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EXECUTIVE SUMMARY

Nearly ali of the plutonium in the natural environment of the Northern Rio
Grande is associated with soils and sediment, and river processes account for most of
the mobility of these materials. A composite regional budget for plutonium based on
multi-decadal averages for sediment and plutonium movement shows that 90 percent
of the plutonium moving into the system is from atmospheric fallout. The remaining lC
percent is from releases at Los Alamos. Annual variation in plutonium flux and storage
exceeds 100 percent. The contribution to the plutonium budget from Los Alarms is
associated with relatively coarse sediment which often behaves ~s bedload in the Rio
Grande. Infusion of these materials into the main stre?m were largest in 1951, 1952,
1957, and 1968. Because of the schedule of delivery of plutonium to Los Alamos for
experim~ntation and weapons manufacturing, the latter two years are probably the
most important. Although the Los Alamos contribution to the entire plutonium budget
was relatively small, in these four critical years it constituted 71-86 percerd of the
plutonium in becfload immediately downstream from otowi.

The annual budgets for sediment in the Rio Grande between 1948 and “1985
show that about 50 percent of the sediment and its associated plutonium that enter
the system was stored internally in river deposits. The geographic distribution of these
stored materials is related to discontinuous flood plains, fill in abandcned cha(~nels,
and mid-channel bars. The deposits along the l-lIo Grarlde ttlat wure Iai(l down in
1951, 1952, 1957, and 1968 are most likely to contain plutonium from Los Alarnos.
Deposits laid down during the post-l 943 period, mapped and dated using aerial
photography, field evidence, and vegetation data, are generally Icss than one nmter
thick, ‘The deposits along the Rio Grar)cic Iikcly to cor)talrl tile? Inost pl[lto!ll~lrn frofn
Los Alamos ~~rcthose between Otowi and Cochiti Ilcservoir, Prcli!l]inary irw(?stifjotions
of a flood plain at [3\Jckl”l]firl, 5 km clownstrcnm fro!ll ttle Corlfkl(!nce of I os Ala IIIo:;
canyon and the f<io Grandc, I“(?vcatc!cfplut(~f IIIJfTl with isot[)plc ratios consistcr)t with
ratios expected fror~~a col~lkjin:lti(m of piui~>niut~] frolI) tl~o I;lbor;itory anti froln filllu~lt,

D[~tii frwn al~~)osttwo dccn(ics of s:u~)plin{l of tl](: ~)tly~+l(;ill rwcrirlo (?r]virol~l]](!rlt
show that: lowest ~)l~ltol)i(jl]] (~)ll(:(! r]tti~ti[)rl:; occ~lr in w:~t(’r, (Jl(!ilt(!l [:or]c(!r)tr:ltlofl:; ”
(X(:111”if) t)[:<ilo:ld s(’(lltll(:rlt:+ ;111[1 floo(l” \)lillt) (J(’f)():; ltS, ;11)[1 I)l(jt)(’:;l (:oll(:(! lltl(ltlofl:; ”

occur In sLIs[)OI)(iII(~ :;(!(llt)](:r)t ;Irl(i (~:,f)(!(;I:Illy r(~:;(;rvoir (I(!f)():,lt:; I)l(ltol)l(llll

Corl[;(!r)tl iltl[)rl!; Ill !’,(!(lllll(’! 1/:; (11(’ l“(’1:it( ’(.1 to f); lltl(:l(! :;1/(! illl(l ol!j(llll(: (:ollt(’llt, vvilll(:
Cotl(;[!lltt ”;ltloll!i” Ill Iloo(l” 1)1,(1!; !X’(llfl)(’llt!s :Ir(! l“(!l:lt(’({ to ~)(lltl(:l[’ :;1/”(’ ;If)(i [I(lt(! of

o(!l)o!;ltiorl t;olll~)(lt(’1” :;ilil(ililllor]:; of :;l’(!llll(’llt ilfl(l ~)l(ltolll(lfll tlilfl:; l)olt ;)11(1 !;tolil(](” 1~)

tl]() Iii:) (“jti~f)[[(~ ir)[ll(::lt(! tl]; it (;or)(, (I II fI; ItIoI l:;” of I ():; AI; III1O:; (j(IIIv(:(i ~)llltotli~ll)} II)
!i(~(jl llll)llt; lty (Ii ~)():; ll:l :Iloll(] ttl($ rlv(:t ;11(’ Ilk(’ly to 1)(? 100” l(; l/(~111 01 1(’!;:; [ Il)l)lll(:; ll

(tilt[l fl(llll Illllltl’(1 ‘;llll~lllll(] of floo(l” ] )111111’;111(11(’;11(’ (Ioll(I (’llll:ltlof l’,” of 1(’!,’; ttl:lll !)()

f(;l/(]111

A ~)lll[h’l)t, 1(’flll( ’(1 Illolllto!lll!l” :111[1 ‘,( JIV(’11[,111(:(’ J)l, ,111,Illl f(ll f)llitol)llilll Ill

:;{!(j II 11(11It:; Ir) 111(’ VIL:II IIly of I ()’, AI, II11()’; ‘Itlolll(l 1)(’ (Itlvf ’11 I)v ;1 \\l’fl(’t{ll ~)tlllo’d)~)lly

(](’1l(’t; llly ‘:tll\/l’:; ![) ,:(:(’(lf(l{(!l\ ;l’,’~’’,’, ttl(’ ll’(~ll lllilll llllloflllllll l)(l(li~l’t illl(l !11(’ 1)1,1(’(’

()(:[:: 1(’(1 ill tlltlt I)ll(lll(lt 1)) l)illlorlllllll flolll I f)’, AIIIIIII’, NIII~}II,Il l;ll U)l,l~[ll V !~(IttI <i

Ill IIMWR



policy would emphasize knowledge about the inventory of plutonium in sediment in
Los Alamos Canyur), how that plutonium moves to the Rio Grande, how plutonium
deposits are distributed along the main river, and how plutonium interacts with the
dynamics of Cochiti Reservoir.

