ~ ;md Ba cOIIlt1rnina · 
lio n in alludal and \'allo~c :.-.une canyon ~dling~. In (\dd i· 
tion. studie<: that have examined c,mtarnin an t ~ in alluvia l 
canyon setting.'- do not typically n msider all nf the h~dru
g.:onwrphic com pone nt~ (e.!! .. 'urface " awr. )!J<)lJncl
water, un-;aturated bcdw.::k. and c.tm on l'hJttom ~o i ls 
anti sediments). Prev ious studies or C{;ma mirwted min· 
ing siu:, have paniully fotu~ed on hydrologic conncc· 
ti(ms bel\veen groundwar.cr and surface wat er. :;~-; well 
a~ t h.: role of contaminant exchange b tween 1 he 1 wo 
(e.g .. Fuller and Harvey, 2000; WinJe and van de r Walt , 
2ll04 ). However. these do not explicitly include interac
ti on~ between tlw unsaturate\~ zone, can von bottom sed
ime nt<;, and the surface water and gruun~lwatt.~r ~y~tcms . 
A geomorphic approach ha~ proven dfecti vc in icknti 
fying the snurces and distribu tion of contaminants in 
river valleys (Rowa n ct al. . 199:'i: Hudson-Edwards e t 
al. . 2001: Marcus et a!.. 2001; Miller et al .. 2003) an I 
semiarid canyon~ (Katzman ct aL J<,ltN: Reneau d al.. 
I 99g, 2004: Ryti cl al.. 2005 ). l'hus. a combination of 
hydrologic and geomorphir !>ampling and analysi::; wa~ 
thought to be a more complete way of as~essing hi g.h 
explosive contaminant extent. distribution. and tnms· 
port. The objective of this swdy was to use a combined 
geomorphic and hydrologic approach to de termine the 
extent and distribution of high expi<)Sivc- rclated com
pounds in a semiarid alluvial can) on environment 1 ~1 
support polcntial remedial actions. The connectivity be
tween groundwater. surface wnll'r. and ~cdimcnt was spe
cifical ly addressed to under.;tand the: di~t rihution~ and 
dynamics (If Ba, :J compo n e nt of the high t• xplo~ive bari 
tnl. and RDX in the Rllm•ial sy'item. l l.c;ing thi s approach. 
rdatinnships between contaminant:, in 'ied iment. smfacc 
water. and groundwater were revealed. l'hh knowledge 
an abo he applied to improve the implementati on of 

wmedial actions in similar contamirHt{c.d syswms. 

BACKGROUND 
l.o!- Alamos National Laborat ory (LANL) wa~ estab

lished in the early 1940s wirh the primary goal of pmducing 

Ahhrt••iatinn••: A W. alluvial wo.:U: hi(~. ocl<)\' ~round , urf.1cc: roc._ 
ft ar tiun of " rganrr C. l,;\Nt .. L<•'> AI~ In(" N;llronillJ .<t bulat{•ry;' . ~~ l 
sumnin)! elect run micro><'op~ : SP. 't rQ!Im~fiTG'lA. ·~ecnn/L11 At'~"~ 
>.IU·. X·rav fluon:~c.:nce. · 
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nuc!t:ar weapons. One legacy of !hese activities i~ environ
mental contamination. TI1is studv focused on a semiarid 
canyon within Technical An:a CrA}·I6of LANL(.:ontatni· 
naicll with high e.xplo~ivc:. (Fig. 1). TA -!6 was estah· 
lished during 'World \Var II for the tkvdupmcnl of 
expll)sivc fonnulntions. prnduuion and machining nf 
explo:;ivc charge~< and the assembly and testing 0f cx
p!o::;iv..: e<lmpPn~:nt>. for the U.S. nuckar we<tpon~ pm· 
gram. Most ol the high .:xpl<)SIV<: m<t<:hining activities 
Wt~rc completed in the TA-16·260 facitily. Machine turn· 
ings and hi.gh cxplosive wastewater were rnlltcd ih wa~te 
to U outtiom smnp~ a~~ociated with the building. Hi :-;
IOiically. discharge from lht' sumps was roull'd to an 
outfall located on the soutlKrn cd2e of a n<IIT<l\V can von 
(Cal'ton de Valle). nw outfall wa; u~cd since l95l ;wd 
was deactivated in November ! 996. Dischar!!C measure
ments horn the c'arlv 19lJ(n.. show that releases '\vcrc scvcr<tJ 
ntil!ion liters per yeilr (I .ANL. 2f:K'Ha). Once discharges 
wac stnpped. surf<1cc riO\\ in the outfall area and dmn· 
ncl into Cafion de Valle was limited to overland flow. 
primarily in respons.: to spring snowmel t and to run\)ff 
event~ associated with rhc: ~umnu;t rainv season. Within 
Caiion Lk V<Jlle just downstream from tile outfa ll rherc 
is an approximatdy WOO·rn-long reach t)f perennial sur· 
fac~· t1ow. Tlw nwan annual now is approximatdy 05 
L s 1

• the average depth of the active channd is 0.25 m. 
and the avJ:ragc width is approximately 0.5 m (Fig. 2) 
(LANL 2003;l). The photograph in Fig. 2 was taken in 
June 2iU)(J following a 16-mm precipitation event. Flat· 
tened grasses and debris nn the floodplain indicate over· 
hank flooding occurred during this event. 

The nutfaH is 1he primary source of con tamination to 
tht' C<tiion de Valfc al luvial system, although character· 
izatinn data indicate a ~c·condary upstream sourct: from 
nn o ld landfill that contMins high explosives (LAN L. 
2003a). Tht: out fall. the draimt~tt' channel hdow the 
outfall. and the canyon bllttnm. as well a' surf<tce water. 
i1!1m•a[ groundwater. and deep perched gwundwatcr 

._._>'Of...,. 
~~~---~~·!-~~ ... _ .... 
~~l(« -N~~ ifw;fJ..W 

fig, I. l.to(·arion of tlw ,utdy !U'Cit l'ilh.in Li\NI., N<.•w Mo,ku, :md 
lfw lmcn tinn• ••ftlw TA- Iti-260 <mlf:dl. slnmm nHmit~orinjt ,•liUhon,; , 
:dhn iat >Wib, and 'l'ti"ll' in Cull on d(• \ ullv. 
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are contaminated with high expln~ivc wastes. including 
RDX. HMX (octahvdrn,J.3.5.7·tetranitrtY<! 3.5. 7 ·klr<l· 
zodne). '!"NT (2.4.6-trinirrotoluenc). and Ba (LANL. 
2002. 2003o). The Ba contamination results from a high 
explnsive, hariwl , which is a mixture of Ba(NOd: and 
TNT. This paper focuses on Ba and RDX. which typi· 
cally have the highest contamin<Jnl •~<mcentrations in the 
c'iHIHJIL 

G~ochcmical Propt'rfies of Barium and RllX 

An irnp•>r1<uH purl (•fundcro;tanding: the hydrog<'olog· 
ical and cutllaminanl !rnn~pon mechanisms 1nvol\·e, 
evaluating !he dwmical and physical properties or the 
contaminants and their b.:havior in the environment. 
Sped fie pn•,.w· rtics include the degree of saturation. the 
potential for ion exchange (Ba) or sorption (e.g" RDX 
on natural organic carbon or !Ja on days. imn oxides. 
or manganese oxides) .. and the potential for na!Uraf hio· 
r.:mediation (LANL. 2003a. 2001b). 

RDX 
The USEPA twalth advisory limit for RDX in drin.k· 

ing water is 2.0 Ill:\ L ·· ' llJSEPA. 2f)()(l). This limit is quite 
lnw. highlighting the imporlanct~ of umkrstanding how 
environmental condi tions will affect the stability and 
tran~port of RDX. The high specific gravity or'RDX 
indicates that most of the RDX particulates from high 
explosive machining were likely deposited near theTA· 
16-260 outfall and former settling pond .. rather tlmn carried 
imo Canon de Valle. "n1is is consistent with comaminant 
conL'cntraiion data that show localized zones with hiuh 
explosive concentrations in the outfall nrea of a few 
weight pen:ent (LANL 1999. 2003a). Such high concen
trations have not been observed in Cnr1on de Valle 
(L'\NL. 2003a) . The solubilitv 0f RDX b rclalivdv high 
(between 42 and 60 mg 1 ; at .2S"Cl (Layton cl aL, 
19~7: Card and Autenrieth. 1998). and surfaet' water 
and al luvial groundwater concentrations in the can\'on 
arc typicall): twn or more or<kr~ of magnitude ll>~ver 
than the solubility hmit , suggesting that most of the 
transport inw and especially within the canyon is in the 
d issolvcd phasu. 

