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Transport and deposition of plutonium-contaminated sediments by fluvial
processes, Los Alamos Cunyon, New Mexico

Witllins Lo Greal

ARSTRACT

Petwern 1945 mnd 1982 the development of tuelene weaputs ul Loy
Alwnos Nuthongl Labormtory, New Musleo, restifted [0 the divposad of
pleatondian into e wliavhn of neaeby Acid i (o n leser degeel DI?
Cunyuns, Previouy reseieeh by deadiBed sam of this ateelal i the
ftlo Crwiste wied detined s distedtlon by the reglanal elyer system,
*Fhes puarposis o this puper by o explore the cunsetlon between Bie dive
pussd slees nnd the tnde piver 20 ko Hink foemed by the Diviad syse
(et ul Actdy DPuebla, DB and Los Alaimsy Canyons, Emplrlen) duta
Cront 18 v of unntinl sedinient surpling throtghiont the canyon xyse
tens hus produced 488 shservatlons of plutoalam concentention In Ous
vinb seu o Uhese dats show thst, overutty menn pluteniin eot.
centeations In fuvlad sediment decline from 1000 TCIR nenr i
dtinprosud sren to 100 TCIE wt the confuenee of the eunyon system und
the Rio Geunded 1o Boer detulls the concentrtions fuctiute with
doswpstreniny distunee depending on (e e efflefeney of varlots
renches, i conteolled By bydeaudie conditions, Tempural duta from
sltes repentedly ssnpled show the passuge of wives of contimlisuted
sednent througlt the cunyors systenn el epplog ldeatitted 108 de.
poslty of secbents lneludtg tetive bed Toud, Bowd plutns, bits, chine
el 3008, il Mlnckewn Ler deposily Voltmes of sediment e thiese dejrne
Ity (eulettlnded From Nedd mensueements of the dhmenslons of the
fenturesy, combined with thie mean concentention yalues producsd o
fest approxdtintlon of the aenount of plitoniuees [ el depostt, ‘Pl
peuernphle disteibution of deposits and phutoiiun is elusterad of the
T e CLol plutonlim T the ewnyon system, 78% I b lower Puehio
Cunyon, {85 18 b lower Los Alimos Cunyon, gnd the renindur (8 in
Ehe tpaper renelies of the systens, Stsulutlons ustng i computer mody
Tor water, sedlngent, wind plutostumm routlig b e cunyon system show
hat disehnees us nrgee s the 25 ve event would fll G develop enough
Lrensport capuelty w eompletely semove the contimbnuted sediments
Cromy Pueblo Cunyon, Lesser Nows would move soie muteetsly (o the
Rl Grande by rentobdileation of stored sedinents, 'Tlie sinulntions
nlyu show that the deposits wnd thele comtanshimnts uve o predleinbie
peageiphy beenuse they pecur where steeamm poser Js Jow, hydranlie
resistunce I hlghy nogd the geddogle wndoe geomarphile conditbons pros
vide enough spuce for surmge,

INTRODUCTION

Duriing World War 1, the United Suites and 1y aflies underook u minse
stve Tnchusteind wnd tallliney offort 1o construct the first nuclenr wenpons,
Referred to s the Munhntan Project, the ¢flon tnciuded the construetlon
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ul Industeind Instatintions, laborsieries, und bomb imanufietiaring sites i
wevernd fucutions weross the mathor, with Use Bl nuehintig amd sssembly
pott al Lox Alumus, New Mesleo (Qosliog, 19494), The aeeelemted cons

atruction of nuelear wenpuns suceesstully produced large minmbets of

weenputis Tor dhe Uniited Stotes apsetiud but it ded 1o o host of unfurescen s
wies relited (o sk of environienin contwmbiation, Durng Workd War 1)
and tie st few year of the Cold War, insnugens suspecied e otendial
Pnzanrds, bt the pereelved ermergencles, Bie need for rpld production, und
u luek of environmentad knowledge fostered Tite utention tothe fasie of
the risk of contunrnation (Qraves, 1962), Rael focation by the furdugg i
dustrin] network developedd its uwn set of contintinntion Issies, it ut Loy
Alwinos Nattond Luboratory Ose primusy inechunism by which plutosiut
froved wsvay Trom Qe nmediate nren of tie Tistallntion was tiough mo
By of comuminated Auvial sedimelts,

Shortly nfter the war, genetnl coneern wrose ubuut (s route of envlron.
mental contamintion: “The witinue disposal of contaminated wusie—
subesurfuve, sueluce dind wleharte—tieeds puch gore orough sudy,
Bven the shmplest of such ditn—recorded periodic measurements of
streuin poblution elow plints—nre slnost wholly leking, . e dise
positl of contuininnted wasie In present quantities uid by present inethods,
IT conthnied for decndes, presents the gruvest of pobleins” (U8, Atomie
Iy Comsiission, 948, ted), b thie Four wnd w il decides sinee it
shaeinedt, workers ut Los Al Natlotud Laboritory ave collected duty
any stresm poliution (sl zed for sedlinents by Purtyinun et ul, 1987),
Bt there Dt Deretofore been Bt use of those datn o search for eaplis
stintiont wied prredietion bused on the prineljshes of earth selence, ‘This sitig.
don comrasts sharply with the extensive research i othier topieu! mens of
encdintlon wafety sueh as human eaith and the fute o contamlivs iy bl
oti¢ systeiy (Hucker, 1UNT),

Heentse sobly und sediments contals strongly ucdsaebed platosniut i the
viehnity of Los Alutos tind becnuse that plutonium constitutes alinust ull
of the plutarium i e enviromnent (Dultman et ab, 1980}, geomorphic
technidquen thut outhing the mabliity ol the sedhinents ure keys 1o uder
standing the fute of the elemuent, Onee udsosbed onto sedimueitury panticles,
(e plateium In reltively lmmubiie from w ehemieud standpolint wndll il s
transported ke an enviromnest favarubie for phase chunges, Physieal
processes 1 this lssue ure therefure at least as nportant as the chemleal
anes, Other commentutors have renched (he smne conelusion: “Siudies ol
gevmorphology . . ure biste o n clenr understanding of the geochemisiry
ol Jutidmenpen’ (Forescue, FORUY, po 249), “Water (Tow . eun nind does et
it dnporiant ngent of mdlonuelide coneentration und redistdbutlon. . .
Mot ridtunuelides yulekly sdsorb t sediment, plunkton, and ulgoe, ...
“The movernent of tiese orguide wind toegunie muterdils determines the fate
of the rudionetivity (Whieker und Sebultz, 1982, volume 1 p, TES) i the

Duts Reposttoey e Y658 cottndng udd {ust) materis! relnted (o iy netlele,
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PLUTONIUM-CONTAMINATED SEDIMENTS, LOS ALAMOS CANYONR, NEW MENICO { ‘

study of plutorhin, “physical teaaport inechanlsmg become signifcunt
whea compured with ehemicul transport imechuntsig” (Coughtrey et ul,,
1984, p. 12) Henee, the present resenrch emphusizes geomorphile proe.
esses I Ity investigutlon of the moveinent nd storuge of piutontum in the
Los Alume Cunyon systam,