A general monitoring and surveillance philosophy for Los Alamos National
Laboratory drives specific procedural recommendations. Investigators should explore
isotopic ratios for plutonium in sediments outside the laboratory boundaries to assess
the laboratory contributions. Sediment samples for the analysis of plutonium content
should be collected at regional strealm gage sites, and should include suspended as
well as bedload samples. Sampling of flood plains between Otowi and Cochiti
Reservoir, especially between Los Alamos Canyon and Buckman should be a special
priority because of the high probability of occurrence of laboratory-derived plutonium
in the deposits. Monitoring of deposits in Cochiti Reservoir should include intensified
and regulm sampling because it is likely that plutonium frorm the laboratory and from
fallout \;JIll continue to enter the reservoir for at least several hunared years,

Iv
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PART 1. INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1 The Basic Issue

Plutonium cccurs throughout earth environmental systems, though usually in
quantities so small that they are barely detectable. The toxic characteristics of the
artificial element require the identification of those few locations where the highest
concentrations are likely to occur. Because almost all plutonium released to the
environment is ultimately attached to soil and sediment particles,l the behavior of
natural transport systems such as water and sediment flows provide the key to
understanding the ultimate geographic disposition of the element.2 l-he general
purpose of the work discussed in this book is to explain the distribution of plutonium in
the Northern Rio Grande system of northern New Mexico and southwestern Colorado
(Figure 1.2) by forging a link among available data and general principles
of environmental sciences such as hydrology, geornorphology, and radioecology.

E3etween 1945 and 1952 Los Alamos National Laboratory handled large
amounts of plutonium as part of the Manhattan Project (the effort to construct the first
atomic weapons) and as part of the weapons programs related to the early years of
Cold War. During the conduct of these weapons programs, tne laboratory emptied
untreated plutonium waste into the alluvium of Los Alamos Canyon.:] After ‘!952, the
laboratory released relatively small amounts of treated plutonium waste. Tho vertical
movement of plutoniun} through the alluvial materials has been largely limited to the
upper 10 m,4 Horizontal movement of the contaminants involved much larger
dimensions, The plutonium was aclsorbod onto ssdimer:ta~ y particles, so that the fato
of those sediments is also the fate of th(? plutonium. Natural proccsscs ot erosion
have resulted m substmllml n~ovmnent of contaminated seciir~w’lts through the
cmyorls, Rcsenrch during the 1960s and enrly 1970s showod that surfnce flows
witt]in the Iobor.;t[jry huund:mcs Ilo(., wti:.;t[ it~utod at Ioa:;t sot II() of plutorliun} Sir)co ttlo
wnr years!’ Ialmrillory rw;(mrchcrs I;lt(?r ():itlrl)ilt()(l ttliit fluvlid (river rt~l;ltr.:d) proco:;:;cs
ir~I os Alarnos Cnnyon Iloti probnblv r’url]ovc(i sl{jl~ificarlt q~lar]titics frorl~ tlw I(lborntory
[w:] by c;nrryirlg tlw pl~lturliutl} irlto ttlc I{i(.) (~rarl(lwfi Illoy ~)rwjictcd ttult (Iilrly irl tllcl
twctlty first cwltllry, ;Ilrllo:it illl of ttl(! ~Jl\lt(lr]l~lrll wo~ll(~ lx! {lr))~)li(ld fror]) [ ():; /liilrl)OS

Conyw] Into th(l f710 (h:md(;,

[J\lrit]~j tll(! I(lil( k;, 111(:1(’;1:;111{] r); ltior):d (x)r)(:(’rrl fot (!rlvir or)li](!r]till (~(j:]llty ilf)(l ;1

rl](u~.1:;tlirl{lorlt r(!(](iltltory :;y:;l(’rll r(’(ll]lr(’ tllf! (1(’:;lf]r] iirl(l rl)illr lt(!r):]t](:() of f.!ff(!(:tiv(’

rllorlllotir)~~” :111(1 :~(lfv( ’lll:ir )(:(! ~)ro~]rill!l!i to il(:(:ollrlt tot (Irlvlroflt])(!r]{;ll (:or)til rl)illilrl l!; !;(1(:})

;1:; J)llllol)l(llll, I I):, Al,{rt]f).; N;lllorlll I ;Il)():;lt()ry lIi I:; ;Ir) (’~t(!r):;w(~ :, Ior(I of (li~tii

(:(111(’(:lf I(l florll ii v;lrlf’ly of [Irlvllofltlll’rll’;, 1)111!}I(I ~)l(l(:(l’;I, IIIi ir) I OI; Al;lrtlo:; (;;ll~yorl
{ul(j 111(11{1() (;fiIr)([(~ 111(11(:,11(1;1 rl(’(!fl for I: Ill)tov(Itl Iirl(lf’r:lt,lrl(llt)(j of tt](~ IIV(~I :;y:; l(!II):;

ttl; ll rtlov(! ilrl(l :;t(ll(! tll(’ Itl(!lolll(llll l’1(’:;(vll :;ilrl’~)llrl~~ I)ro(lrilll)s (11111(!(1,It ;I(:tivr! rw(lr

:;(!(llr)l(~l)t:; l), Iv(~ tlot (1[’1(’(’t(~(l J)llllolllrilll Ir) (’orl(’ (lrllri itlol l:;” ;It)ovo” ttlo:; () (!x~)fl(;t(’(j fr(}’11

filllolll ;Ilor]fl ‘ ltlt’lt’f[)l~’, (Iltll(’1 ttl(’ })llttorll(llrl 110111 III(I I,ll)ol:ltoty” 11:1’1 1)(1(111~ll’,~l(lr:i (1

I)y Ilv(’r I)I(I((I,I,(II;, 01 1!1(’ “,,1111})1111(1f’lfofl tl,l’, 1101 y(Il I(ll!rlllll(j(l tt)(l ‘,t(H; II](I :,1111’, tot
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plutonium.