Dissolved high explosives in groundwater will parti· 
t.ion hctwecn a soluble and a sorbed phase. The dissolu
linn rate of high explosives is dependent on surface area. 
temperature, and mixing rate. In a bench·lop study. the 
diffusivitv of RDX in water was determined to be 2.2 x 
10 ·''ern"~ 1 (Lynch ct a!.. 2002). Once in solullon. R DX 
will interact with particles in the canyon alluvium. Parti· 
dt.:s derived from the local rh\ nlilic tuff bedrock. dacilic 
volcanic rocks from upstrean1. and erosion of local soils 
(in part dt-riYcd from eolian input). are present within 
the alluvium. RDX has hcen found to have a low sorp· 
lion capacity for sediments (Singh et aL !99H: Shere 
mata et aL, 200 I). hut a higher sorpt ion capacity for 
organic C (Layton et aL 1987). Thus. the amount of 
RDX adsorption will largely be controlled by the amnunt 
of organic C in the soils and sedimentl-. (Layton et al.. 
l9R7). Although the fraction of organic C (FOC) in the 
Canon d..: Valle alluvium was not measured, FOC data 
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Fig. 2. Caium dt• Valle m!lin dumnel hml<ing downstream. Clnmnd i• npptoxlma1~1y 0-~ m wide. l'hologrUJlh was takvn in June !01}4.1 fulltming 
a lf..,.mm ruins.tOrlllv 

have been obtained in a hydrologicall y and ecologicall y 
similar canvon 2 km nonh or Can.on de Valle (Reneau 
et al.. ! 99i'i'). In th i~ cany()n. FOC rangt•s fro1;1 n. I to 
5'){, Finer fractions . like fine sand and silt. thm arc repre
sentalin· of fl oodplain dt•posits tend to be in the highe r 
end of the FOC concentration range {e.g .. 2-5% ). but 
FOC in the medium sand and la rger fractions rcpresen
tatin:: of channel deposits tend to be in the Jqwcr end of 
thai range (e .g .. 0.1 2'Yo}. Thus. it is likely there is some 
RDX adsorption in the canyon. although this is expected 
to be minor relative ro the amount of dissolved RDX. 

The potential for biodegradation is another chemical 
property important in the long-term e nvironmental fate 
of high explosives { Pudge et a!.. 2003: Ringelbcrg ct aL 
2003: Zhang and Hughes. 2003). The biodegradation of 
RDX in !he e nvirorHnenl occurs bol.h aerohica!lv and 
anaerobica lly (Roscnblall ct al.. !9()1 ). Anaerobic dcg· 
radati nn rates are typically greater than aerobic rates 
(Laywn t:l a l" 1987: Slwrcmata and Hawari. 2000). In 
either pathwuy, nutriem conce ntrations are also impor
tant. In subsurface regions at Los Alamos, includ ing 
the mesa vadose zone. canvon alluvium , and alluvia! 
groundwater. the rate of na!Ural biodegradation of 
RDX is likely to be low, givL~n the infreq uency of uppro· 
priate anaerobic conditions and low organic C and nutri
ent concentrations. Favprable anaerobic condi tions in 
canyon alluvi um arc limited in space and rime (LAN L. 
200.1a; Newman et al.. 2002). and the adjacent tun va· 
dose zone is lnrgdy oxidizing. The va riabi lity of reduc· 
ing condit ion~ in semiarid alluvial a4uifer systems such 
as this one is large ly controlled by o xygenati on during 
re charge and subseque 111 depkt ion of dissulwd oxygen 
as a result of hul lo)!ic<tl acti vity bet ween recharge events. 

and by spa rial vari ations in organic C conten t { G roffman 
and Cmsscy. 19'19). HDX brea kdown products have only 
been detected occasinnallv and at concent rat ions slh!hll \' 
above det ection limits (LANL 2003a) - ' 

RDX can also degrade through phmolysis: hnwcver, 
the rate of degradation is very slow (Hawari cl aL, 20112) 
RDX can also degrade through an inorganic hydrolysi~ 
!\:action (Layton et aL. 191'7). Groundwater and surface 
water in Cafion de Valle lypically have pH values !hn1 
are high enough that hydrolysis may he importam in 
the long term. 

Despite the possih!e breakdown pal!Jways ol R D X. 
il is gencra ll.y viewed to be much more recalcitrant than 
some of the mher types of high ex plosives (e.g., TNT). 
ft is difficult to break down and can bt: quite mohile in 
low organic C environments. To iflustratc the mnhilc 
hthavior of RDX in the Caii.on de Va lle an: <~ . sampling 
or 11 ptrchcd aquifer approximately 230m below ground 
su rface (hgs) al TA-l o detec ted RDX at wnccn trat inns 
between 12 and 84 flg L 1 (LAN L. ]')!)l) ). 

Unrium 

The EPA drinking water standMd for Ba is woo ,.~-g 
L ' (Er'A. 2000). In contrast to RDX. which does not 
dissoci.atc in water. barium ni trate (Ba[NO,h) r(~a di!y 
dil'snciatcs into the barium cation and nitrate aniun. 
llowt:vcr. because of low solubility . Ba has the potent ial 
to form solid-phase minerals, including barite f BaSO.) 
and witherite (BaCO,). If these minerals form. tlwy have 
the potent ial to limit the extent of Ba mobilit y and may 
also act as an important control on Sl'di rnen t. vs. water 
Bn distributions (Hickmott et aL. l'JY7l. 



Barium ha~ an uffini ty for adsorption un days. oxides. 
and hydrous oxides. with literature values for equi lib
rium sorption coefficients in soil ranging up to 2800 mL 
g 1 (Li and Chan. 1979). Clay content in the fine-grained 
fl oodplain sediment in Ca r1on (.k,> Valle averages abt~ut 
I I%. The tinc·graincd Sl·dimcnt dt~posih in Cafinn de 
V;tlk cont:~ i n the h ighc ~t C\ ll11am[nant invcntoricl>. indi· 
eat ing that tht' da) <.:olllt'l lt of the fine -particle size fra c
tion DH\ ht• important in afk,·tin):t the di~tributinn of 
Ba fLANL. 200:;a). Barium ~orption on da ;. and \lXidc 
mineral:, tKcun hy ion e xdmngc and dwm iMnption. 
with ~o rpl ion ~lll cl<t_\ S prima ril,\ through i11n ~:xchan)!C . 
Furlln:rmc>rc. Ba sorption on day is thought to b.: irre
versible under natural condit ions. Consequently. ion cx
chnni:c of Ba on natural clav can serve a~ a mean~ 
o f in;mobili1ing Ba or retarding it)< rnovement in the 
environment Difference~ betwee n the ehcmical behav
iors of Ba and RDX provide a rationale for distributiGm 
o f m.!ta ls and organic ch.:mica b in th e Cation dc V;1ll c 
alluvial ~yslcm. · 

METHODS 

B;murn and I<() . flliiCc'ntriHH11l\ in "''1. <o~Jiment. and 
wmcr \\~rc c,·al ttah:J lf<l!ll 199(1 lU 2!HJ2 withl11 the (':~fl<lll 
de V;dk• al lt1\'H.il '-.\~t-.:nL Suflat·c '' arcr. a!JU\.I.(d ~~.roundv ... ater. 
;~etiv.; chdnnd ,,·dlnh:nh. and flomlplain ~ntimcrth '~ e r~ char· 
actcrit..:d along a 2· to 4·km· long reach pf em von dnwn,trearn 
from 1hc Ti\-16 ·260 facilit\ . Surface water and alluvial grou nd· 
water were charactc ri:tcd hy conducting strcnm discha~gc pm
fil..: s. in~talling shalh"v alluvinl wells, nnJ ~nlk.:ting sarnph.:~ 
for ;wa l~ sis. Active t hat! nd s.:Jimcnl'i and flnmlplain ~edi · 
m..:nN w,·rc ch;m~etcmed by mapping dcpo~itional unih. t.k· 
tcrrni ning -.cdinlL'nl thit:kncs., and volurn..:. ;~nd cnlkctinl! sam
pic'\ 1(1r analy-.r: . ( 'hl' lllit·al dala IVCrc· .tnalpcd hy mcdi.t type. 
<~lld conrlccli<H1' h..:t\\ceu ddTcrcntmcdia were evalualt'd. D c
laib ,,f thc'c <.,ampling :.ud mca<;ur..:mcrll a.::tiviti.:;, ar<· pr<'· 
\ itkd hc:IO\\. 

Surrace Water Oisclmrge Measurements 

fn ( ·at)Dn de Valle ther..: an: I~ )l.iiUI!'''I! '!a!ion~ ( llknt ifi..:d 
ih S!rc•am Pwfih: (SI'j 2 thrnul!il Sl'lh j csuhli~hed alp r1g <1 
1 .~-k Ill stn.:tch ot c/Ulyon (HI-(. 1 l. Surface water di<;dJargc: \Vas 
t lllculatcd u~ing ~ !age ruea.,urcmcnl> fmrn a pPrtal'k l'ar.,hall 
flume· m werl· me<Ntred dirn:tly h) collecting wakr in .1 ca li· 
hratcd-vn!umc cnnta iner ;md mea~unne tlw contauh.:r !til r;ll e 
with a swpwatch Jn audition w thl· 'lream pwlilc kn.:atiorh. 
two -.pring\. Burn tug ( ir,Hind '-fHinlt .md <; WSC o,pnng. wn,• 
aj.;,) moniton:d. Th~ nwan :mnual 'I'' ing tli,<.:h<n gt: j, fl. 25 L 
~ ' for Burning (iround 'Prt ng and IUJJ t, , lor SWSC 'prill)!. 