RESEARCH QUESTIONS

The generul lasue of detenmining atid explainiing e amounts and locse
thon ol plutotium in the physicul enylromment of the Los Alumos Canyon
aystent e to four specille reearel questions addressed bn this pupes:
(1) What ard the present distribullon and volume of sedimentary deposits
In Los Alumas Cunyon’ (2) Whit s the present distribution of plutonium
i the system? (3) Why ure Ui sedimenty distributed In tielr present cons
fgurntlon’? () Why ure the components of the plutonium inventory in thelr
present urrhgements’

Previvus workers huve estimated sediment s plutonium ventories In
the Los Alunios Cuniyon system, but thls sudy Is tie fist to mup and meae
sure spectile individuul deposhts, This study represents o st approximation
of i geogruphically uecurie plitoniut ventory, with u geonorpliologle
explutiation, Whereus some Investigutions buve tsed contuimingnts us trics
ey {0 better Uiderstund geomorphie processes, this siudy udopts the oppos
she upprouch in which principles of geatnorpholugy explain the fute ol the
cottuntibunts, The slgnlfieunce of Usts work s that 1 the reasons Tor the ob.
served distributions cu be outhined nd explidned, prediciion of the nears
ter fulure ol the hazurdous materinds will be entunced, und clesp effors
will be tore likely W be succenstul, Thils puper complements but does not
duplicate previous reserrch o the geomorphology of plulonium i the Rlo
Clrande (Qrul, 19045 throtugh livestiguting the connection between the
sartree uf poliutlon and the muln dyver by way of Loy Alumos Canyon,

‘THIE GENERAL ISSUES IN LOS ALAMOS CANYON

Durng the wenponn-constriction process ut Los Alumos, eleaning und-%':r
tachindng of plutontum metsl produced Muzardous waste materin) In the®s
form of plutonlum dissolved In ucld, Between 1945 und 1952, 1 cerumleSs,
sewer systemn conducted i lguid waste from bulldings on the Pujurlio™)
Muteny, the it of the (nstallntion, o the edye of Acld Catiyon (Klnuuluy.'a-}'
1947), where [y poured uhtrented from tse sewer pipes down the cnnyon
side ind luta atluvium o the canyon floor (Rigs. | und 2) After 1952, the ®
eulublishment of o wusiestreatsnent plant ellminated e huzardous selewses;:,

- inlo Acld Canyon (Stoker ¢ al, 1UB1, b 101 1), Durdng the 1960y, works

ers removed contuminated solf und buflding muterinds from the releise
pubil on the luteny, ty well us rock from e cunyon nlde usd mn unknown
mippount of niluvlim ftom the conyott floor. These contuminaled subsishees
were stored [n {solated burind altes, Acld Cunyon, the priury souree of
plutosium costumination; ks o sl ibiary 10 Pueblo Canyon, und DY
Cunyon (u stnutt teibiatury of upper Los Alumos Catiyon) ahvo earried lewwer
umounts of plutonium fron waste maieHuls,

~AVhen the Hgutd plutorium wiste teached te attuvium on e canyon
foor, Uie tellvely high phl conditions (8,0 or ubave) cutsed the plutoisiutm
to preelpliate onto sedimentary particles Ity Tonn of plitontuim uskde
(for u genersd review ol the tudioecology und geochentistey of plinoniun,
see Caughteey ef ul, [URA), Plutoniun Tn this Tor |s relugively insoluble,
aird 1t retssudt Denly udsarbed onto partleles, As u resull, 599% of the plue
tomdum by the Lo Alanton environment In issochited with sediment
(Sehulta, 1977). Sume downward tmovenen! of the iaterind oceuited in
Ihe surfuee sediment, bul most of the plttoniin retmlied near the suifacy
where Myl processes entralned i Uneonsolidoted msterisl from the
wistestlupossl site woved under mutaral siresin processes out of Achl
Curyon, down Paeblo Canyon, wid through lower Los Aliitos Caayvatt
the Rlo Grunde i Ui 1o Qrunde, the waste platontim Jolied phatoniu
frun atmospherie Tlfout wd beeame it of the chinnel ud oo« plain

Puoobi\ 1 Puebly Caﬂycm
TN A1y
l\l_L._
Aot =""D Acid ‘.._~ p‘}“’ 3 Yot
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o m 4"‘
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sedlinents of the regiunn! dver systeim, Previous invesiigalions hove sown
it by e Northern Rio Grande systei i the viemily of Los Alamos,
w1 0% of the plutonium fs diectly from Los Alumos Cunyon, bus 11 some
sediments dutlnited by contnibutions from Los Alamos, It necounts for
>BU% (Crut, 1994), Along the muli sver, the concentmtions of plwionium
itre ot hazurdoun, given our presenl underanding of heahh ihysien bul
the element (s appenring n inereasing concentrations [ the ediments of
Cochiif Runervoit sd0) Riny dosnatrenn fruny Los Alninos,

The work repoited on the fullowlng puges hus i selentie nvn iy sev
eral previous investgations of e Jxsue of plotonium contar- . - and
toveiment, During e Cold War, soite documents outlining v e of
e platontuny were chsitied; however, resenrehens ot Los Alunmos ivatioisl
Laboratory mtudted many of e humun enldy anpects of the element, and
there were muny examinmlons of the general behuvior of Plutoiium in the
mehrsd enavironinent, Heginning In the late 190y, the labomtory published
annual sutnien of duts seponing the cuncentmilon of plutoniuim foum
I river waters and sediment Iy the vielnity of Los Alutmow, though there
were o extennive resirels prajects o intemret his monlorng infurmution,
By the 1980x, telunntlon of security restrictions atd new Interes n ehvis
ranmental yunlity stimulsed wextensive unelassiied review of e release
ol plutonum o tie Los Alatos sysiem (Stoker et uy 1981, and ditn
stiimmanen beenime genetutly avallnble (Purtymun e ul,, 1987, 1990)

The ohvious lingottance of sivum processes I entraining, mewling, utd
slurting cotisininuied sediment (e, Carpenter, 1924 Wolfenden und
Laewlng 1997 oY et ul,, 19801 Graf, 1990) led 1o 1eweareh into the by
drulugy of the eutyon systen and reissesstients of e mobilit Yol the com
tarsinated materints (Lane et ul, 19835 MeLin, 1992), The dynumics of
phatontuim in the arger Nuviad sysiem of the Nosther Rio Grinde were the
wubject of wi extenwive Investigution that provided » reglonal context for
processes tear Low Alatios (Qeut, 1994), Tken together, these studies
whuwed thit although stream processes huve thinsported some jhitonkum
any kifometres from Ui oryhnal velsuse polnt In Al Canyon, most of
(e camtaminntion remmn in the Lox Ao Cunyon sysiem, where ¢one
veiitrutions md wmuinis e us much uk sevint) orders of thugniiude hlgher
(hun I other ocatlons, Albough the fhguities produced Improved unders
whidler of plutontum In the reglun (sunmnaszed by Py imun ot o)., 1987,

Il

Figure 2, View of Pueblo Cunvon looking
northwest from the south wal) of the cienyon
near the enst gute of Lox Alsmos Nationa)
Laiharory, with the Jemez Maountalns in the
huckground, The Bundeller Tul¥ forms the
verticnl wallx, (W, L. Gef photogeuph 1218,
August 1 994)

1990), he resewrch reported here I ith utiempt 1o 8] slignitieant gups in the
understanding about how much plutonium I in the canyon sysiem, where
1t i located, and why s s present disrsbution,