A major issue in designing an effective contaminant sampling program for river
systems is an understanding of the ccmtexl within which the processes operate.
Rivers behave in a variable fashion over periods of decades, so that contaminants
introduced to the system at one time (when diluting, uncontaminated sediments are
available in large quantities) may be less significant than at other times (when only
small quantities of diluting sediments are available). Deposition of potentially
contaminated sediments is geographically discontinuous, a factor that influences the
choice of sample sites in an effective sampling prcgram. Although the Northern Rio
Grande system is relatively rich in data describing river processes, the data have not
heretofore been interpreted for the purpose of explaining contaminant movement and
storage. Little information is available that describes the geographic distribution of
dated sediments and kmdforms that might be plutonium storage sites.

The geographic components of hydrology (the science of water) and
geomorphology (the science of earth-surface processes) offer usefu! principles for
explainir~g the dynamics of river systems that transport and store radionuclides.
(jtlf~ll~jnat~[y, specific theoretical and applied work in these sciences for explanation
of the physical mobility of mdionuclidcs is poorly developed, While the biological
sciences have developed radioccology as a distinct body of knowledge pertaining to
the dynamics of radiorwcltdes in life forms, hydrology and geormorphology have
spawned only an embryonic literature concerning the dynamics of radionuclides in
physical environments. Scientiilcally and legally defensible sampling programs and
explanations for their finc~ings thc?rcfore require reinterpretation of hydro. g( )rnorphic
principles in light of ttwlr radiological implications

1.2 Specific (lbjmtivcs

1 1111(’flv (11111111(’III(’ I)lly ’,lf II I’flvll ollllll’llt,ll ( ’01}!(’),! 01 tll(’ rJollll(’lfl 1{1!) (; I; II III(’ III(’
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2.

river channel processes affecting plutonium mobility operate within a particular
matrix of Iandforms, soils, geology, climate, and vegetation. The geographic
variability of these subsystems partly explains the behavior of the entire river
system.

Specify the mass budgets of surface water and river sediments in the Northern Rio
Grande s~stem. Although the water transpofls little plutonium, it is the primary
vehicle for energy in the system, and its variability in terms of total annual flows
and flood peaks strongly influences the movement of sediment through the
system. The sediment is important because plutonium is strongly adsorbed
onto sedimentary particles. No process explanation can be effective unless it is
couched in a clear understanding of the magnitudes of mass transfers in the
general system.

3. Define and explain the major changes in system operation for the Northern Rio
Grande from the 1940s to t~le 1980s. Hydro-climatic changes and the
construction of major engineering works in the region have significantly altered
the channel processes of the river from the 1940s to the 1980s. Channels,
near-channel Iandforms, and deposits reflect these changes and are potential
storage sites for plutonium.

4, Develop mapping techniques to identify the locations of river deposits likely to
contain variable amounts of plutonium, Methods to date the deposits are also
required because releases of plutonium from laboratory and fallout sources
varied fron~ year to year, The mapping and dating methods rely on
connections between the hydro-geomorphic systems and riparian vegetation.

5, Explore eleven limited but representative reaches of the Northern Rio Grande to
understand the naturw of sedin,. ,lt storago in the system and to identity useful
sampling environments. f3ecause the length of river possibly of itllerest is more
than 300 km, detailed analysis of a limited number of relatively short reaches
replaces costly investigation at great detail of the entire length,

6. Use the water and sediment mass b~)dgcts with previously collected radiological
data to construct a regional budget for plutonium m tho surfoce cnviron[ncnt
f3ecause of the quality of radiological data, this effort IS only a tlrst
approximation, but it is useful in outlining tt~e relative roles of 121kJor{ltC)f’V nnd

fallout cmntrlbutiorls and providc?s an order of n]a(]rlltucjo pir:turc of ttw
plutuniurm systcm



radiological professionals but undel standable to the educated Iayperson.

9. Assemble a data bank for the physical system of the Northern Rio Grande that can
serve as supporting document for public discussicrm about policy-making for
the Northern Rio Grande. The data from diverse sources can also be used by
others to address their own research questions.

1.3 Related Research

Although most radioecological literature v,3WS“soils and sediments” as a general
catchall term, from a geornorphologic perspective the terms connote specific
environmental components. Soils are surface materials with organic and inorganic
components that host living organisms. Soils may develop on materials that have been
transported and deposited, or they may develop in shu as the res dt of weathering of
bedrock. Sediments are unconsolidated sll;face materials that have been transported
and deposited. The difference IS significant from a radioecological standpoint because
soils may receive contaminants either from atmospheric fallol.d or from direct surface
additions. Alternatively, sediments might also recsive such inputs, but they also may
contain contaminants collected elsewhere that have been subsequently transpr.rted
along with the sediments. Sediments have the additional property of sorting that
occurs during transport (especially by flowing water), so that physical separation of
small or light weight particles from large or heavy ones is common. Because heavy
metals and radionuclides tend to adsorb to higher concentrations cm the finest
particles, the natural variability of sediments is reflected in variabili~y of contamin~nt
concentrations. Heavy metals and radionuclicles also have an affinity for crganic
materials which may be a sigf~ificant component of soils, but which may be entirely
absent from sediments.

The purpose of the following pages is to outline the generally available scientific
literature concerning the relationship between river sediments and the contaminants of
radionuclides ar~d heavy metals. Soils are mentioned only in relationship to this
general theme. The literature review is not exhaustive, but rather is designed to define
the primary threads of research that havo emerged. The review includes heavy metals
and radionuclidcs for two reasons, First, if only radionuclldos are considered, the
literature is so Iirnkcd that few WOIIuefinod thrwads havo yut wnorgod. A clearer
picture is availablo If heavy metals are inclul led. Secondl heavy m(;ti~ls and
raclicmuclidos aro Iikoly to behave in a similw rnannot in rivers because most
radion~lclid(?s impommt for Iong-terrn cmvironrmontal quality am heavy metals,



for plutonium.’” For example, in contaminated forest ecosystems at Oal- Ridge,
Tennessee, and Los Alamos, New Mexico, more than 99 percent of the plutonium is
contained in the soil and surface sediments.ll The biotic components CTthe systems
contain less than one percent. The compartmentalization of other heavy metals in
rivers is similar: a global survey has shown that more ~han 90 percent of most heavy
metals in the river systems is carried in the sedimmt load. 12 Variability of plutonium
concentrations in soils and sediments is greater than in the biotic compartments,13 so
that small sample volumes or numbers are problematic.14 Radicmuclides that find their
way into biotic systems usually do so from soils and sedirnents.ls