AI each }W U.ging -.tatn 111. fi<:ld p>t r a nwt..:r~ ( di>-charg~. pi I. t:<' ll · 

ducti ' ity , and tc•mpt.:r at lH..:) \\cr.: llh'ih l lt L'd quat tnl} • >r in re· 
']1Pil\t' 10 ' f't.:.:ifiC fl. m l'\ L'llh 

Alluvia l Well Mea~uremenls 

Fou r ~hallow al luvi<l l l\cll' (t\ Wl were drilled in the fall of 
1997 and arc d.:,ignated AW-l through AW·.:l (Fig. I). AW- l 
is located (li J m up~lream of the TA-!6-260 outfall and dnwn
'>lrc,nn of the '>ecnnd;trv C<l lll lllllinant -,ourcc from th l' old 
lumlfill . i\ W-2 i~ locnt..:d'immeuiatcly tlownstro.)arn of the wn 
tlu.:nc<: of the TA-16-260 outfall and Canon de V;~lk AW-} 
i\ t or;tt ~· d 460 m du"· n~lrc•am 41f the vutfall and Jvwn~trcarn 
of ~WSC and Burnin ~t (irou nd ~ ~~rin g, . i\W-4 is locm.:d ap
proxirnat~ly I 100 mthmn'lr<·am from tht:· outfalL I he averag~· 
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hydraulic gradient i ~ <lpproximatdy 0.03t'i m m ' he t w~·en the 
fnur monitoring wells \LANL. 2003b). All wells were drilled 
to a t<)lal J c:pth of approximately 3m bgs a nd screened <u:nn,., 
llw '\edinwnl·· .. tuff interface. Tlw wdb are 5· or Hk n1 tliarn<:t.:r 
polyvinyl chlorid.: and screened in the l'('tlllfll !5· m int erval. 
The canyt•n bntlom alluvi um i' wmpo~ed prt<domin;ttd) llf 
coarse ~and~ and gravt!b with ~orne '~cnndary fin,• \and\ ;md 
Silt~. ln Jun-: I!J<J9, each well (wi th t!w exception of A W-21 wa' 
c•quirp.:d with a battcry·p(l\H~ rcd duta l<'ggn 1u .:untinuo,J-1\ 
rec<lrd wat er kvd. ,·pnJuctivity, and (t:mp<~ l alure. 

Aualylic~ll Methods for Water Samples 

T ill' sample~ wt:re collected folhnving EPA protocob 11nJ 
W\:r.: analy-11.:d at \l iT-silt: lutxmnmi\.:S for atkalinitv. anion5 and 
p.:rdl lorai,;. nwta!s . nitmk and nitrih:. nitrogc n i<on1np(:~ . low
It:''-" tritium, h_vdn '}(~rl isntop;;\, OXY!~i.! 11 j,nlOJX:S, Vola ! ik l>rganir 
>:Pmpounds. total uranium, l.llgh cxplo~tvcs. m1d hi?,h cx plo
'ivc hrcakdown prndtKl~ . such a~ ammo·2.fi-d initrot nlucnt· l4-l: 
amino . .:l.0-·dlnil rotoluenel2-l: h,~xa hyJro- 1 - ni t roso -.<.5- din rn> · 
1.35-tnannc ( MNX): hc>mhydm- 1 J-Jinit nN>-5-ni trn-1.:15-tn
atinc• (DNXI; ;md hcxahydro-1 . .1-Jmitr<'S<!-5·nilro- IJ5- tri:uinc 
( I :-lX). On<:c;; }"·'f ~ampk~ \\t:rl' cnlk•·tc•d and an:ll)"/<:1.1 h1r 

wnHn>latih: nrgarm· compoumb All ""mple., wcr~ unrill..:n:d 
with the exception of -.ample' fnr mctah an.tl>si\, which in· 
.-ludcd h,llh J filt.:red and illl unfi lternl sample . O nly lb anti 
RDX results arc di~cti,~L·d in tlti ' paper. 

Sediment lnvcsligutions 

Scdtm~nt investigations focus..:t.l on charact..:rizing the con· 
t:cntrations. distr ibutivn. and invcn tDr¥ of 13a and RDX in 
sedime nt deposits on fl ool.lplains and 111; ah:mdtmcd channel~. 
and in identifying ~patial and kmp,lr:tl variation' in th..:\c 
analyte> in coar:~er-grained ~cd imcnt in the activt• channel. 
Fony activ..: channel ~arnpk' \\ t't<' collected in l <l\16 Hlong :>5 
1-.m of t·h;umc! hctore di'>Charv.c' from theTA- !h-21>11 ow fall 
" ..:r<: dbcontinu..:d . and nine ol" thcw locMions wcr.: r~·;amplcd 
111 2002 Ci.::omo rpf11c units in the hnuom 11l Cnnon Je Vnlk 
were' mapped and ~ampkd in I'J<J<I !P charnctttil ..: tht• n.:cu r· 
r('ncc ;1 nd di<>trlburwn nf '~•lntaminanh ncro'is the width nf lht• 
canyon hoUPnt. panku!;1r!y 111 fine-grained <>cdimt:nl d~po,lt' 
Ollhidc the actiw thannvL Soli piu. \l~rc dug in eath p.~.:nnwr· 
phir unit tu dd,•nnine tb c textuf..: <Hld th ick nt:s'\ or '<:donent 
tkpo-;iu, that pn~Hl<Jl<' 111itial re k'as.:'> twm tht: T A- 16-260 oul · 
fa iL One nr more l11 ycr~ rmm cnch >Ptl pit wcr.: 'Cr.:cncd fm 
Ba us ing X-ray flut•l<'~..:cncc (XKF) ;uwly"l''· ;md a Wh'-d of 
tlws(.! favc1S w~rt <;Cfc>tfll•d tor nDX thing ficJJ illl tnlHIO:l>;<. ;:l\ 
klh A \ub~e t nr Hw \Crecnctll:J)Cl"' were then \Uhlllttlcd fn.r 
oll ·\llt: laboraWr\ anal\-<is. with the1r numh~r and loc.Hions 
det.:rrnmcd thinu ' lali,itut l m..:tlhiJ, to ,·n,ur..- ac..:ur.H.: c,fi. 
tnate-. of co n l<1~1i n ant mv.:ntPry. Rt• pre'l'lllathc ;~·dim,·nt 
'ample-> wcn· .:nlkctcd ~111d unalyr.·d from each f!C•'nmrphir 
unit. Apprmim atdy L.~ km \lf Cat'lnn d.: \'alh: 1' a" mapped 
J o\\nstrcam fro m tlw 'I r\ · 16-:! (~l ollliall. supplemc•nted by 
aJditional investigation upstrc<~IH. and fidd ~creen i ng \\ <IS 
comr!cted nn i.l t.mal pf 59 sample~ at :lJ f<Kati<lll<;. Thirty nf 
t.h <:~e ;ample$ wen: a rml} l t:J for lugh cxplosi,-e,, metals. and 
pMticlc -size distribution . Data on contaminant conccn tratinn 
w.::rc cornbincd with data on the aren, derl'<itv. and nv.:rage 
thickness ()f seJimcnt in di[[ercnt geomorphic u'nib to e"im::itt 
cnntilminant imcntorv in a .;erie.; <lf rcachc' and evaluate th~ 
~pill ial di~lribution of contarninanb . 

1 n addition to the geomorph ic charac!t'rization described 
above. 17 ~cdinwnt ll!H.I soil ~amph:-s \\ere nlso analyzed u;ing 
'>Catullng electron rnh::nhtop) (SrM l nnd X Rf·. p, ,Ji\hcd thin 
~~rtion' w.:rc cut fnmt grain nwunh and C C:<>at..:d for ana l\ ,j, 
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Th.: ohjeClivc nf iht< St.M anuly~e~ wa~ to lunk for tvi,knc<: 
u! n,, prenpitatinn in th<.: canvun ~.:dirnent>. 

RESULTS 

Durint\ llw ~tudv per iod from l99S to 2002. the <IH'I"· 

age ann~JaJ pn:t7iJ)i tation was 37.1 mm. approximntclv 
If){) mm helow <l long-term average ,,f 470 mm for tile 
sit<: (Bowen. 1 ()l)() J, 

AUuvinl Groundwater 

Tinw-series ploh nf RDX and Ba concentration data 
from alluvia l groundwater samples collected in Cation 
de Va ll e from J()')X to 2002 arc shown in Fig. JA and 
3B. Several key points arc apparent from these plots; 

• H DX trends nrc genera lly stable to slightly decreas
ing with time. with occasional periods of hight•r 
concenlnllion. However. A W-2 is an exception. and 
the highest concentrations of RDX wen~ measured 
in samples from AW·2 just dmvn gradient of the 
T A-11>·260 l)Utfall. 

• RDX concen trations in sa mples from A W-4 {lo· 
catcd the greatest distam:e downstream from the out· 
fall) are consistently highn than A \V-1 and A W-3. 
indicating that thai there is no down canyon trend 
of decreasing concentration. 

• Barium concentration trend!> through ti.rn.e arc gen 
era ll y stable, with A W-3 showing a slight decreas
ing trend. Periods of higher concentratioil are mo~t 
likely associated with the redistribution and mobili-
7ation of Ba in the :-ystem. 