GROLOGICAND HYDROLOGIC SETTING

'Hlud,w\wn

1ow Alnimos in situaied on the surfuce of the Pujanto Plateuu, the dise
sected ank of the (mmense enlders formmg the Jemez Mountiine of
northwestem New Mealeo (Smith et ), 1970), The canyons thil scoe the
surfuce of the pluteau drain easiwand from the high moumsin sitaces to
the Rio Crande, thee mnster regional siream, The canyons, iy »20 kin
fong, have neatly vertical sides that connect them 1o the ety sloping
pluteny surfuces ubove, The canyon Noors ure variable in width und pradi»
ent, Suine sieep reaches are choked with liuge boulders from rock falls or
debris Nowes; other reaches with refutively shallow prdients necommodate
broud deposition zones for fine sediments, The Lo Alumos Canyon wyw
tem has two mujor upsireuin branches, upper Lo Alumos Cinyon and
Pueblo Cunyon, which johy to form Jower Los Alimos Canyon,

The Lon Alumos Canyon system owen fts inorphology panly 1o the peos
fople muteriuls Inio which i1 is excavated, Because of its position on the
Mank of the Vatkes and Toledo euliberms of the Jemes, Mouninins, the nren i
oiderliin by volennle and sedimentary rocks of Tertlary aud later nges
(Qrippn nd Hem, 1904; Smithy et ul, 1970), The princlpal formatiom ins
clude the Suntn e, Polvaders, nmd ‘Tewn Groups, The moat imporant gea.
fogie unli for the present siudy In the early Pleistocene Bundelior Tufr, an
BO= 100 ihick eup of eruption products on te Pajiito Plateny, 1t appean
o1y the platesu surface und enmyon walls us massive punsiceous Wit brecely
nnd nonwelded 1Y derfved from ash Nuws and mal flis These mutennly
we viriuble i porosity wnd permeability, depending in pas on thelr degree
of welding, und they yield wenthering producta, sofls, ond Mream sedis
imentn thut wre dominuted by sundssized panticles INyhib et al,, 1978).

Streaim sedimenis isuing from this terruin typically have <5% of thelr
welpht 10 particle siees simaller thun wind, Chinnel sllusium deposits in e
source wreus of the plutonium pollution live w0,5% of their ik by welpin

Qeoluglenl Soclety of Americu Bulletin, Oclober 1990
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Ins the sl and eluy Fruction, Dutu from 38 suniples drawa From the surfuce
ol chunine! beds throughout the Los Alumos, Pueblo, Acld, und DI Cutyon
systems contuln J8% silt und cluy (Stoker el wl, 1981, p. 126, 130, and
1334 Lane et ab, TUBS, p 383 Qeul, 1994, p, 237) Mujor IHbutary canyons
to lower Los Alsmos Cunyon buve simbur course sediiments In thele stresm
chatinels, Buyo Canyon seditnents contatn 2,3% sill und eluy, und those In
Quaje Cunyon contuin 7.5% lines (Laune et ud, [985), s occupyling abans
doned chunnely have w23% Nies, whereas flood-pluln sedienty contudn
55% (Chruf, 1994, p, 237),

Tha energy driving the fluvial system of Los Alumos Cunyon coities from
the precipitution climutology of the reglon, Totul préclpltution rnges lron
>50 etn/ye [ the nearby Jemez Mountalns to =48 ¢ st Los Aluinos und
<30 em n the Rlo Qrunde Vulley (Bowen, 1990, p, 53 Thie muxhinum
monthly rin bl ocenrs In August us the result of summer Understorn wes
tivity, whereas highly varinble snowlull hus o Deceniber smuximum, The
strenms I the Los Alumoy Cunyon systems are intermitient, except for the
reach limmedintely downsirenm from u wustewitertrentinent plist, fluvial
teunsport of sedintent is directly reluted to spring snowiell and sumimer
Nush Noods (White und Wells, 1978), Under these conditions, from o
152 kii? (38,7 mi?y drulnuge arew, the 100 ye design storm would produce ut
thee tmouth of Los Alumos Cuniyon a peuk low of $2 mbs (1845 [tYs) and o
runoft valume of 1,2 x 1P 7 (1010 weresft) (MeLin, 1992, p, 24),

Vegetution alse influvnces the Nuvial processes i the study area, The
mountain slopes tiat supply much of the runoff for the canyon system wie
covered by luresty of pordeross pine und Douglus fir, which prutect snow
packs from rupidd spring melt (White and Wells, 1978), A ployon pine wd
onesseed juniper comintty dotnitintes the vegettion of the Pajarilo Pluteay
(408, Departtnent of Bnergy, 1979, p. 38341 Brown &l ul., 1980), The
cutiyun floom huve ponderosn forests that cover vottie food plidis, especlully
It uppeer Los Alinos, upper Pueblo, Achl, and DI Cunyons, Ripurlun vege.
tutlon throughout the cunyon systen ineludes gruss covers on Nood plilis
uhd witlow, tnurisk, and cottonwood i the lowdsl reachies of the system,
providlisg sigatficunt hydmulle roughness on flood:pluin sutfuces,

Funettonul Reuches of the Cutyun System

The Low Alumos Cunyon syatens Is tiot o simple set of candulty for wus
ter andd sediment with slowly chungling conditlons In the downstreatn dis
rectlon, Ruther, it Is frugmented into severul speetile und definuble seg-
tents with intemully consistent processes und forins it nge different from

b

>

s,
. those of nelghburlng segments, Oeomunhle properiies (suek as channel !

putten and dimenslons) provide u convenlent busts for definling o series of'
funietional segiments I the aystem CTuble 1), Mhere ure severad purtieutald
feattiren [ e wystem thit eflect the tranaport and storuge of sediment unds
s plutonium, For exumple, In middle Pueblo Cunyon, segiment § i lis
boulderchoked reach where only Himjted storuge of sedbnent ad plutody
tlumm |8 [kely becuuse there I8 no spuce for such stornge on the uunynn7
floar, A short distunce downsireatn, huwever, ure segments § uid 6, u pan
of Pueblo Cunyon with u wide foor umd shuow gralent thit dellines a gol®
omuarphie condition conduelve to deposttion, The channel i segmenis 5§
utidd 6 16 aindl Doy eatenndve food plidis, and te nasoclted with sedimens
fury deposits thul bury recent artifucts (Flga, 3, 4, uind 5) Ml depositlonal
zone ends Jn the downstren direction it o kidekpolnd severnl metres high
thint I sdowly nidgrating headward, Repented Neld ubwervatioty sinee 1987
1 Wistorie nednd phologruphy suggest s mie af recesslon of i few thetrey
per yeur on overnge, though tiost erostun oecurs eplyodieally during Nood
avents that oceur only onee every S ye, Beeause of s assoehstion with Acld
Cunyon ud Hx extensive sedinent sturdge wreas, Puebln Caiyon fs the
muoat fnportint geogruphie component of the plutonbinm lveniory,

Puebla Canyun |x oored by Hotocene shiuvig! depusdis in many see.
ot but stieh deposits sre sinall, sestiered, and ibied I auber I upper
Los Alumos Cuttvon (Qriggs snd Hem, 1964, Plute D, *Fhe chaginel 1o upe
per Lo Alumon Cunyon by canllned by coliuvium snd (v entrenched In
somme treuss Only It the lowest reachies of the caityon does it nppenr us an
unconilned strenim, but even there it lacks extenalve Nood plainy or overs
bank wreuy underluhy by sedbments scve by the present reghme of the
slrean, Sedinent uod plutonium storuge s terefore mueh moee Himlted in
upper Loy Alumos Canyon than elsewhere in the sysiem,