Of all the actinides, plutonium is the most-studied element in terms of its
behavior in the natural environment. Much of the previous work has focused on
cb~~ical characteristics and has shown that at pH values of most natural soils ar]d
sediments, plutonium may be chemically unstable ul~til it is adsorbed onto soil
particles. Thereafter the element becomes gerlerally stable in chemical te;’ms. Revie\vs
of the chemical properties of plutonium indicate that fallout and industrial plutonium
behave similarly, and that the most important soil properties affecting plutonium
chemical mobilitv are pH, together with clay, calcium carbonate, manganese, iron, and
organic content.”15

In highly acidic conditions (1 <. pH c 2) most of the soluble plutonium o~c;urs
in ionic form.17 In alkaline conditions (pH ~ 8), plutonium becomes relatively
unextrac!able,18 The fixation of plutonlilrn in soils and sediments is most strongly

developed with clay particles, and high catiorl exchange capacity results in rapid
adsorption onto soil parlicles when clay is present, ‘g Calcium bentonite rapidly fixes a
variety of forms of plutonium,20 md the fixing properties of calcium, are especially
pronounced in near-neutral or slightly a!kaline pH conditions, thc)se most commonly
encountered in the natural environment:” Organic material also accelerates the

tixation of plutonium, and in soils with greater trmn abc]ut three percent organic
content, the impact of organics cm plutonium binding dominates other
consic!erations,22 In aquatic cnviron[nents, manganese and occasionally iron behave
as scavenging agents ior plutonium. ~’{ In some coastal sediments, more than 85
percent of the plutonium i’- n~~ .. ~suciatcd wittl iron or manganese coatings on particles ‘“;
Whateve( the process of fix:]tion, howov(?r, most che[nical st~dies indicate that
plutonium adsorbcci untc ‘-oil particles I:; gc?ncrally ur~availal~le to [~i:illts, (-~r~iyUp to

about 10 percent i~l~]y b(:(;~jr’~~ involved with organic proc,c:; :;cu,
;):,

Tho oveft]ll effect of ttluse ctwrilical actlvltles rcsultirlg ir] ra~)i(i ~ar~dsccurc
fixation ir7 most natural st?ttings is to produce a distirl(;t v(rticml (-.listributlon of plutorll[jrn

in SOilS and sedlmcr~ts, Fallout p[lltoniull”l ~rld plutonlull~ r[’[rla~r?d Or’,to soils surf; lcus
by industrial proc[?sses are I]ighly rmnc(?r]tratcd near the SUIf:I(;(I In tho S:~v;wlnah
River area, for example, 84 porccflt of ttw soil l)llltoniur~l is within !) cm of the surf:~ce,
and !30 percent is within 15 C[n,”t; t~orl(:f?rl!r;ltlof~” of f:lllo(lt pl~ltolll(llll Irl .J;l~jnrl(:s(? soil!;

doclilms Pxpurwrltl:llly wlttl d(?i)tl] ar](l r~mre tl~an 80 p(’r(:(’r]t of ttl[~ f)l(ltunl(lr]l 239,
24(3 is witllifl 10 Clll of tll(? :;[Jlfil[:l-J “r



of small particles with adsorbed plutonium. The rate of mov~?ment depends on soil
particle-size distributions. In German soils vertical movemenl is 0.8- 1.0 cm per
year.28 In dryland conditions near Trinity Site, New Mexico (site of the first nuclear
detonation), 20 years after the initial release, about 505X0of the soil plutonium had
moved from the O - 5 cm layer to the 5- 20 cm layer.a R, a geomorphological scale,
such Inovement is inconsequential because it is slow and has little effect on the
horizontal mobility of the materials.

Process studies, rather than static mapping approaches, are a key to the
development of sampling or monitoring programs, explanation of observed
distributions of contaminants, and predictions of future distributions because the
sediments that contai~ most of the cordaminants are highly mobile, especially on time
scales of several decades. In just one storm event at Los Alamos, surface water
runoff trans orted one to two percent of the entire sediment-bound inventory of
plutonium, # The geomorphic literature related to radionuclides and heavy metals has
develaped five distinct avenues of inquiry and explanation for these processes: 1)
slope processes, 2) drainage basin processes, 3) charnel processes, 4) flood-plain
processes, and 5) general mass budget approaches.

Geomorphic studies of contaminants in slope processes have focused on the
transport and storage of cesium-137 by using the radionuclide as a tr~cer for erosion
studies. Cesium-137, produced primarily during atmospheric detonations of nuclear
weapons, occurred as globai atmospheric fallout, with peak rates of de osition in the

i’northern hemisphere in 1957-1959, 1932-1964 (major peak), and 1974. 1 Because the
cesium strongly adsorbed onto soil particles (especially the clay),s2 and because it was
rarely taken up by vegetation, the element concentrates in the upper soil layer.
Gverlanci water flows that erode the soil also erode its associated cesium burden, so
that in limited areas the amount of cesium remaining is an indication of the amount of
erosion since it was added to the soil.~3 T! m difference between cesium added to the
soil (usually directiy related to annual precipitation in the LJnited States) and the
con(;entrations measured at a later date (adjusted for radioactive decay) is an
indication of the magnitude of erosion. s4

Numerous case studies using this cesium method have refined understanding
of :ioll 10ss rates.:’” LU~s rtites can be rTlqqxd u~ir,g cesium to defirie regions and

locations of maximum erosion rates.’~ Cesium occurrence in the vertical profile of
seditnentary deposits and the destination of soil materials eroded from slopes have
also provided insight into sedimentation rates along footslopes and stream courses .37
Despite illcse advances using cesturn as an indicator of erosion processes, there are
no basinwide studies that use an understanding of the processes tc explair the
distribution of cesium, No cesium mass budgets have been publishee, in tho readily
accessible literature, although that literature may be extensive and detailed enough to
pcrtnlt ttw dov(?lop of such budgets. The r~lajor value of the cesium-erosion literature
for the present work is that it defnorlstratt?s bow slope processes deliver fallout
r:~(il(]rl~j(ll(i(;:; to rkmrs for f:jf Il(lr tr;lnsport

!3



fate becomes intertwined with channel processes. A large scale effort at exploring the
connection between channel processes and radionuclide transport was a research
project coordinated arr,ong several workers by the U.S. Geological Survey during the
early 1960s. ‘l%e two primary topics in this work were investigations of dispersion of
radiom.mlides suspended in flowin water, and processes related to bed materials.