• The highest Ba conct:n!ra tion (center of mass) W<h 

ohscrwd in A W -3 . thwmslream nf Burning Ground 
spring and approximately at the midpoint or the 
study area. The Ba concentrations of spring water 
arc t~ pica!!y below 500 J.Lg L 1, which is lower than 
all of I he al luvial well value~. The lowest concentra
tion o f B<t b ob:.crvt:d in A \V- l. upst ream uf the 
outfalL followed hy A \:V-4. 

RDX nnd Ba conccntra l.ions in AW-4 as a function 
of saturated thickness between 1998 and 2002 arc shown 
in Fig. 4A and 4B. For Ba there does not appear to 
he a corrc lathm between the saturated thickness and 
concentrat ion. hut for RDX a strong positive correlation 
is evident (g' "' lLlJ3), This contrast indicates different 
behaviors for Ba and RDX in the alluvial system. with 
mobili ty 0! RD X incrt~asing wi th rises in the alluvial 
water table. l'hc natural conditions do not favor RDX 
degradation and R DX appears to be quite rwbile in 
response w sca~onal moisture inputs. The vadO$C zone 
serve.s as a continued sourct~ of RDX. Flushing of the 
vndosc zmw may mobi lize RD X by releasing stored 
inventory. The nushing of the vadose zone does not 
dircctlv affect the concentration of Ba in the alluvial 
systen1. The high concentrations and presence of Ba 
minerals in the sedimc:nt buffer changes in Ba concen
trati ons in wat er. 

Surf}lCe Water 
Rc~ults for Ba and RDX concentrations for a high

flow and a low-flow event are shown in F1g. 5A. 5B. 
6A. and 6B. The~c two events were ~ckctccd hcca use 
1 iley were representative of I he trends obse rved during 
•'!her slreant profile sampling events. ·n1csc ligures 
""f'W alluvial groundwa1Cr. spring:. and su rface wa!l't 
contarnimmt concentrations. and surface di~char!!c as <1 

function of diswnce from the TA -16-260 outfalL-Three 
f'f the four yet~rt. during the study period had below 
uverugt~ annual precipitation: onlv 2 uf 13 stream pwfilc~ 
wc·re conducted undcr high II ow cond itions. The !ollownt!! 
g.:ncrali7.ations can he made regarding surface water con
centrations and how they differ from alluvial ground
water concentrations (Fig. 5 and 6); 

• RDX concentrations in groundwater wt~re higlwr 
(up to 759Jtg L 1

) during the hi gh flow event than 
during the fow flow evenL 

• RDX\::oncentra!ions in surface water were higher 
(up to 150 1-Lg L 1

) during the high now (;;' \ .'CO\, <HKL 

unlike low flow event datil. did not show decrca~ing 
concentrations downstream. 

• During low now, RDX concentratinm wen.: rda
tivt.:lv low, wit h thc hi 11hes1 l'Ollct·ntrations oc· 
curring in surface water ncar the TA-lh-260 outfalL 
Below Burning Ground spring the conc<:ntrations 
were <25 1-L& L 1

• 

• The RDX data show higher RDX cuncentration~ 
in surface water during spring snowmelt conditions. 

• Barium concentrations arc •:onsistcntly lower in 
surface water than in alluvial groundwatcr. Concen
trations in surf<tce water are~ relatively ln,en~i t ive 
to h i~.th vs. low flow condition~. 

• Buse(! on the Ba concerHratiuns. surface water and 
allu"ial groundwater do not appear 10 mix cx ten
~ive l v until near r\ W-4. 

• Surf<lce discharge measun:ments sugge:- t that dur
ing low flow conditions. the strL·ant !o~c~ t.mface 
w:lter downstream Df Burning Ground ;;pring. ll ow
evt~r. during high flow conditions t:hcre is an appar
ent gaining reach beginning npproximatdy 1065 m 
down gradient. 

Average Canon de Vnlle RDX 
and Uarium Trends in Wat<~r 

To swnmari1e the trends in water dilta during lhe 
st udy period. the study area w·as divided Into rt.~aches. 
and average concentrations were calculated rm each 
rc<H:IL The reaches are as follows: (A l upstream of TA· 
!6·260 outfalL (B) outfall to Burning Ground spring. 
(C) Burning Ground spring confluence to SP9, and fD) 
SPIO through SP I6. The springs. alluvial wel ls, and sur· 
face water monitoring stations for each reach an~ listed 
in Table L 

l o further investigate contaminant trends and the po· 
lential relationships between alluv ial groundwnter and 
surface warer. average Ba and RDX conccntrutions for 
~::ac h rt•ach were calculated and plotted as a function pf 
disTance from the TA-l6·2fl0 outfafl {Fig. JA and 7B). 
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Alluvial Groundwater RDX Concentrations 
1998-2002 I 

¥Xl 
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Date 
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1 !12.5100 

-+- .. V(l 

• AW-7 

··etVN·3 
-4!1~ />,W--4 

ll>v..-A---·--~ 

• · - · ~-~"1-J 

B AUuvial Groundwater Barium Concentrations 
1998-2002 

!>'\i!llO 

Date 
Fig, 3. !A) nux and Otl Ha ('t!Of,NIIt'3lltoll f(•_, .. , ... flit llw fvur t~llll\iul ~tllUOd\\!ller nells •ftotn 191)~ lo 2tlil2. 

The fclllowing generalizations can bt' mack hascd on 
these graphs; 

1. Average R.DX conccntralion in alluvial ground· 
water is lower than in surface warcr. Thb is in 
contrast. to Ba. which is higher in the alluvial 
grvundwatcr. 

2. Avcragc RDX (•onccrl1ration in both the surface 
and alluvial ground water tollow the same trend~ 
down canyon. peaking ncar the TA-l b-2110 outfall. 
decreasing down canyon iltH.lthen slightly increa~
ing at the final reach. 

:'1 . Average Ba concentrations in alluvial groundwatt"r 
increase down c~1nyon to approximately 0.5 km 
from the mufal!, then decrease to the rinal reach . 
The Ba center of mass is near A W -3 

4. Average Ba concentrat ion in surface water follows 
an opposi te trend. decreasing down canyon. then 
slightly increas ing in the final reach. 

Sediments 
Average Ba and RDX concentrations in the active 

channel sediment~ and fine -grained floodplain ~e;:<:li · 
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A ROX Concentration vs Water Level 
AW-4; 1998-2002 
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fig. 4. (Al RI)X and (H) tift t•om·cntratiom as a function of water lwi jlht in allm·htl well, A\V-4, 199!11o ZOOl, 

men!~ as a function of the distance from the outfnll are 
presented in Fig. 8A and SB. Higher concentrations of 
both Ba and RDX are found in fine-grained sediments 
than in the active channel. consistent with sorption onto 
fin~ pmtides and preferential redeposition onto llood
plains during flood::;. Comparison of Ba and RDX in 
the a ti\'e channel sediments in I Q96 and 2002 shows a 
dranwtic decn:a"e in their concentration near theTA -
16-260 outfall fol lowing the cc:.sation of discharge~ in 
1996. 
Analy~es of sediment ~ample<. from Canon de Vallo: 

rc<H:hc:. were u~nl tu c~timatc average Ba and RDX 

eonccnlrations in each geomorphic unit in these rcachc~. 
These estimates were combined with data on !he area. 
density, and average thickness or sediment in differen t 
geomorphic units to estimate con tam inant invenwry in 
each reach. The sediment reaches roughly corre$pond 
to the water reaches. The partial none xrespondencc is 
because Of different cmphHSC~ during the COllfSC of the 
project. The characteristics of the setlirncnt reaches arc 
li~tcd in Tahlt: 2. 

An estimate of rhe Iota! inventor\' ol Ba in near· 
surface ~cdimeru deposit!- in Canon d~ V;Jlk wa' rnad..: 
h1 u~in!! <tvai lab le dat;t and ext1 ;~polatin~ In nntN1mplcd 
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Sept. L99ll) ~•Hulltinns, 

reaches. A total uf about 2 I 000 kg of Ba is cstirnatcu 
to have ber.:n in seJinH:nl in the st~1dv r,·acbcs in 1999. 
Ahout 62 '){, is estimat..:d to have bc~n ~torcd in fine· 
grained sedinh~nl. d..:posih outsilk the active channel. 
about 10% In i l ~t• active chanrlt:L and the rcnmimkr 
in coarse-grained dt'posits in abandoned channd units. 
Upstream of the TA-16·260 uulfall. the Ba concenlns
tion in fine -grained sediment<; was elevated. hut was 
three to four limes lower than down~tre;un or the outfall. 
Downstream of the Tl\-16-ZW outfall , the highest Ba 

invcntorv \vas in fine-grained sedimen t:;. The lowest in
ventorY ~vas in conrsc:graincd activt• chann.: l s~.:dirncnts 
<Fig. 9/\ and 'iB). · 

Detailed SEM and XRF ann!vs i ~ of sediments col
lvcted in Cw1on de Valle showed the pn.:sencc of soli(! 
phase Ba. Barium uccurrcd primarily m. witherite (bar
ium carbonate). typically with pronounced dl~"olutinn 
features (Fig. HlA and lOB). or as barite (barium sul
fate), which tends 10 form secondary precipitation rims 
on individual sediment grains (Fig. JOC and 10D). 