On i hurger seule in fower Loy Aliissus Canyon, i nurrow gorge with o
relatively steep gradlent i segiment Y restriets the posstbility for siorpe of
sediment und plutonium, ‘The gorge, eroded o Quatermaey busult ol the
Susle P Qroup, encds ns the streatn loies o a terrad dombned by imore
cunlly eroded sedimentary rocks, uid the broadentng elinnie! s o shul
lower gradient with more horlzontal spuce Tor deposlts, The reaches
formed by the Jowest 4 kin of Los Alumus Caiyon ure mdieally differem
from the renches ubove, Buyo Canyon Jolia the systens =4 km ubave Otow!
(the terminution uf Los Alutios Cunyon at the Rio Grande), dnd Guaje
Cunyon jolnw the syniem =2 kin above Otowl, These idbutaries contribuie

sume water, und they uppear to mld at least uy ek yediment us is belng

brought down Loy Alutnos Canyon, as indieated by netive deposits b and

TABLE ), REACHES OF PUEBLO AND 108 ALAMOB CANYONS

Sagmunl Ruaeiy nama Downatioum — Moun Moan Monn Moun Uud Tolul Tolul
numba any dasctiplion distancolo  gadiont  gelive uclive chisnhol sudimont  plutonium  plutonium
lowet uiy {avtn) - channal  channel  (oughhans utiVehy {mpu1y)  {shumdsig
{m} wiith dupih (Munidig's Ly wiighi (ICy}  dovistion)
{m) {m) [il] (%) {IICVy)
Soulce Acid Canyon 10104 3u40
! Uppet Los Aluthos Canyon 0l oot? - L8 14 0440 0. {0 10
2 Uppat middle Pusblo Cinyon 850 0.0430 1.8 1A 0,000 2.0 MO, N.D
3 Middiu middle Pueblo Cunyon 1200 00320 = 1.2 18 0.0H0 2.0 NG, N.O,
4 Lowat middie Puoblo Canyon a788 0.0203 1.8 1 0.048 3.0 ND. N.D,
5 Ubpat kvt Puablo Canyon B33y n.0ioY 37 0.8 0.0%0 30 {848 1Bga
0 Middiu lowat Puyblo Caryon 0500 0.01561 0.1 (1%} 0,020 1.0 200 147
7 Lowot lowur Pusbio Canyon 10214 0.0200 13.2 1.4 0.020 a7 N.D. N.D.
[} Junction sagmanl o! Pusble Canyon 11700 ooisy 183 2.3 0.024 15 utp w70
] Nurrows sagtienl of Los Alitthos Cartyon {3007 0.0280 4.1 ¢d 0.000 4.5 e 1bo
10 Tolvi nogtnant of Los Alatmos Caiyon 17043 0.0113 .0 b 0,036 4.6 197 100
t Olowl sugmant ol Los Alainos Canyon 19702 0.0000 ©  97.0 t.4 0.000 4.8 1 WA

Nolea: N.O.=~not dolormined, Seo Figulo | laf rmup wilth coucwondm? sogman! tuibuee, Mann gradiont v the overull decruuau in vlevilion dividod by the nlong.
1

channel disturca 10t ench segmont, Muan channol width ang dopth ury

om samploy of 10 such tonsutsmuniy ol the uciive chunnol ot aneh tuach, Hydraulic

(oughnues i u composito of 10 fiuld satimiivs for tho uetive chanioel in ouch rancit, Boditnont dald ato trom Slokat ol al, 1991, 15, 120, 130, 139]
Lana of al,, 1088, p, 38; ard Qraf, 1984, p. 237, Plutonium dals sto concontiations llol neliviy beddlond wodimunits from mmsa monlivring und sutvollinnco repotts

published by Los Alunos Nulional Lubomiioty.,
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newr thelr chunnels, The lowest reaches of lower Los Alimos Canyon, with
thelr wid, brulded channels and extensive Nood plain, are reltively far
from plistonium sources und are not as Important in the plutonium invens
tury ax Puebo Cunyon,

METHONS
Enpleient Anadynts

Quentiany conceming the distribution of sedinents nnd phutonium are
empirienl problem, requiring v methodology thut rests on directly obs
served evidence, ‘The upprouch used (i thix work wax to meusure the vals

ume of sediment b the various segiments wwd then to caleulnte the mmoumt
of plutonium by multiplylng the volumes by contuminant concentrations,

13406

Figure 3, View of exposed cross section of
Noodspinin sediments In middie Puchlo
Canyon showing the stretification of materd
ulw The depoxitional history of the slie is
purtly revenled hy the trees und thelr root
collius. The collujaed tree on the right side of
the view his it rool collar burled benenth
1.2 m of sediiment near the level of the pros
sent chuhsel in the foreground, The pone
derosn trunk In the conter of the view sl
stunds In u simblur but less exposed nrmnges
ment. Severul younger, much smaller trees
hnve rooted on the surface of the Nood plain
ui the left Ring counts of the trees and pucks
uging ltter suggest that the exponed sedls
ments ure powt=1930, (W, L, Graf photos
graph 12156, Azgus 1994)

Flgure 4, View of the chunned In upper
ntiddle Puchlo Cunyon showlng & grass
covervd poini bar ond foodsplain deposit to
the right of the uctive chunnel, Note drifte
wood strunded during o recent flood resting
on the boundary hetween the Nood plaln
und the colluviul slope ut the right, (W, L,
Graf phiotograph 10714, August 1993}

For the disiritition of the sediment, the seale of the canyon system i small
enough to permit direet Neld mapping of the individual sedimentary de
ot along e entire Jength of Acid und Pueblo Canyons (12 km), DP and
upper Los Alumox Cunyons {6 ki), nnd lower Los Alnumos Canyon {8 ki),
Bield mopping on the yround throvghout the entire canyon syslem pro»
vided binle informnation on the focution, width, Jength, and depth of each
deposit, Field mensurements with tape nnd opticul ranging devices pro»
vided disiance and hotizonial dimensions, whereas tape measurements of
bunk expasures shd penetralion with 4 soll probe or slee} reinforeing bar
driven to bediock or Jurge boulders revealed the depths of deposita, Active
bed loud on the channe) oor, Nood pluins, polnt hars, mid=chunnel bam,
uttnchiment buts, and sluckswaiter (lood deponits provided direct locations
und dimension for ench individunl deposit,