4Controlled experiments in flumes,’ in a wide range of natural streams,3g and in the
Clinch River, Tennessee showed that if the contaminants were released at a point,
dowlmtream processes would disperse the suspended materizls.40 As distance
increased awa from the point of injection, cofwei%’ations of contaminants declined
exponentially.4 Y

The U.S. Geological Survey work also e;tplored bedlclad processes related to
radionuclides. Although the highest concentration of contaminants per unit weight
occurred in the fine particles, significant quantities also adhered to the larger bed
sediments, mostly through a process of cation exchange 42 The bottom sediments of
the Clinch River emerged as a significant component of the radionuclide storage in the
river system. a 13edload transport models therefore becan~e impollant in predicting the
movement of the contaminants, and reseaich m the Clinch River as weil as in the
North Loup River of Nebraska, u~,ng marked tracer sedime,?t, improved understanding
of the bedload transport process .44 The Survey also conducted some research using
radioactive tracers in sediment in conveyance channel of the Rio Grande near
E3ernalillo, but the results apparently never appeared in formal publication’~.4s

Studies of radionuclides and heavy metals in transit through river channels
languished after the U.S. Geological Survey projects. Radioecologlsts, however,
correctly identified the importance of fluvial sediment transport for contaminants,
Research by biologic and geoscientists at LCISAlarncs has highlighted the importance
of runoff in tral~sporting plutonium in the surface environiment,4G and has demonstrated
the importance of physical transport of plutonium in making the element dvailab]e to
life forms.4y Evidence collected in investigations of plutonium and cesium- 137 in Los
Alamos Canyon have shown that stream sediments we!e the major reservoir of
radioactivity from waste disposal activities of Los Alarnos National Laboratory, and t!lat
runoff processes were moving the sedinlents downstream,4H In a more general sense,
radioecologists have indicated that “the distribution of transuraruc elemcl~ts from point

sources at nuclciii fucili[ics typlc~lly pr~xluces dmrr=q’~f .1~. .)lng conccn!ra!itms with di~t,~.nce
from the smurco, “49

10



Ageomorphological approach tothecontaminant-sedirnenttranspofl problem
complements engineering-ba.$ed interpretations. The distribution of thorium-230
downstream from an accidental spill in the Puerto River, New Mexico, does not
decrease with distance from the source as might be predicted by the standard
diffusion models.53 On the time scale of several wee~s, the wave-like distribution of
thorium concentrations in the downstream direction might result from the movement of
contaminated sediment through the system in pulses, a phenomenon commonly
observed in rivers.54 On a shorter time scale, the wave-like downstream distribution of
thorium results from geographic variation in the ability of the stream to transport heavy
metals and sediment.55

Australian researchers have also investigated radionuclide transport in rivers
most with regard to miil tailings. ~ Explanation of the distribution of contaminated
sediments through river systems in Australia depended upo~ an understanding of “
characteristics ~f the sedimentary environments along the ciaanrlels, 2) physical
properties of the contaminated sediments that influenced their transport, and 3) mixing
of contaminated and uncontaminated materials. s’ Researchers argued thai
environmental managers and planners could take these generalizations into account in
a general if not in a precise, quantitative way, w

Although little published research is available pertaining to fluvial transport of
radionuclides, more information appears in the Iiteratl]re regarding other heavy metals,
Using a commonly held definition for heavy metals as those elements with a positive
chemical valence and a density equal to or greater than 4,5 g per cu cm,Sg all the
elements in the periodic table beyond actinium (that is, the actinide series which
includes uranium and plutonium) are “heavy metals, ” The significance of this definition
is that all heavy metals behave similarly from the perspective of physical transport in
rivers, Allhougtl the metals may exhibit a variety of chemical mobility characteristics,
they all adsorb onto sedimentary particles,m and those particles are likely to be
distributed by physical processes into depositional patterns that result from sorting by
weiaht,

The ge( aphic and geornorphologic implications Lf high density for heavy
metals are connecte,~ “I the sl?ear stress requirwd to move the particles with adsorbed
mt??als. Particles of common quartz, for example, have a density of 2,65 g per cu cm,
while: those of plutoniuln dioxide have a density of 11.46 g per cu Cm.6’ standarcl,

widely acr;c)ptc:d Ilydraullc principles provide the means of Out[lrlirlg the rc[atio!lslllp
Imtwcen flowlng water :lrld sedimentary partmles,b;) and tlheir appllcatlorl Irdicatcs
portlclcs of plutorllut~l (jIL)xI(~c rc!qulre 6 times tmore sht?:~r stress for Initl[]l rllotlon ttlnrl

quart2 pat-t lclcs of slr]lilaf size,

At :1 l(~rg[:r scale, tl][? tlwvc?f~~crlt of scdi;n[?f~ts an(i att;lcllod f~lct;ll:; tl~ro[~gh
strem~l :;y:;t(:tll:; ctcllt(’s il ~)nr-hculnr g(’()(]foptlv of c(]rwcrltl iltif,)rls dowr]strciull ft ofll

sources. K [ (J:ul)(:llt(!r, o flsl}(; ri(~:; ljIt)lugI:;t, fir:;t 1[’(;ogrliz(?(i ttw Sigrlific:lrlcp of tlvcr
ctl:lr}r]cl ~Jr(J(x’[;:;c:; II) I]l(?t;d tr;u~:;lx)lt’)’ t {~?rwork ill tilt? Wt)l:;l~ l(~ii[l iIIICi ~Itlc [l]i~~ll](j
(jl:;tllct:; 1[’(i !(J l;it(Ir :;t(]tll(!:; 111tll(! :,:III]c lf’gl(]r] ttlat Irldl(:att:ti :;OIII(I lll;]tcll;il:; wf’rt:
t(’l)ll)ol:lrlly (i(’f )(, I; IILI(J Ijf’ff]t(? f(’lllot)lll~iltl~)rl, itldlc:ltillfj ttlat Irlt(IIr)ill :;toraf](: ;Il(~II~~ ;III(i
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near channels was a source of pollutants.” Further analyses In a variety of streams m