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HD.X in n~ar·Mlrfan: scdinwnts follows a similar trend 
m, Ba. with the highelit inventory in the fine-grained 
sediments p~aking in the rnidcunyon reach (Fig. lOA). 
Compared with Ba. n::lativcly lill ie RDX is present in 
m.:a r-surfac<: Calion de Valle sediments. Approximately 
5 kg of RDX v.a~ t~s t imakd l\) re~ide in the canyon 
~edimen t in 1999. and most nf the RDX occurs in fin<.> 
grained scdimcnl, 

DISCUSSION 
t\rchivat reconh and pro<:ess kmm·lcdge. supported 

bv ana lvtical data coilected in this studv. indicate that 
lilt' TA:16·2Ml outfall is the primary so;m:e of Ba itnd 
RDX in the watehhed. supplemented by additional up· 
stream contaminant releases frum the l'ld landfill. In 
the alluvinl groundwater. the hi ghc~t Ba cnnct•ntralion' 
arc' in the midcanyon renc h. The a ll uvia l t::,roundwatcr 
has llmger contact time~ wi th the ~cdirrll:t~t and Clrrc · 

spondingly has higher Ba concentrations than the sur 
face water. The surface water is markedlv different with 
th,; lowest Ba crmccntrations at the mitkanyon reach. 
The alluvial groundwater and the surface wntcr do not 
appear to thoroughly n1ix unti.l the lo\vcr reach nt:ar 
A W-4. A temperature anomaly has also been observed 
in this reach. with an input of warmer wntcr observed 
in the cooler months and an input of cooler water ob
>ervetl in the warmer momhs. TcmptnHmt· bas proven 
to be a good diagnostic of groundwater input in other 
studies of gnJuitdwatcr ·S llrfa~:e water exdwngc (Con· 
:Hantz et al.. 2001; Ox!obce and Navakowski. 2f)(J2}. 
Addi tionally. during higJ1 llow periods the stream ap
pears ro gain in this readt. 

Barium prccipitat.es out Gf the strrfac.:: \\fltN and allu 
vi;tl gnlLJnuwal\:r a~ barite ur withcrrt~:. and this i~ likclv 
mnr~· prorwuncnJ during l'rcquent dry periuds. Barit~ 
'hnuld he rclativdv insoluble: once it is formed . but 
\\it!writc i\ n.:latin:l) >oluble and may redi\solve during 



754 

A 

'~ 

i !OQQI) 

I 
c !l:lOO 

~ 

' !l:lOO c:: 
rJ a 4000 0 

~ 
't: ?000 
~ 

Q 

·500 

u 

"'· I 

I 
l 

0 

Average ROX Concentration in Sediment 
1996,1999,2002 

•::.:;w;,~;;~ s'Jii~ts-~i--~ 

-- !!)00 fftl&i)fait>od ~1$ (mw\Q} 

2002 ActM! ~ SOOt~tll (~l 

1 00(1 't«l 2000 

Distance from Outfall (m) 

Average Barium Concentration in Sediment 
1996,1999, 2002 

5ro 

...- !900 Fm.pllQ(l SOOi!r»nl$ (~'kg) 
"*,. 2002 Actlvn CN!niWI S!ldmonts (mglkg) 

1 00(1 1500 2000 

Dlstaneo from Outfall (m) 
Fig.8. Com:cntraliom!l nf IAI RUX and (ll) !Jain sediment. SaiiiJIIt•• were odlectcd in 1996. t999, and 2002. 

wei periods or during pH changes. causing temporal 
variability in alluvial groundwater Ba concentrations. 
The pockmarked witherite~ shown in Fig. lOA are con
sistent with this interpretation. The presence of Bu min
erals in the sediments along with sorbed Ba partially 
buffers tluctua!ion~ ,,f Ba concentration in surfa<.:t~ \\<I· 

Table z. Sediment rcathco,. 

1\lidpn.lnt di,tancc ftom 

!cr. hut more dramatically bu.ffers fluctuations of Ba 
concentration in the alluvial groundwater. Surface water 
Ba conccntnllions were higher upstream of the outfnll. 
Thil' '-'orreJatcs with higher Ba inventories found in the 
active channel sediments upstream <•f the nmfa!L and 
arc probably associated with the old landfill. The distri · 

,.I.A·tft,.l(,f) t•uthdl ;\Uu-.·bd "'dJ Surftt,'t "U1(~r \lHtimt\ Nrth.:'"' 

4 

···-·······--······· Ill ············•··········•···• 
llll 
S!IJ 
Z20 

61)(1 

105 
u;n 
t.JO 

1040 

AW·I 
AW-!, A\'f.J 
None 

AW-4 

SPI. 2, J ff>trespnnd.< lu water reach A 
$['4, 5, (,, 7, R, 9 SWSC, B(; mnCS{I<IIIli~ to water n•a(;h B und t: 
N~me no sed.hnt'HU :nmh~C:\! irrnmton buli\~d nn datu frHftt 

l!djul-ent rcnchc> · 
SPJO, tl. ll, U. 14. correspond.~ to water rcuch IJ 

and 15 ----------------·-----
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fig. '1. AH•rag<• inH·nfurie' in canyon "~dinwnt' ol (A) HIJX and HI) na. nonnaliJt•d I>~ r~arh lt•n~:lh tn unit• uf kiluuranh IJ<•r kilorntter. 

but ion of Ba in the s1 mlv area sedimt:nts shows evidence 
of Ba ht!inR mohililed ' in th<C channel hv scum during 
floods , foll~)wed by the n:dcposition of ·uw suspcndc~l 
load of overbank floodwaters on floodplains. 

RDX in Cat)on de Valle showed elevated concentra
tion spikes ncar t.hc outfall following wet periods. RDX 
resides in part in the vadose zone associated with origi 
nal infiltration of cftluent and is mobilized during wet 
periods when 1 he water tablt: rises and gmundwate~ flow 
rates increase. l3ccause there is nn apparent difference 
between H DX trends in the surface alld alluviall!round· 
water. RDX is likely conserva tive in ihis a!Juvia(system . 
which is consistent \' ilh its geochemical ch<~racterist ic>" 
and explains why there is a high tonct·ntrll!ion down 
canyon at A \V-4. The alluvial groundwatt:r has lower 
RDX eonccnlratiun" than the surfac..:. water: r>nc possi
ble explanation for thi~ trend is that the organic material 
within the hypmlleic mne cnuld hind RDX a'> it infil· 
trate.; fo the alluvial !Jroundwalcr. Or~anic malin hao.; 
lwcn oh\cncd tn <tccurnulatc in the lnporhcic lil11c 

(Jones et al. 1995 ). and the hypmhcic zone lws also 
been the locmkm of $Urfacc water and groundwater 
t~xchange. with the direct.ion of l1ow often changing daily 
(Windc and van der Walt. 2.004). The latera! hyporhci.c 
area has been observed to varv hv a~ much as 50% 
during the course of a year in a· scr11iarid environment 
(Wmblicky cl al.. t99R). This znnc is very dynamic (Biksey 
and Gross, 2f~ll) and can also he a contamirwm sink 
(Fuller and Harvey. 2000: \.\Iinde and van der Walt . 2004). 

Subsurface san1ples of tuff collected fmm boreholes 
at the TA·l6-260 outfall contained concentrations of 
RDXofup to 1200 mgkg - 1 (LANL. 1999}. High concen· 
trations or RDX could reside in vokanic surge beds 
and fractures wi!hin the tuff as well as the tuff matrix 
(LANL. 2003al. Dming dry periods the RDX is not 
mobilized. and with the low organic C in wiT and gener
ally oxidizing conditions. then: is little opportunity for 
biologi<:ally driv.:n degradation. It is an ricipntt>tl that 
residual high explosive contamination in the vadose 
!(Jnt' will cominm: to scrv..: a~ a source for contamination 
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Fi~t- 10. s.-unning "'''"'"'" micr<>gntph•: ( ,\) huck·St:llllcred ~h'l'fnm imu~c nf nWwrite '"owing di,,olution ll.'•iur<>., : Ill) 'Cl'HIUiliT) t•leelr<l!l 
image 'hnwinj! a <li,MIIootiun rim sU.ITilUnding the relit' cure of a "ilh~rite l(r:lin: t () do,<'·up \!lt'Ortdar) clectrun imagt• nf a harill' pr('dpilation 
rim on IJU:Irfl)train: ""cl (Ill bark·~nJIItred ek'<.'lron illllljtC of harilc precipihltiun rim . 

in the alluvial system. particularly during spring snow· 
melt and other prolonged periods of saturation. 

The fluctuating pattern observed for both RDX and 
Ba tirne-seric~ conc~ntration uata supports a model that 
involves the redistribution of v;u.losc 7.(\rlC and alluvial 
w~tcm C'olltaminants as a ro::sult of rainfall or snowmelt 
I Unuff CV<:Ilb. ' ] hCSC COntaminantS arc Ji~perscd ill ~uh
surface alluvium. in ncar-surface deposits in the activo:: 
channeL he low adjacent abandoned channels, on Hood
plains. and in the tuff a lung. the margins nf the canyon. 