IMood plains, defined ux depasitional ureqs for fite vediments outside the

Ueoluglenl Soclety of Ameren Bubletin, Qctober 1996
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Flgure 8 Eradiing Nood plady in mlddlg"
Pueble Canyuny showlng the mnmhlllwthm*
uf previously stored sedimenty depusied
durlng the 1970 wnd 1980x na indbeated by
burled puckugbng iten (W) Lo Geaf phutus
praipl JOH30, August 1993

butiks of the channel, but uctively mceléluu seditnent dutiny high Nows In -
the present regling of the streat; oeetr us discontinuous features slong the

chunnel, They often oceupy futs of the canyon Mook that sre wider than

nenrby urews, Becuuse of (el Hetied lengihs slorng the chunme! and thelt
+ discontinious nuture, thelr forms sre best deseribed us pocked food pluins,:
which are smull depositionul feutisren, next to the uetive chuived, tul Dl
semicireulur seallops cut inlo the otherwise Innctive colluvin) materly
ulonyg the bunk, c . - o
For some redches i (i upper canyon'sysien, depostts wete <8 im?ln -
surfuce aren and were thus (oo sall to smup Individually, For theso renelies,
(U sutple cross sections provided uveruye vilues of bedsloud unid over-
bk depasits per unlt lengis of the chinnnel; usuully 0,251,001 of beds
loud storuge per metre of channel length und 0.5=2,0 m? of bverbank mae
terlul per metre of chunnel lenyth, Mupping from seriul photogruphy
provided horizontal diinensions of the relutively large deposits of e jows
estd kbt of Lus Aluinos Cunyons Aedul photogruphy used In this study was
highequutity, color, verticnt imugery ut' scate of (17200, tuken I Semetns
ber 1991, "The Imugery scale wus large enough (o permit dentinestion of
‘Individunl trees und boulders during thie Deld Investigation; The buse nup
fur field mupplig wus o 14800 scale mup with o 0,6 m contour Interval]
tnup dula wus tanaged with un Arelnfo geographie Infurmution xystens, I
totul, ull the methods prodiiced datu for 108 deposits, .
"The fleld evidence, mups; tnd sedul phutography provided measures for
the length, widily, und tilekness of eich deponit, which, when muliiplied
together, produced the volume-of each deposlt, The locatlon of euch de.
posit wus designuted ny the downstrenm distance of the center of the des
posit imeusured from an urbitrury starting point: The reflutlity of she feld
duta Is high for 1993, the petfod of fleld nupping, but subsequent hydrols
ogy events will uller somne mewsures, Hodzontul meustramenta und thicks
ness measdrements: mude:in the Neld are lkely to be iceurute to-within,
w |9, und distance measurements urs sccunite within m2%| sonse imeustires.
digitlzer from the buse mup ure likely 1o be uevus

nictowithin S%, - -~ . .
The empiricul data for plutoniue concentrutions used i (hls study huve

been previously published by Los Alumos Nutlonul Luboratory n u series

of unnuully relewsed environmentul survelllunce reports, Datn are uviliuble
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frrum' ASH antples tuken fron u set ol sumple klies througho the Loy
iMnmos Cunyon wystemn that lnborslory persutined have sugpled on w uns
punl busls for 18 ye ot inore, ' The utilt of nweastre used In the Los Almnos
tusochemistey dutu-for concenttation of plutonlin it sediments Is the
curle (C), equnl fo'lhe numbrer ol disliptegentions (w37 % 10Y) per secoid
ineuinired from | g of pure rlluin, Conceitrations commonly encountered
Ty methinsent mimplen sre st siudler this 8 CH they une tsundly iseasured:
Hir pleocuties (pCl, or 10412C1) of femtocuries (1€, o 1043 €1y, The cors
relative unit In the Internationnl System |n the beeguerel (By), eqgil fo one
dinltegrution per sevoid, .

b Sediment samples ront uelive strenin sedlments are from deposition
tonen dowistrenin from buslders or cobbles Snmples from dry sirenin
budds ure composite seeumulutione ereated by scouplittg o trench 2 e
A deep uerow (e entite chunnel and indxing the resultlng extect, On neuts
chiunnel surfuces, the componile smples were ereated from shies
ylelded fve pligs 78 i In dinmeter and 30 i deep collected from the
certer i fubr comers ol o 101 squnse are, Varlation of plutontui ol

« eentrtfons with dupth remubis u signlfieunt unkbiown beciuse of liek of
{ sumpilig Crom burled strats, Cumtnistay specttometry on w HPOe deiees

1 tor with s shlelded chumber provided concenimtion mewsureinents with s -

L rors expressed us one standard deviation uboul the mesn dlation count,-

{ usuully 0.2 1CUge fur 3%y und 0,210 (CUg Por 139y und 40Py (w3%) e -

1 luegest errors wre tsunkly nasoclaled with the blghest conventrutions (Bnvle

' runientul Protection Group, 1994, p, VIIA), -

b Anupproxination of'the plutonui inventory I the Lo Alumos Cunyon
wystemn in posnible by multiplylng te volunes of sedliment meusured In the’
fleld by the plutonium concentrations determined by fuborutory unatysis of
‘el depostt and sumnig the resubts, Buste dut und {ntertm culeututiom -
e I supplermientiury tubles 13 and supplementary mups!, Concentrtions’
of plutontum fur nearchanne] depoxils were froi group averages oy res
ported by Lune el ul, (1983, . 48), becnuse snilyses of individual deposity
 ure ot dvalluble; Although it would be preferible (o luve isuys of euch des

|
|

IGYA Duts Reponitory Hem 9643, suppleimentury tables sid knupu. Iy uvalls
uble un request from Documents Secreluty,- O8A, 110i Bux Y140, Boulder,
© CO K301, el editing @ yeasnclety.ory,

Y}
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posit Id;mmed in thiy sudy, expens;s pmhlbm such w upproachs Sunples

tuken onee euch year from u few fIxed, repeatedly sumpled sliew may be

more vatusble for establishing longslerm uverages and for extablixhing

trends I they exist, By combinlng the errors Iy the landfom suivey, sedls
ineni measurement process, and tndioghemlenl unalysis (nvironmental -

Protection Group, 1994), 1t s Hkely that Ure maximum emor in the find e
tininien ulf the plutohivm lnvemtory for the cunyon systen Iaw| Q%

Mode} Bimulation
| Alumuul_{ the énmlﬂcul dula e vilusble {1y estublinhing e present st

Untlon, they provide Hitle Insight ino the funciinning of the nystem as )
chunges Hirough tme, Bxplunations of the dynamies of the plutontum in

e streum sediments of e sysiem depend on the construction of a model -
e shinvilie the movement of walet, sediment, td plutonium ihwough.

Th nystens, Sueh ainodel need nol be putieularly compiiented, bt 1 mus
seenumt for spatlal and temporal varution of ihe proceases, The verine nes
counting und wruimapon (RAT) model, dealgned I aiy earller study 10 simus
lute wuter, sedhneni, und radlonuelide routing on the Rio Grile, wax
ndapied (o the more inlted Los Alumon Cunyon system to provide explas
~ Huton for the observed distbutions of sedlinent und plutontuin,
The RAT model, s compiier program of = 1400 nes of QNasle progrm .
lunguuge, replicates uviul processen i o st of stream segments over o
shimuluted period of several hours or duys (see Graf, 1994, p, 203=210,
279280, for a detulled deseripion), The ihput for the mode! conaluta of I
) boundiry eondhilons deserbing the basle morphology of the channel
sysiein (such mensures us the chisnel width, deptly gradient, and hydmulic’
roughiess), plus informailon on Nood eventa and Injections of plutonlum’
contuiminution fom u poelit wource, The model routes water, sediment, and
rudloruelides througl the xystem, uecounting for lput, trunapon, Intemal -

slorge, und obypul, caleuliing the mixlng and'downsiream dispersion of

conansinunts and esthimuting el concentrations 1 the resuhiing sedlinens
lury deposlis, In the Acld Canyons=Los Alumos Canyon caxe, there e
§) reachiow Wilivun avetuge lengu of «2 km Omupped i Mg 1),
~Themoded tv phyalenlly bused, Reratlve, self-updating, and spatlully
- varduble, The basls of the imodel operatlon by repenied culeulntion of the
Iiydiologle chinrucierstics of flow using ordinary equatiom of comtinuly

sl Munnding's euaiion comblned with inlttn) boundary conditions deftne

ing chunne geometry nnd roughness, Caleulntions using Baghold's (1960).
sedlimentetunsport Aancetlons descibe the movement of sedlinent by using