Europe, Great EWtaln, and the United Stat~s showed that, wlthln channels, !he

downstream decline in concentratlorls COW-! be modeled using simple distance decay
functions.& In active sediments, this phenomenon IS partly the product of rmxmg and

dilutlon with Uncontaminated sediments,=

Heavy metal concentrations are usually highest m the finest stream sediments,67

and m most rivers the finest materials accumulate m flood plains As a result, much
research by fiuwal geomorpholo~ists interested In metals has focused on flood plalns

as repositories for the metals--whereln each layer of sediments and associated metals

are oflen the products of mdiwdual flood events M AS sediments accumulate and bury

previous deposits, a vertical s?ratlgraphy develops with varying armounts of metals in

each layer Metal content can Indicate the date of emplacement of Indlvldual strata If

the date of introduction of the pollutant In !he system IS hnown 69 Channel and flood
plain studies have been concerned wi?h a variety of common heavy metals, usually

copper, zinc, lead, and cadmium, but the ccmcluslons are probably applicable to those

cheml.;ally stable elements of the actmlde series, particularly some forms of plutonium

and amerlclum l)nllke humldrcgior) rivers where flood plains are the focus of

storage, m some dryland rivers Il!ghest r~wtai concentrations may occur In active
channels where frequent addltlons by flows Inject metals r~~ore often than In overbanh
areas 70

Sedlrnents and attached ll[;)~y rnt]t;)ls ar)d r:i(jlon(icll(j(’s tt~;]t orlqirl:)t(’ from

erosion of !l:llslopcs or waste sites therefore do net sln)~)ly f:nter rlvf’r :;ystf ’rll:; and

move directly to sexi, oc~ans, or reservwrs Consldt’r(itlle internal storage Irl ctlarlrlel
sediments and on fkocj plains red UCt?Sthe an~ount of outp~jt frorll tile syst(>rn
However, attempts to construct rna~s budgets of heavy IIletals or r;l(llollLICli Lj(.’S fur

entire rwer systems have been ur~c~-~mi~lon, pi]rtly tjccaij{;c of I;-ILA of d;~ti] Suet)

budgc:s r(?quire Inforrn[itlon on the wa?(:r arl(j s(>(.jlrT)(’rlt fl(Jx(.’s ov~,r lil~(~(.’ ;Ir(;l:;,

because the rmovemer-,t of tht’st? r-i)’~t(’rlal~ d(tc’r ;lr~(’s tl](’ rTlov(’11](.rlt ~;f tt)t’

Contilrwnants Vdiit(’r :ir)(l :;(~(jilll(rlt dcit[l ;]rp LIXpPt ‘;lv(j to f oll((. t ,Irl; .i ;lr(I r~:ll fJ(Ifl(If; ]lly
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apprcfiches. Estimates of the yield of fallout plutonium from hillslope erosion into
rivers suggest that less than 10 percent probably e~ted the rivers to the oceans .75
Lakes, reservoirs, channel sediments, and flood plains must store the remaining 90
percent. Small scale, probabilistic, agricultural-based models have predicted rates of
removal of plutonium from a 33 sq km watershed at the Nevada Test Site in studies
that bordered on budgetary approaches.’e Efforts to model movement of plutonium in
Los Alamos Canyon have also contained some mass budgetary perspectives.”
However, none of the previous work on radionuclides has attempted a detailed,
regional, geographically specific budget for a large watershed.

This brief review indicates that the formal literature on the physical mobility of
heavy metals and radionuclides in river systems is sparse. The few studies in print
indicate that monitoring and surveillance efforts, construction of theoretical
explanations, and practical prediction for the distribution of contaminants in the
river-channel environment must take into account the following esfab/ished

generalizations for radioactive contaminants that are heavy metals:

1. Contaminants adhere to sedimentary particles and do so to greatest
concentrations in the finest material.

2 Once adsorbed onto sedwnentary particles. most metal contarnkmnts
(lncludl~g plut[~nl~jrn) remain relatively stable, especially m environments with
high pt{ condltlnns

3 Curltaminants are more dense ttlan most natural scdmwntary particles and
tl~crcfor’e flu~lal pIocesses arc likely to prefer [?ntlally sort and deposit thc?m

4 I{lver sy:;tcrl~s store Iarg[? quantities of scdlrnents and assoclatod
corltamlnnnts m flood plains and along channels, esperxdly m those systems

und[’f-goirlg agqradntmn

II Tl\)ort(lrlt f//t/ t’’; (v(!(l(l I’;!; (J(””, ;rlr.; lii(j(! ttlv followlr](]”
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3. The relative importance of industrial versus atmospheric inputs for
radionuclides over distances greater than a few km is pot known for most
systems.

4. The rates of change for transport and storage for contaminants is not known

except for a few relatively small and isolated systems.

5. The connections among rates of energy expenditure, geographic distribution
of energy, and the resulting distribution of contaminants are not clear.