Th.: intcrilction~ bctwct·n these components and their 

affcds on RDX and Ba transport arc sumrnnrizetl in 
two concq:Hual models of the canyon that repre1-ent wc1 
and dry hydrologic regimes (Fig. ! 1 A <Hld ! I BL The 
largest inventory of contaminant& i n th..: near-surfat:c 
environment is in fine-grained sediment deposits on floml 
plains. where they un: relatively stable. Rcmobilin1tion 
of thcsc contaminants O<.:curs largely bv lateral h<mk 
erosion. <.:onstituting a n:lat iw ly minor and c.Hswntinu
ous ~upply of con taminants to the <.:hnnncl. In contrast. 
th<! contaminant invcn10ry in the ... uh<iurfilcc is susccpti · 
I'll' to mobilization hy alluvial groundwater. part iculn rl:. 
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Wet Conditions 

Percolating water and 
runoff in the vndosc zone 
intercept and mobilize 
RDX to the canyon. 

Stored RDX is flushed 10 

alluvial aquifer via surt:tce and 
subsurface runoff. 

RDX and barium in floodplain 
deposits can be red istributed 
during flood. cvems or lateral 
bank erosion. 

Wouti•bl< 
v~z~ !otlltm""' 

I\ 
1 

\ 
\ 

·~ 
'1,\',,,.,. 

Alluvial Well 

Dry Conditions 

Vadose zone RDX is 
isolate(! because percolation 
and runoff arc infrt-quent 
aud rates are low 

RD X rich sC<lirnent is 
hydrologically 
di sconnectL'tl from the 
alluvial aquifer. 
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r 
Witherite dissolves, 
keeping barium 
concentrations high in 
alluvial groundwater 
which eventually 
mi.xes with surface 
water. 

r 
I 
Witherite and barite 
precipitate as wa11:r 
contenw decrease from 
evapotnmspiralion. 

saturated :zone remains 
a source for barium in 
alluvial groundwill.er. 

Fig. U. ( t\) Uuring w~l ''O!Hlifi(•ns. ~u~h a~ "Jlrillg Mlltwmdr llt l>r<ilc>n!;!td predpihllifl!l ~vents, rc'<iduul UDX. is fluAhcd through the •udm•c' 
zone und ulhwial s~stem. RnX b stored in linc-grairwd st>tlimt•nts in the canyon bottom and in the tuff nllitrb, Mlrj.!e bed~<, und 'fmtlurcs. 
More !lou pu11L~ arc a~1ivc during wd pcfiotb, and some of thc!'t: 11om jntths may bypa."-' the al!ut·ial groundwutcr and nller the 'trcam 
dummd dircdly. Barite will n•main insolubll' while wilherilt• can tlh.•olw followinj! influJ of rrcsb water. {B) Under dry nHiditiou~ RHX 1.
bolah~d In unsaturated firw·gruincd scdimcnls and tttc •·lldc»l' tllnt•. "' the ltlluvinm dries. witflertlc and burite Jire••ipitillc. 

during times of high water table~. din;c: tl y rc:tno bil izing 
illldior dissolving ~<)liu-phuse Ba minerals ami. supplyi ng 
them 10 the channel. lnterflow (subsurface runoff) can 
i!lso he an important process for mobili;ing contami 

nanls. It can be a majur component nf spring runuff in 
th is environment with rntcrflow accoun ting ror a~ nmch 
as :wo;.:, of snowpnck snow water cquivale t1t , and some
times greatly exceeds surface runoff 011 an annual basis 



IWilcnx ~· t al.. llJ97). M;u:nJrwrc fl ow along root chan· 
nds is a primal') con trol on interllow generation in the~c 
environments. having a large affect on flow dyn<Jmic~ 
and water chemistry (Nnvrnan c l aL. llJlJK 2004 ). hn· 
cxample.lhcre <IJ'pl·a rs to he an imp~.lflant w;nercontcnl 
thresho ld that when c-rossed. crc<ucs Jargt~ iiKrtascs in 
di~solvcd .;pecits com:cntratitm' in intaflow (Newman 
d al.. l9lJX) Such ~\i1l<.:r content tlm:..,hokb m av also 
he important control' nn contaminant mohilil\' in llh~ 
Cafiun de Valle n.dn-;c Zl\tl l'. 

These va rious ll<n\ mechanism!. can impact tht' dy
namiL~ of RDX tramport through tht' billslopc l.o the 
al .luvial aquifer. RDX in particular is mobilized from 
the vadose /<me during periods of high flow and hig h 
water tables. In laboratory col umn studies. RDX wa' 
shown to be highly mobile under saturated conditions 
(Ringclberg ct aL 2003 ). Barium exists at relatively high 
concentrations in both water and sediment and seems 
to precipitate and dissolve throughout the canyon. 

CONCLUSIONS 

Bnrium and the high explo~ivc RDX display complex 
~patial and temporal variation,, in surface and near sur· 
face media in the study area. Although released from 
tl1e same !('cation over roughly the same time period . 
til l~ differing i!Codwmical characteristics of these con· 
tnminant~ Cll~!.e rnatkcd differences in their mohilitv 
and distribu tion . both at the surface and in the vados~ 
zone . Barium is primari ly as.·ociated with sediment par
tides and redbtrihuted by floods. whereas RDX is mo~t 
significant as a dbsol\·ed compone nt in alluvinl ground · 
wate r. Rt:mnbili:ra tinn ,r RUX in the allll vial svstcm 
also pot entially provide); a n)ntinuing <;Ottrcc fortran~ 
pon to deeper groundwate r zones. In thi ::. envi ronrnenl. 
remediation all..:rn a1 ive~ lor RDX should specl fit·;tlly 
address high flow and high water tahle condition~ bc:
cause th is is when the highc-;t concent rations and corre
sponding highe~t ma:-s flow nile~ occur. By focusing: on 
the intcrrdati tmsh ip~ of !.l~d imcnt. surface water, and 
groundwakr. 'm irnprnv,:<l undcn;tnnJing of contam i
nant fHtc and transport i~ achieved , in turn leading to 
an improved basis fnr designing and implementing re
medial anions to redu e the impacts of contaminants 
on the environment. 

ACKNOWU<:OGMENTS 

Funding for !his work wa~ provid..:d hy the U.S. Departm..:nl 
of i:nc•rgy through the LHS AI unos National Lahora!or; R~
m.:dia tion Services rw]t:ct. Contributions to data intcrpn.:ta· 
lion. analv,cs. and ficl1l work hv Juhn M. Pietz. Devon E 
J cn:inonc·. Pder E .M. <.i nun , Jeff M . Hd konp. Do nsw Sharr. 
J· lnu.: r D . Akon . Dewight Baucll . Kri~ti Bcguin. Katherine 
Camrbdl. K atheri111: A. Harcll . David S. L<l\~lc r. Handv 
Jnhn,on. And i K ron. SL•t h McMillan. J o nathan Myers. Brauk\· 
H. Reid. L<' ll lC H< lt11cro . J adr1lo Garduno. and Jnc Allen Hird 
<~rc ~really upprc'C I<H.:d. 

REFEI~ENC~:S 

Bd lcr, l! R 200.2. Att:icr<>htc brona thfonnati,)!l of HDX (hcxahi'Jn> 
I J.5-tn nmn-I.J5-n i.wnd b\ aq uii c•1 ba~kria 11 ' tng hvdr·'~~·n ·" 
t h~ '\ole d ec lldn J \ 1r11n \Va tt:1 R~ ... .l fl~2:<-.1J 2S..tn 

fklkr . H IL V M. M.«hiJ. (;B. Hud"•n. \>. \\: J\k\iab. :HnJ I < .n hc· 
:200~ . J1H.}gct~hcm i ~ u,~ and natural ~1ttc nu:11i-.w or niH ate m gH'tH1t.l· 
w:n.: r at an <.'.xpln>i l·.:'> lC\1 (d.-ilit)o. A ppl. <icndtcm 1'1;14\\.1 14'!4 

lh"'· LP.H .. ~.L. Sprcdw1. S L. La"<:>ll . 11.1 f-rcdri.:hort. and D. I 
Bader IIJ()9 f'I1 1'II'OI1n>er1!al bdlil'l<'l' nf ,•xph>'i' c; in pnund11 ,.,,_. ,. 
lrotn the l\l ilnu Army Ammuml••lll l'l unr m .rqu •• rrt am! wd land 
plant lrc•atmcnt~. lknw\·<>1. "''"~ halanc.:~ antl tall' m p<>uruh a t t' l 
o/ ·1 :-;rand RDX . Ch ,~mmphcr.: .1X:J;Kl 11% 

flt,, ,dr" R . D.(i. W·lYnr~nt. RK. Willnm". S N lhrnmn. \1 B. Stone. 
J (l tlu!(hc,. Jnd iv. Sha11k' lrXll Stud'"' nn phnt·mcJIO•IcJ tal c· 
uf th<: ~xpl <"'"'~ RDX and liM .·. Ch.:lll<>-phc re <1.1: 12~<1-12'•·+. 

Hrk'e}. L\1.. :md E. D . (im". 21~)1 ' I h.: h~porh~ rc /<me Lml..on<' 
ttround\\ Att: r and surf.:·1.:c \\ ~ti er Undcr~L~ IHI III !! t ht.: pa r;Hihun Ho:.•· 
Olt.'di:--tlhlH ~t5~. 62. 