.+ the flow deptin produced by the hydrologle caleulstions, The Bagnold ups
pronch (s userul becuuse |t closely upproniimnies sedinent traspon ih drys
Jund strenms (Graf, 1988, 1, 149), Simple necounting Ninctions keep tuck
of the umounis of sediment nid muionuciides In various parta of ihe sireun
sysiem to determine contaminant concentrations Iy deposliv, The mode) 1s
fterntive becaune 1t calculutes the moverent of sedlinent und rudionuctides

- AUsrougghy the wystem for shimulnted periods (usunlly | 1w, updatex the lnitlul

“boundnry condltions to secount for eroslon und sedimentiation, and then
beglnw the caleulntions ngaln for the next perod, ‘1he RAT model s xpas
tinlly varinble becnuse ts boundary conditons are segmenta of the nrean-
nysiem, with each segment defined by s own geontetry and roughness,
The model ealeulntes chunges within esclt segment, and o eroslon may
veeur in one place witlle deposition In occurring elsewhere, In the operas
tion of the' model, contuminaied sediment enters from u polni source (ihe -
confluence of Acld Cunyon with Pueblo Canyon, for'example), but In alt’
subsesquent lteratlons, contuminated sediiments thal had been stored tems
porarily nlong the sreans imight be remobilized through loeul erosion, cons
vesting the stream 1o o multiplessourcs sysiem, The model s not puticus
lurly sophistionted, but ft represents u first approximation 1o the results of
fluviul processes on i segmenlsbyssepment busls, ' '
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Fluim 6, Jxuiple hug showlng thie diaiibution wnd dimensions of
deponita detined by Neld moensarements in u seetion of Pucbin Canyon,

Experiments with the RAT model in this study uaed the 25 yr design
sorm, which creates a Now In Pueblo Cunyon thraugh a 7 hr period with
maximutn dischurge of »6 m/s (McLin, 1992, p, 10), The 28 yr storm I

-~ useful for slmulation because {t | lange enough to cause considerable sedis

ment iransport, and 80 it Ix informative about system changes, In most -
places I exceeds bankfll capucity, The event s similar in magnitude (0 ievs-
el uctunl events recorded In or estimated for tie canyon system (Lane e
ali, 1985), The rellabllity of the model is difficult 1o asseas, but it Is probas .
bly more useful for extabilshing trendy and changes over kpace und time
rather thun for muking highly sccumte predictions of volumes of sediment
or plutunium siorage, The model predicts plutonium concentrations that are
within »20% of Uie tneasured values ol sites sampled by the Iabomtory,

Geologicul Soclety of Amerien Bullelin, October 1996,



PLUTONIUM-CONTAMINATID SEDIMINTS, LOS ALAMOS CANYON, NEW MEXICO a
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Fluee 7 Mup shuwling the generul distelbutlon of the stored pluluuluni I wettinnents of the Los Alnmos Cunyon systens, Proputtiosnt eubey
represent Hie snount of platasienn stueed within encl segiment'Ile totad nmount of plutonba b e systom [y 8600 mc),

RESULTS
Enmplelen! Resulty

Plebd ideniillention of those deposits (tkely (o Have been netive sinee the
1943 Tnteoduction of plutontuit 1o tie Los Alaines envlrotisent 1s hot ese
pectully difffeult, becuuse there nre riciont diMerenves between recently ues
tive und nuctive lundfortns, Huodspluln or bur sediments, i chsine! or
nedrechuninel surfuces, Those geomomliie Fewtures thot huve been active In
the pust hullcentury huve no ponderusu plie =80 yt old, though they mny
huve ripattun species such as willow, tumursk, or grusses snd sedyes of
yottiger uge. The recent features have deposits that are sbvluusly Huval n
urigln, with luminur statification In afl but s few politebur deposits, Recent
sundy deposhls bury the rool collurs of mulure trees nnd artifucts such us
food wruppers und construction muteériuts of recent otighy (Flg, 3). ‘Mhose
Fentures that huve ot been sctive In the pust hulf century have matute, stue
ble Torest vegelution of matuee panderosu plie (or pinyon snd/ot juniper n
tower Los Aluios Catiyon), ‘Clie Inuctive feitures i i cunyon systet ure
mostly Nuvial teeruces, debrls Nuws, and colluviul deposits with s
tuvenient chunetetistics,

The most coniton uetbve Tealures thal store sediment and plitonium
nhony the canyon ure bed Joud on-the channel Noor, Nood plali, sllache
ettt burs, palnts bars, ildechunnel bars, and stuckewnier ood depostiy
A continon type of sedithent und plutotitim sturage Tenture iy Puekilo wwd
uppet Los Alwnos Canyony Is the pocket Mood pluin, "These anull Nood
plalns, aften <40 1 wide, 100 m Loy, und | 1o thiek have dlsilietive te
puriun vegeintion covers that are dilferent from nearby lnnetive forms wilh
thelr uplund vegeiation, Pueblo Cunyon hina 63 mupjsed deposits of varous
ditriensions, upper Los Alumuos Cutyon hus 32, und lower Los Alutios

Cunyon hus |3, Flgure 6 shuws un exsinple of the disiribution aluny a repe
tesentutive reuch ol Pueblo Cunyot,

Qeuluylen) Suelety urAmerléu Butletln, Oclober 1Wy6

Plgures 7 and 8 show the geoeral distitbation of plutonin by the Los
Aluimos Canyoi systenn bised on mupping of e sedinentury depostis wind
fongelerny survelllunve datin for concentrations, *I'he lower reaches ul
Pueblo Cunyon, where exiensive deposits of rebitivaly Bigh cuncentrattony
of (he element oceur, wre the mest mportant locatlons fur stored plistas
shutne Mueh fesser nmoutits af plutoutuin ud sedlonent sppenr b the ugp.
per rechen of Pueblo Cuyon snd upper Los Alumos Canyon, Sedinent
volunes ure linege by the loweat renchies of lower Loy Alumos Canyon, bitt
the voncenttions of plutontinm b thexs sedhinenty are Jow (bl sl o order
of wngiitude higher Gian reglonal buekgroind levels) because of difutlon
by seditmgnt Inuding from Bayo md Guafe Canyons, which drabn unconia.
lneiedt areus,