Because soils and sediments are the major reservoir for heavy metals and
radionuclides, and because they are mobile, geographic and geomorphologic
analyses of surface processes are critical to understanding the distribution of the
contaminants. Radioecologists recognize the need for surface process studies:
“Water flow, ,,can and does act as an important agent of radionuclide concentra’.ion
and redistribute’’.’a Environmental geochemists recognize the same need: “studies
of geomorphology. are basic to a deep understanding of the geochemistry of
Landscapes’’.’g For plutonium, an international review of research showed that
“physical transporl mechanisms become significant when compared with chemical
transport mechanisms. ”~” A summary review of heavy metals II] general concluded “A
proper understanding of the dynamics (erosion, transportation, sedimentation) is not
only essential within most secflrnentological contexts but additionally for the prediction
of the fate of sediment-bound contaminants “8’ Geornorphologists, however, have yet
to explore the subj~ .;t of heavy metal or radlonucllde dynamics to any significant
degr(?e. While geochemists have dt?vcloped techmqucs using stream sedlmcmts as
indicators of ore bocjy kx;atlor~s,’];’ process specialists have generated orlly a few

Studies of the? Subject
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CHAPTER 2. PLUTONIUM AND LOS ALAMOS

2.1 Hlstoryof Plutonlum

Theplutonium in the Northern Rio Grandeis entirely artificial. Small amounts of
plutonium may have formed unexceptionally rich uraniur ndeposit sinsouth-central
Africa, but for practical purposes until its manufacture in 133!3the elemen! did not
occur in the earth environment. Although the detailed story of the origins of plutmium
are beyond the scope of the presrmt work, an outline of that history aids in
understanding ksues surrounding plutcnium in the Northern Rio Grande in the late
twentieth centu~y, The purposes of ibis chapter are to review the origins of plutonium
and to brietly examine the nature o! the element,’

Modern nuc!car physivs, which woulcj ultimately lead to the production of
plutorvum, began with !lm ~ut)lication of the discovery of X-rays by Willmlrn Conrad
170ntgrm in 1896. I IIS work showud that the physical world was much r~mre
complicated than pr(wloudy tlmugllt, and tllnt crwrgy ccmld tm ernittcd from
swt)st;mcr7s In ttw sall)(! yonr t l(mrl [3(wx~11(’r(ylof l}ari:; showecj that uranium emitted
radlntmn, nr~d smm ttlt’r(:;lft(w M;ui(; arid l)wrlc (:url(; coin(wl tlm term “radioactivity” to

dcscnlw tllc~ c[l]l:,:;lorls tll(~y r(xx~rdu(i fr(xl~ two rmwly (jlsc;ovcr(!d clcrrmrlts, r;~diurn
(r~:lrll(l(l ;Itlf,r Its Iil(il;lllV() ~]l(~~~(!rli{,:;) ai ](1 p(dolllljrll (r]i~rllud ilft(}r Mi]rk Curio’s homo
c[)llrllly of I’(dilr )(!) “’ lh’tw{’(’rl 1[{’kl ;Irl[i 1!)!)2, [ rll(q:;t [l(jtl)(:rf(lrd of Cilrl)l)ri(lgc!
(Jlllv(v:;lty illl(; I;ll(!r M(:(;III ~Jr~w(yr:,lly, (~x~lk)r(vi ~m)(-(.v;:;(:!; of ra[ii(xlctwc d~!(;iiy tt]d

(J(!rl(’rilt(!(l fr(’[p (Il(x:trr)rl!; (l][’t; l IIitlliltl(;;l) illl(l l)~jr:;l:; of t?r](yrgy ({]nri]rlm r;l(h:lt:orl),
{il:~(:[w(’rll](i ttlill :;f)rll(t [!lf’rli(’llf:l (:tl,lrl!~(’(1 IIlf ’11I)il\,l(: ~)r(q](!rll(’:; ti(lrlrlt] Itl[! {Jrlussi(m
Ill’ t[’rr]lt’(i ltlf’’lf’ [:tliulr]r’!; “tr;lrl:;rll(lt;ltl{)rl,” ;Irl(l I;II(I ttl(~ ~ltlll(]t;()~)lll(:;ll fo~lr](i:lliml!; for
llll!l(’l:lt~lll’lll~(] ;Il[lllll(: :Ilrll(:t[ll{’ 1

It)(’ tr,lr]’;lllllt,lll[lfl of fI![Illl~IIIt:; w; I:, ‘,lrlr~lfl[:;lrlt, l)!,, ,111”~’ hl]owl(!(h](! ;Il)()(lt tt)l!
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~)lo(’III; I; (Ixl)l(llrl(’[l IIl,if}y I)l~I,fIIv(IIl (Il(vll[’lll,ll (’ll;u}(l[”; All~f’rlr;ilr]f; I!(irtl;lrli I{
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It was a short step from description and explanation to manipulation. Once the
general nature of the atom became known, several workers set about the task of
changing it artificially. The idea of bombarding atoms with protons to change the
atomic structure was current during the 1920s. This bombardment was most effective
if the protor?s could be accelerated to high energy levels, leading to the development
of sevetal schemes to increase the efficiency of the “atom smashers. ” One of the
more successful efforts was by Ernest 0, Lawrence and M. Stanley Livingston of the
University of California at Berkeley. Their system, based cm the precept of
accelerating ions around a curved track using magnets, resulted in the production of
several cyclotrons, or Darticle accelerators, during the 1930s.

After about 1932, several research groups experimented with bombardmg
elemental targets with alpha particles, protons, positrons (positively charged
electrons), and neutrons, The result was a prolific industry in the production of new
isotopes, previously unseen varieties of many comlnon elements. Anlong the n]ost
active groups were thoso in Paris (Irene (;urie and F:redcrick Joliot), In Horrw (c~lrectcd
by Enrico Fermi), and in t30rlin (Otto Hahn, Lisa Meitner, and F“ritz Strassrnar)n), “1he
Rome group systematically expkmx.1 II)(: III riodic tahlo and found thilt the h[?avy
elwnonts captured arid rctairmd noutl ori:; nmst reac~ily while clnittir]{] a beta partlcl[!