llm•cn , B.M. l'J'Jil. l. m AI~""" cli matol lnl'Y· lh:p. lA 117.1.'> I '" 
t\IJrmh N>ll l Lah .• !.<l~ t\l;unn•. 1\M . 

I :ml, R.E.. Jr .. :md R :\utcnrkth {')<JS. 'l ICillntcnf ..t 111\·IX ,,nd 
RDX cnntammatiun . ANRCP- I'l9R-2. A m:u ill<> :-.:a1""'"' Rc«•ll rCc 
( 'c nl~• for Plulonwm. AmMillo. TX. 

('prnfort . S.D .. P.J . Shea. T.A . Ma<:hac•~k. and I' SaiapallaJJIU. 2fkJ3. 
Pilm -sca le tr~atmcm o f HD X-ct>rttamnw tcd "'il \\ ith "'''"""'"' 
iron. J En••iron. ()ual. }2. 1717- 1715. 

Cilf!,tanl~. J.. D. Stonc~trom. A. E. St<:\"rrt. R Ni>wont'''· l lllll ·1.R. 
Smrth 2001. Analysis of ,;l rcami:J<:d lt·mpcnHur<·' ;" •Themernl 
c h:rnn~h to detcrmme struJmflnl' frc'tl ll t' IK ) .md d urat wu Watel 
Rc•our. Rc,. ,\7:)17-;12k 

Fulkr. C. C .. and J. W. I l<~r"~) liM.~I React!\ <: ur•t.rk>! of trace met.•h 111 

fht.: hyp<:,rll<!lt:" fnnc ol a mnnng ¥C()flt t1min~,t~J 'til .:-am. Pmal ( 'reck. 
,\ """'" l:. nvi r on Sci. '1\·~ hn"l 34. 1 !511 II'>) 

(irofflllan. ,\ fC and LJ. Cm'''"'· 1\l'l'l Tr"'"'~nr "''"'' r ~gnne< m 
ti -..halhn\' alluvial ilq uikL Ch~nt !feni t()!Al~ 4~2 

H all'<lfi. J . ;\ HalaS/, C. Grr>< Hn. :; D e<ciMIHfh. I P<•CJU CI. C [ka u .. 
ih..:H~ and A ( '<H f1Vt~4HL 2002 Photodc!! radid inn t.tf ll D )\. w <~qne(HJ'
'Piu tlon· ,..\ mcchn.nhllc probt" hn bu)~.h:g r ~HJa ll ~~n \\ l lh Nhndotu( 
"" 'P [ · 11\llf\n S.:r . Tt:r hnn l. J6'iii7··512J 

I lick moiL 1).0 .. S C. ,'vkMtfl;m. D.M '>h.Hp. K Ah.·l! . .-\ , I ppler. 
<HHI M Cicorf(e. l '197. Miucntlo~ rt S!'k'<:lill ton of m~ t ;, l cont;>m!n.ml' 
at J l\ NL Con::roh un b1ur~vwlabiJih· :md \\ah' l 'i;onccnO:tlJOn 

GSA Ab.;tracts \\itlo P' "!!"'"" 2'/(I>):A-~St\ 
flud"•n·Edward~. K.A .. M.li . M<1ck lm . J. R. Mill~r •• md I' J L<.'chkr 

2r~ll. Sourc<.". dt>trihutinn ~tnd ~torar,c of ltc:1vv rnc•tah '" the l~io 
i'•lc<lnta\o, Bn hvw . .f . ( ic,>eh<:-m. E\f'lliL 72.22'1·].'11. 

J " I1C' . J. B.: S.(i . Fi.;hcr, and r-; B ( rnmm. IW.'. NrtttllCil llnll 111 ill<' 
hyporht·tc t<>nc nf a dc>er1 cco'Y'tcm J. ""nh t\rn ll <:n tlwk't.~<'• d 
~PC. 14:24'1-251>. 

Ktot7man. D. R. Ryti. M. Tardiff. <Hh.l B. I i;.r 'k't' l'>'i'i I ,.,.lu.rt><'n 
nf ,,~drmenl and alluvi<>l ~rntHhlwak r m DP < <~mun R,:;odt•'' I )1'.1 
DP-2. IJP·3. and Dl'-4. Rep. LA ·li R ·'I<i .~13S. 1.<>' Al<~m"' N:ttl 
l :.h , I o< Alam•"· NM 

l..oymn. D .. B. Malk,n. W . Mitthcll, 1.. ILtiL R f>' h. 1.. l·'en~ (i 

Srwdt•r, K. Bo~cn, W Malloc h, C ll arn. <llld P. D,md . ! 1 1~7 Cnn 
\'t'~thnwl w~afX,n, dem1Htnrif4l lh)n A hc:1llh ami e n\lr ~mmcnlu1 
cff,~ls data ba,c , cxplo ivc< and their co ·c<>nlArninan t,, Fmal Rc · 
port, Phase !L lJS Army 11-kdicil l !<cS<Mr;h ami Oc,dopnwnt 
CurunMnd. fnrl Detrick. Fn::dcnd.:. MD. 

L1. Y..!l .. alld L.-l·l. OHm. 1979. Dc~>rpti<m nl Ba am) Ra ·22t• lwm 
river-horne scdimc nb in the llud;.on 6I U<In. Earth Phmd S,·, 
l.c: tt. 4.l :J43--.!50. . 

1..\1\'L. 199\i. Adde ndum l<l CMS plan[,,. l'o tc· nlial Rek'"' ' Sitt• I(•· 
021( t·). Rep. LA-UR·9S·.19 1H. L"" Al.mll>• i'i.otl. l<~h , I ,,, t\l,t· 
nw'. NM 

L\:-.;1 2<~P In terim mca, m c rt•pnrl h, ,. Pntco ti al H.<!lea,c· Sr!C' 1(,. 
IJ2i(cl·91J Rep. LA-tJR-tC'··C211 l.o' Alan"" :-l at l. Lah .. Ln' i\la .. 
mn'. N\1 

\ l\' l . ?OOJa. Phm;c Ill RFI rt' p<>rt fnr :\o hd W .!'tc .\·1:t11ilW'IIWIII 

l ' n it t6-u2 t(c)-\19. R e p. J. ;\ l !R .fl.\·'241>. I "' A I""''" r-..,rl I ah. 
Lu:-o. t \ hHlU).,, N~1. 

L\N I.. 2•Hl1h. ( 'orH,tllvc 11\C;hur·," ~tu<.h tcport, l'okntial Hdc,"c 
~11c ln"02i (~J. fA·If1, Rep. 1.11 -l iR 04-17-t<l l '" ,\lamm Natl 
1 :rh .. Lo' AlilnHh. NM. 

l .\ nch. 1.( .. J. M Bnrnnon. and J.J . llclf1no 2il<l2. " "'o!unon rate' 
. <'t lht <:dlll!h cxplosivce<•mpounJv I :'-if, HDX. and H\1X. (knh> .. 
"-phc 1 ~ -t7:725 ~7ll. 

\1 arcu .... \.V .A .. (i ,t\ . tvto::yt;J . and D H. . "'mmtt"' ~OOi ( i n~mnrplw.· 



Ct.}Htrr+~· Pt 1"-'1\iq.:nt mim: Ht~pm::. l\ in a Yl.•llp.,,·~.q~.\lh:' P;nk "dream 
~.md lmpliGHh~tb. hn the n:f<;.)V·t}fY (> I fluvial '-')'">k rn;-.; f ~o:;;:oloy) 0?9: 
m ;~s 

\\ltlkt. J R .. PJ , l .t~rhkr. <HHi (J lhtdyc 2nn1.. \k·J(tll}< c~mLHml\.ilitm 

"'f t1Huvktl ,edimvnb o,;,·tthm Uw r .... '-t'tp ~ib\1 :-tnio~ \1:u;nunt n\('r 
Ma""'· GU)<l!HL WaH;r Au s, .. ll'nllur 1-li>.ll<l .. li>(, 

Newm.:Hr. B D .. A.H Catn!'hdl. and B 1'. Wrko< 1•19,-; l.ilkt .il '"'"'"' 
fai.':C fhw. palh wa~·..,_ 1n a \i;'nti;Hh.l l'~ntdt.:tr~>.:;l pim ... · hi!blop(' \V:Itd 
He'"'" !{,,__ 34 .'-1~'- .\4\lh 

N~wmfHl , B.D, D.D I hcklnn!t. J.l\t I krkoop. I' Gi.Htr, K . f{,,.d, "nJ 
\t Lir<Jifl .',tMl? Bro~<:udKn>!L'lli ;md hydmln~'" .:<•ntrnh of high 
~-·'ph~l~o·"·..,, h;11 nun. ;uH.Initn-Ht? Ci-.Hl1aminatlon m <I it:tnlHrKi ~!lluvwl 
aquifer. h•' Tr"'" tVil I K.1(47l. hill 1\kt•t mg Suppl., Ah,Hact 
I!~JD.(~JII> 

Newman. H.D, BJ'. Wife\!\, <tnd R.C fintl•MII 2JH4. StmWtllt'lt· 
drhcn m:u:rn~H't: fh''' and sr~ll ,a,Hin:Hion in a r.;....-;nn;tr1d fnre\t 
l h dml. Pn>C<'>'>C'- I X: i 035-1 f~12 , 

Ox!<;h,·c J .l'.A .. and k, Nnvakowokt. 2i~l2, A field hwesligatinn of 
l!fOLind\\al-erfs Urfi1l;i..~ w·;-l{l>.!'f' intefH~tfon in H rratlUn.~d bcdn.--~'..~k l/tlVi~ 

;'«tl!Tic'IIL J lhdrol. fAm"crdam) 269:)69·1'13 
f',•mrtngtt m, l.C : <liHI J M. llrann<>o. 2!~12 hl\'lronntt:ntal !ak of 

t:\p l n\,i\<~'- Tht·Jmothim, Acl.t }.N-.4:161- ! 7~ 
Pe1111ingtnn. J (' .t \1 Hrann11n, 0 (innni,otL D.W. 11.\rrd""'· M. 