* i distribution of plutoniun In Beeblo Cuiyon, the mast importint jpad
uf thie entine wystem for plutombiim sionige, shows the detulled geography of
the stormge, u complexity that ls otherwise hidden 18 only mean values for
the enitlre system ure repoited, Rigure Y show tie disttbution of plutonium
I individuul deposits seatiered through the entire length of Pueblo Canyon
(tublu | desetiben (he segnents), Beenise uf geomorphle conditiona
cuntrul e moum of avidtable s for deposition on the anyon Noo,
NOLie seginedits luve no stibsuantind ntotige, wherews other reachies huve s
merots depostis, ‘Tie canyon Hoor inmediately downstrenm from the cans
fluence with Ackd Curyon, the contutithation souree, stores katie pliitos
tlu beutime of extedisive Hoodspluln nreay where the cunyon Moor widens,
atsed beutng o titgh coreentiations of phitonism that oceur hes the nource,
"Twu deposin et the boundury betsween segiments 6 wd 7 (shown h 4y, 9)
ure peoitibent i te plutonium disttbution, Both of Uwese deponliy nre urye
uttachnsent biurs Wit Nood depostls wlong e chunpel sidey each bar s lurge
(Wit surfuee iwens of » 8000 112 aind depths of «3 ), contuling lurge vuls
e af wedlinent; nid eugly ocetirs b e pur ol e cunyon wilh elutively
high conenteatlons of pitunius, The lurge voltiies comblned with high
cancentrmtions produce [urge wnounts of plulonii In sutuge,
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Figuee 8 'Vhe relutlonship between downsiream diw
tunee uid plutontum coneentration for bedslond ved!s
menis throughout the Paeblo and Los Alnmos Cunyon
Nyrteny bused o 230 xumplon, generatly taken from 1977
v 1992 und published annunlly hy the survelllunce res
purts of Los Alunios Nutfonnl Laborstory, The open dis
amontly represent indlvidunl sample values, ‘The Mlled
elrelen connected hy the line represent mean values i
vistluun locntlons, caleulited by usbigg ot the dala wvalls

* aibsbe ut thnt loeation except the highest und tovest values

1o ellmbnnte unavenl vidues with Inordinate Impacts on

W, L. GRAR
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Figure 9, The sputial distribution of plutonium
In depoatts nlong Puehio Cunyon, with the amount
of stored plutenium represented by the helght of
euch bap The numbered segments correspond to
those shown In Flgure 1, Los Alnmos Natlonl
Lahorutory longsteran sumple sites khown ncrom
the battom of the grapli Bused on fickd dita come
Dined with published luborstory data
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Flyare 1, The results of sloututiony using the RAT R "
todel to prediet the coneententions of plutontum I seds 0 1 f ) ! } o

lntensts In virluuy segments of the Los Alnmos Cuityun
system, Downstreun chumges I ateenm power, sedhment

' ? oo L W
sturuge, und pludoniuns stornpe ure shown for daty at 100 =febsprmmsfne s { e R
une slmubisted hour wt u peak dischurge of 6 md/s sbnline 2 J T SYORPIOR RN W ..S.e_si,lm.e.nt..§to.l‘.age. RV 1 Nt o
to the 25 yr fuod from Pueblo Cunyon with i uidle BO ool EY " TTTPO0 AONOOOON ONPOOOR SOONON NOTRY A0 SO WL AN
Uonul fluw Feoim upper Los Alumos Cutiyors, ‘Uhe shinue ;' i
tution ussumed u eelense of 100 My of sedlment from 5 25 gl v
Acld Canyon witl 10 000 ICUy of plutontum. Che dutu O —pie@Tennfunc o @unseno e LNl
shosen ure fur the chunnel unly, so they du ot celect W28 feiecdimaionabin R WY Y ‘ Nl frereenndannerenes b
uverbank storuge thut ceeurs ln segments 6 und 7, tn the B0 8 OO PPPN DUOOOR PO DU | TN SR NP JOUS SO Lo
tuwest reuclies, sedbment and platontum stormpe vary (e | i i |
versely with streum power, wherens i othier reuches, los 75 =Ll e B s e SR S SR IRE R
cal conditions ulfusy erostun even ut relutlyely v strenm :
posver. Nu putoniun sturage oeedrs [o those segments 0.4
with erosion, Cuntuminution enters the system tn seg ! l [
ment 2, The segienty ure represented solely by thelr ' }
numbers Cuentivng wee shown I Flg, 1) mid ure not repe 0.3 ey N e f e
restnted to sende in thly grapl, J ‘
3 0.2 «ue
E
04 b
0.0 -IJI LELIERT T XY — -'Nltll{lllhlll shidEekn ll-l'ﬂll-{l‘nl
! ! i l | i
\ | \ LR 1 1 )
4 2 3 4 5 8 7 8 9 10 11
' Segment Number

went 2 of upper Pueblo Cunyon would huve concenirutions grenter, mther — Stmulsted Spatinl Yarlnton
thurt lews, than 1000 [CUY, Theee are na long-term duty avallable for thix
pusticutur segient, but the nearest reluted suniple slte, Pugbio 2, In fuel s Stmulution modeting abvo Hiustrades the wasons bebiud the geographie
values in the expected runge, with u longslerm average of 1643 1CUy, distribution of plutonium In Acld, Pueblo, and Los Alnmos Canyons, Figs
This set of shnulutions shows why plutonium contumination remnlne n— tre 13 shows the distribution of plistontum concentrations in channel seds
Pueblo Canyons und is much less further downstreany I lower Los Alamox — menty dowssireun through the Nt pine segmentn of Pueblo and Lok
Cuntyon, The tusses of tulerlal releused from Acid Cuyon were too furge — Alatnon Cunyons below the lnjection polist ut Acld Cunyon. Sugiment 1 ts
for the trunsport capucity of the strewn In Pueblo Cairyon tu conduct the cone — un Infthstlng segment of Pusblo Cunyon nmedinely Upsrein fron the
tundnanity colpletely through the system, sa much wais stored within Pueblo — Acld Cunyon conflusnce, s thit te figection of contantusted muteriul is
Canyor, Events stmuller than the 25 yrevent moved minor wnounts of conte — Into segiment 2, The wosumptions utiderlyling the slmulutions wers for the
wriinated niteriul downstreuin, whese they elevited concentrations of pluto. 28 yr hiydrotogle event with un Injeetion from Ackd Canyon of u varlely of
nhum n the lower reachies of tie system before beling diluied by refatively — musses o sediment with 10 000 FClUy of plutontts (u iikely degree of con.
cleun secliments from Buyo und Quaje canyons, ‘This selective, Himlted ree — waminntlon glven the ernpirenl duty feotn Acid Weir), Although thers Inan
uvul continues ln smlier events through Kisekpolit migmton und lutentt — overall decie n coneersteations i the downstresin direction, there In cons
chutite! eroston dlevetly ubserved o the feld between 1987 wid 1995, slclerubile geageaphie vitdstlon within tu dectioe,

, S
Ceoluglesl Soclety of Amerien Bulletin, October 1990 §353

t
]



W, L. GRA

Shulutlons showed that when releases of 50 or 78 My ire considered,
there I8 no storage In seginents 2 und 4, becaune there s nmjle stresm
pawer 1u move ihem, With muxses of 100 My or grenter (ux i g, 13),
however, segments 2 und 4 store contuminaled mutedal, Segments 6, 7,
1mnd 9 do not store the chunnel sediments thil are the subjec) of these s
ulntions under any of the seenarios for geomomhie und hydraulie reasons,
I segmient 6, the chunned |y <2 t wids, xo virunlly oll of the contuminated
sediment upiii out of the chunnel und tx spread ucrows 1 broad Nood plain
(conuluting of nlluvisl N1 und o sund sploy), Segment 7 In o channel ens
trenched Into an nrroyo ounded on the upatresm end by & prominent
Kabekprolt, The chausinel Is evacunting sediinents from tss segisent! stremn
power In hlgh and ehunne) storge In fow, Finally, segment 9 Is the narmow
canyon reueh of lower Los Aluinos Cunyon immedintely below the largess
knlekpolit lin the entlre system cauned by o resistant ledge of busalt 75 m
Iigh: A sleep gradlest and nsvow cunyon foor preclude siomge of contas
ininated sediments I nppreciuble quamitles in the segment,