/a~tkhani. P \liy:•rt:,, TJ . J<'nkin'>. J ChHkc, C ll;l)'"· D. Hingfc .. 
h,:~')~. I. Perhitl'. "'d 1-1 Fredri\'K"'"· 21'~11 Mnntwr<·d tt;.ol.n"·'' <rtkn 
uali\.)11 pf ¢:-...:phhJ\.'\:'S. Sud s ... :dlnh:H! Cnnt(un. Hl(! )··•5 7u. 

l'udgt•. LB , .-\ J. l>augulv. ;H>d C Dut'"" )!~l.l 'I he· \ISC oll;nlt't•>hac 
Ia doJI<il<' A(\'(· 4,'\'if~) Ill lh<: (kWk•pmcnt ~>I <1 !\\O ph a'~ p.ull· 
lhHlilHJ, hh.JfCm,:tor ftn th\..~ de'i<lfUCtiiHl ('f lh.'XahVd10··J.J5-HH)i!Jo 
!..~.~~~ triatHH.;: rRD.X~ ]. n.itH<:(:h!l>-1} JOO:h:-; ~-7') 

f{uUl\-\-:itt::·r. K,, c. 1-fdntl,. r tV1ol!h~l)4Cll. and l " I fanst:n. 20•f(!, ln '\ll lJ 

hiodqnmhHion ol fup;h explnsiv~' in 'o.ib· f"tdd demun,tra1ion. 
13iort'tl1, J hJ~j 371 

Hen.,au , S L. P G . Dnl;.,,, D Kallman, D V Malnwn, LV 71!d)on"· 
nld. anJ R T R)ti_ ::on,; Uconw•rphic t:on o~d~ nn cnnLHnm;nH 
diqrihuwm ak,ng nn -~.:phctncnd .:;nc-tr~n. E;n~h Surbt:c Ph 'ce••:'-t'" 
Landform' .~9. Utfl. 1.22,; 

Ren,:.llt. S.l ., R . r fhtr. \1 ·rardHf. ;md J. l mn I •J'JK. h aluat><•n o1 

"""<.iuru,:nl (:(HllaiHinathlB in uppt:r I 3,)>:., ;\lamt)~ ( 'any\m. Rt·a>..'hl'"" 
Lf\.J. lA 2. ,n>d I ,,\ 1 Hq>. I A-1. 'R-<IS-3974 J.,.., ;\lamns l'att 
Lab .. !.<>> Abln'l>h. :>.M 

Rmgdhc·t (, D fl , ( ·. \! lk\IWI<h, 'Vl.L Wahl!. <tlld I 1 .. . J<·nkllh. 2ll0.1 

RDX k~~~ inn: surf;,,~~ \uiJ Hndt:r \;Horat~d ~md \l,:t-;1! \.h iun0d ':oni..h-
1\on,, J. Lnvmnr ()n;il. 32:12-14 1249 

Hm~nt>laH, D If.. l'.P. BurH>"''· W.R . \llldwll, and I) L f',umQr 
I ')tJl C>rganic e\pfty.;ivc.;. and n:.' hHeJ c-nmpuund ;,;. p . \95- 2.12 hr 
{ 1 I tu !;on~,-r In!. I The hanJh><IK of ~n,uonmcn<al dH:nw-trv V,>l 
3 Pan fJ. ~plltlg\;' r ~Ve ! !tip_, Un!if! 

RmV<nL J.S., S J •\. B<1ntb, S.L. lktherm~l,m. 1\, l.;tmhc·"· and !· 
P;o·-;on<.;, Prr\ (icP!llorplu.""Jk~r); and poilu lion r he l.'l}'\.'lf(~tH'ncntal 
irnpi.lct' ol k.,J rmn•ll!(. Lc•;•dhilh , S«•li<IIHL J C,:,KI><·rn Lxpl•1r 
5L5'f ... h5 . 

R~ri , lCl, S l .. lh·ncau. and D. Kallman. 2rkl.~. lnlc,trgatrmr or c<•llfam>
ll<·,h:d llovl<'l <;edinh.'rH dCf'KtS!h; Mt.~f_g_utg.o1 slatr .. ti...:;;J and gC~lfll('l1'plHl' 
appn)achc~. r-: nviron ~tdn .agc. dn1.111.l f)!'f!f-..f~ J~~t\7 ...-lJ(_W .. fW l'JS~h. 

Shoemaw, T.W .. A Halitsl, L 11i1lJliCI. S '1 hihoulot. C /\mplcm.t!l, 
and J. Hawmi. 2001. Th~ Lrlt' of rh<: cyr l!c n irumin<o '''!'""'"" 
HDX ia ualur<~l ~oiL Enviwn. Sci 'f'<:dHtn l J'i;]fi37- J040 

Sh<Ucnmla. T.W,. and J. llawarL 20!HI. Mineralization of RDX h\ the 
whfte rot fung:u~ Phmurofhaere t'f')-'SP.\[m-twn to cnrhtm Ui~..:,ide 
<!lid r:Iinnu<, oxid t>,, Environ. Set. T~ehnnl ~4:J3i\-l-:13SII 

Sin)th. L S.D. Comfort, I. S. l!t~n\b l. and f',J Sl rc,,, !WI\ Lone - 1~1111 
RDX 'iorptrnn and btl.' in <>nil. ,L Fm·irnn. <)unl 27:571 '-7'1 

~tl>ora, F.L LL Ikhrend->, H.S. Coonrod, W D l'hilltJ"· and f)J , 
Hatkr. I\I'J7. Phytort•mediflht'll nf cxpln;;iv.::s in yround I<<Hi:l HI 

tlH.· Vfi!an Ann\' Ammunition' Pbnt ustn~ irnh.n'JHrvl.' \\:'t.'!land"' · 
ha--;t.~J trc-atm~..~nl technnloc.lc~. ( \mf'.t..' rc w:x··- t.m l1:tran.h.lu.., -~\1'-'h.~ 
l{ .;,,::~rch. :!o !vtav 1~97, K'an'il' Si;Ht' Univ,;t,ih. Manhnl.tan, KS 

l 'SFJ'f\. 21~~ ~ - Drm-kin~, \\aler stand;Hd> ;md h~aH'Il advisnri<:> Ll'1\ 
iilZ ,fl ,!JlHlfll Office .,f Watct, l!SLI'i\. W;"hll1l!h>n. I){ ' 

Wikox , BY. B.D. Newman. D Brnndcs. lJ.W. n;;,·.::npon, and K. 
Reid. 1'197. Ruuoft !rom a scmurill P•llldcio!>~ pm~ hrlhir>P'' m 
N~w i\.h."r< i<.;d. Wdh~l H .. e~our Ht:·-'- ~J :.23Ul ·:.!.'~14 

Wn"'''· F . and U. v;lll der Walt 2(1<.1-t Tht< srgmfkrlllCC <of !(round· 
"walt.•r--,: tr cam inh~laclid-n..; and fluctuating ~tro;.·~Hn chcrni<;1ry 1m 
w;'h~rbornc uranlUHl conrarnlnJtJon nf ~1n,~~ml"~ ;\ ,~r,s,..; 'ilUdv hom 
H g_qh.J tlm!~ng ~l(t.~ in 5toulh Afrka. J. 11)\.ltnt (:\tn:-.h~H.Iaml 2S7 
l ],~ 196. 

Wrnhlwky, GJ, M.l· .. C.nnprmn, H.M VaktL and CN. Dahm !<l91\ 
~(•.(htnwl Hl.nati<ln in '-UrfHI.::':\.'·'\tdhurt•H.'t.' watercX(.'h;>;ll~C .amJ lateral 
h)p·ndl~K· ;u.,'a 1'>f two "-H'i'i:Hl)~~u,pAik•t "':•lt~tll"'. \V~,i~t Rc<.;.<1UJ H.L::~ 
_1<-t~Jl J .~2H 

/.hang. C. and J B. llug:he~ .. 21~)~ BitH.iev,radatton p<~thw~n~ ._,r hex:~· · 
lndrn~l.35~1rHI!lhl~t.J5 ~niHIHh~· \HDXj hv (-lo"itttduan ~uetohu 
1\,flUim ~;(~11-frl:.~t· cxltw,.'t. ( • lh:fn\.'~~,ph~f~ 5~rf·b~ -~l7J 