Those septnents wWith high coneentrations of plutonfum by stored sedis
ments huve [dentiinble geomorphle and hydmulle explonations for such
slorage, Segment 3 his o high hydrmulie roughness and traps simn)) quontls
Uen of xediment wmony Has boulders, Buenune segment 3 ia relutively close
lo the source of contnminution, he concentralion of plutonlum In this
stored sediiment |8 relutively high, Ly segment 3, the channel is brondly de»
[ned and brajded In 4 wide sectlon of the canyon; therefore, the segment
stored large mmounis of contuminmted muaterinl with concemtrations thut are
soimewhut Jenn thun those found Farther upsiten, Pre-1948 uncontamis

nuted sediments appear to have been remobllized and mixed with post» -

1943 conttnminnied sedhnenis, The results reduced concentmtlony of plus
fontum i the contuntinated sediments us they moved through tie sysiem,
Segnient 8 ends In o culver under the sute highway, snd dudng and uner
Mood events, chunnel stomge of contaminated sediments results from beks
water efTects, Plnully, stormge i vegment 10 results from o widenlng of the
chunnel ufter It exits the steep, nurrow segment 9, Simulaions for seg-
et 10 khow thul strenm power declines rapldly because of divergence
und decrensed depth of Now, which Jeud to sediment deposition und stors
uge, Downsirean (rom segment 10, coneentrations decrease ns u result of
mixing with xedimenis from Bayo and Guale Canyons,

DISCUSSION AND CONCLUSIONS

In the nbaence of other cansidesntions, 1t seeims reanonable to expeet thnt
the cohcentrations of plutonium I sediments would decreuse in the downs
strenm direction uway from the polnt source of contaminution, becuuse of
mixing and dispersion, Sueh distanee deeny functions ure common in
muny apatful distributions us » refection of dilution und dispersion, und
negutive logurithinie or exponential funetions are the typleal mathematicn)
expressions deseribling the decline In concentration or smount of n pollus
tunt os divianee from ity source inereasen (Wenz, 1949; Glover, 1964,
Lawln, 1978). For radionuelides, if ull other nspects of the sysiem are
equnl, “the distnbution of trunsunuiie elemeiits from polnt sources at pus
clenr fucilities typlenlly produces decreasing concentmtions with disunee
from the source® (Watlers et ul,, 1983, p,91), ‘

1n Nuvisl sysiems, however, al) otdier things wre not equul, a8 desnons
sruled in previous sudies of the disteibutions of mercury nnd thotlum
(Craf, 1985, 1990, Al least five primury aitrdbutes of the Nuvisl sysiem
work to complicate the genernlization of smoothly defined decay with i
crenaing distanee, it the hydraulie processes in open channe! Now sant
sedimentary muterialy, preferentiully tmisporing the Anee pantleles greater

distunces, Because metal contamiunis, including plutonium, sdvorb 1o-

greater concentmtions on finer particles (Qlbbs, 1973), the sorting thut oc-
curs I the fluvinl iansport process affects e Nnnd distrdbution of the eles

menl after deposltion, Second, sediment does not move consistemly and *
constantly through the channel xystem, but miher it moves us waves, This
in exprecinlly true of drylund streumn (kuch us those it Lo Alamos), where
whmont ull the sediment transport (s during Nood events of u few hours or
duys: Much more sediment Ix moved on the Haing limb (Rlchards, 1982,
1 98) of the hydrograph than on the falling imb, creating ndditiona) varis
atlon in the nute of tranaport through uny given reach, Beciuse the sediment
moven In wives or sluer. (1 s depostied unevenly ny well, erenting u dis
continuous distribution uf sediment and plutonium that does not precisely
it 0 knooth decay function with increasing distance, Thind, once contams
{nted wedimens enter o siream sysienm from o polit source, pordom of the
1otal come to rest part way through the system, When Nlood events remobis
{lre these remporarily mored contaminanis, the stormpe arens become addie
tiona) sources seatiered throughout the streany system, obfuseating the ofs
fect of n single point source,

Tourtly, deposhtion of the sediment and nssocinted plutonium I quite
particular und occurs only in thoae places where siream power declines, for
exumple, where the channel suddenly widens or, in an overbank sltuation,
where i flood pinin oceurs (e.g,, segments 8 und 10 In Fig, 13), The avalls
able space for these conditions on the ennyon Noor Is n produet of geos
moimphie factors that may not be related 1o the stream at al), but rather to
chunges In geologic subsirale or to colluvial processes on the canyon sides,
Finh, tnbutury streams Introduce uncontnminated sediments that mix with
the contnminated materinls ot various irregular points along the system,
causing nbrupt declines In concenimtions and equally abrupl changes in the
total amount of sediment stored in the sysiem. These factors conspire to
produce the uneven downstream disinbution of plutonfum concentrations,
Certainly, these concentrtions show an overall decline between the source
of contamination and the canyon otitlet at the Rio Grnde (Fig, 8), but in
detud] they reflect the imposhiion of local condltions on n general trend,

I nusmunary, e empirical results of this Investigation show s sedis
ments are slored nlong the various reaches of the Los Alamos Canyon syse
tem in bed Jond, channel barw, slackswaler deposits, und flood plains, An
expeclully common stornge fenture i5 the packel Nood plaln, an aceumulas
tion of siratifled sediment In smul) reentrnits in colluvium al the side of the
chunnel, An npproximation of the tolal plinionium Inventory indicates thal
the canyon sediment sysem slores »1000 mCl, Highest concenirmtions of
plutonium oceur in the stored overbank deposits miher thun the aetive
channel materials, The amngement of plutonium associnted with the de»
posity tukes on the discontinuous distribution of the stored sediment,
Therefore, nt the scale of u few kllometres or fess, plutonium concentra.
tions and amounts do not neceskarily decline in the downstream direction,
Mot of the plutonium in the sysient {s In lower Pueblo Canyon, When the
plutonium moves through the chunnel system, it may do so In waves that
wre reflecied in the longsterm dauta from fixed, repetitively sampled sfics,
but perhops not clearly indicaled in the record of deposited sediments,
When the plutonium renches the Rlo Grande, dilution of channel sediments
by tributary contributions reduces the concentrations from »10 000 Cifg
om0 fCUB.

The shinulutions of water, sediment, and contaminam rowting through
the Acid, Pueblo, and Los Alsmox Canyon systen using the RAT model
produced (wo mportant generulizations sbout (he behavior the system,
Jtirst, the musses of comaminuted muterin) released from Acld Canyon
were upparently =100 Mg or more, and the sediments remnined mosly
within Pueblo Canyon beeausse the stream ios not developed enough thins
port cupacity to move much of the matertal through the sysiem, Therefore,
concentmtiom of plutonium In stored channel sediments do not decline
rapldly with the paskage of time and nasocluted discharge events smaller
thun the 25 yrdesign flood,

Second, at a seale of ninlysis Uint encompusses the enlire canyon sys-
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