As a result, tho olemont rTIovcd one :;tep up k) the periodic table 1 he discovery w;is

significant becaLJse it rileant ttlat trilrl’;lTILJtat l(m COLl!d OCCLJr r:ot Otlly dowl) tt)(! till)l~?

with the loss of on(!rgy [IS dlscovor(?(l cadl(’r, t)(Jt It cOLJI(I alc;u ocm]r (II) tt~(? t;ll)l(! wittl

tt)o addition of Crl(?rf]y ‘
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applications. They were concerned that German research might pruduce similar
weapons capable of destroying American cities. Roosevelt approved, and in 1940
Fermi (now at Columbia University) received military funds to continue his work
attempting to generate a chain reaction. After two years of work and a move to the
University of Chica o, Fermi and his group successfully generated a chain reaction on

9December 2, 1942.

Fissionable materials therefore suddenly became very important in the early
1940s because they would be the fundamental substance of an atomic weapon.
Uranium-235 is fissionable, but found in only tiny amounts in deposits where it is
associated with the muc;h more abundant uranium-238. Separation of the two
isotopes is difficult and requires large quantities of ore which were in short supply.

Alternative fissionable materials were therefore highly deskable, and transuranic
elements offered possible substitutes for weapons materials. In 1940, Philip Abelson
and Edwin McMillan of the Uni\mrsity of California at Berkeley conceived of elements
93 (eventually named ncptuniurn) and 94 (eventually named plutonium) as the
beginning cf a series of transuranic elements in the periodic table similar to the rare
earths, They obtained evidence thut element 93 emitted beta particles and therefore
ttlat it must transmute into element 94 Louis Turner of Princeton University deduced
that element 94 must have a fissionable isotope and that this isotope could be created

by adding neutrons to uraniurm238, ‘“



term for putrid or smelly.’3 The new element 94 therefore came to carry the name of
the ancient Greek god Pluto, a ruler of the underworld, a god of the earth’s fertility,
and the god of the dead.

2.2 Plutonium and Los Alamos

Once defined by science, plutonium became a primary object of engineering
and industrial activity. The industrial struct~w needed to build an atomic bomb had
begun to develop before the isolation of plutonium. In April 1941 at the direction of
President Roosevelt, Vannevar Bush, Director of the Carnegie Institution of
Washington, created a special section (S-1) of the CVfice of Scientific Research and
Development. James B. Conant, President of Harvard University, became his deputy
in charge of the theoretical and industrial aspects of bomb development. Arthur H
Compton, a lJniversity of Chicago physicist was the major o Ianaging corrwnittee
leader. Within a year, laboratories at several institutions across the notion were
connected into an interlocking I Ietwork with each unit addressing a Iirnitccl part of the
problern,’4

The acquisition of restricted industrial matt?rials and plants during the Second
World War, however, made a civilian production effort impossible. It was clear to 13LJsh

and Conant that the military would have to be directly involved, and it was at ttwir
behest that the U.S. Army bcca~ne a w~>rking partner in tho bomb project, Tho Army
established a spec;id offico In Ncw York for the project in Auqust 1947, Iobellr)g it tho
Mar~h;~ttnn Engineer Dlstrwt and appointlr)g (&neral 1C?SIIC H Grovos as Its

col nmanding officer Groves qumkly orchesirat(?d th(! constrLJctlon of an lr\(iLJs;tl Ial

effort Iarg(?r arid more cofllpl(:x ttlim ony pr(?wously att(?tll~)t(:(l ‘“

‘The major lnst:~llatlwrs Irl tlw M:mhattan Proj(!(;! wcr(? iit O:)k I{l(l{y, 1(: IN)(?{;S(!(?,

Itanford, Washington, and I os Al; ul)os ();]k Ridgo wns th(? sit(’ of fo(]r rr);]jor

ir)dustrial plnnts Y 12 to g~!rmriito utnni~llTl 2:3!1 by (!l[!(:trofllii~~r)(’tl(: pto(x!:;:;( !:;, Y ?!) to

ger)erato ur:v)i~]rn 7;?5 t)y ~]il~;(?()(lS dlff(l:;lorl , S !)(1 to {t~i(]fl)(!r)t ttl(! flr:;t two I)y ttl(’rll)ill

dlffuslon, [-~rld tlw CJllr)torl I i]t)ot;itofl~:;” to cor](j~.::t r(v;(!;~r(:t~ or} I()(::llly {](!r](titt(’(i
pl~jtor~lun) Hy l(lt(~ 1{)4? It I)(!(:; IIII(! (;k’;lr to l)rop!(:t fll;lrl;l(l(!r:, It):lt ttlf! (Jllr]torl
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(!rlo(l(]t) S\)il(;(! ilV{llliil)l[l ilt tt)(’ :;lt(’ to (:ofl!; tl(l(:t \)l(ltol)llllll f)lo(i(l(st loll” f:lf:llltl (!!;
11)
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variety of equipment and techniques, that Conant and Groves decided a final research
design a Id assembly facility should be included in the system. In December, 1942,
they formally appointed J, Robert Oppenheimer of the University of California at
Berkeley to oversee the operation of this final aspect of the project, although he had
all-eady been essentially acting in that capacity. Oppenheimer suggested to Groves
that the site of the final laboratory in the system be in northern New Mexico, an area
he knew from earlier vacation visits. They finally settled on the LOS Alamos Ranch
School, a boy’s boarding school on the Pajarito Plateau rmrlhwest of Santa Fe (Figure
2.2), The location had some housing already available, was easily acquired by
the government, had large uninhabited spaces, and could be made militarily secure.
Condemnation proceedings began in November, 1942; in February, 1943, the schooi
closed, the Manhattan Project arrived, and Los Alamos Scientific Laboratory became a
reality. ”

Alttmugh C)ppenheimer and Groves originally anticipated that the site would
house about 20 scientists, the complexities and problems of design and bomb
construction using plutonium were SG great that the !aboratory quickly expanded C3y
‘1945 Los Alarnos had become a city of 5,000 Inhabitants supported by dozens of
buildings and laboratories (Figures 2.3 and 2,4), Buildirlg D ir
Tethnical Area 1 [TA- 1) housed much of the plutonium handling ‘~ The first plutonium
delivery to 10S Alamos was a small experimental quantily (probably less than a
rr]llllgrarn) from the Clinton Laboratories at oak Ridge in February 1944.19 The first
shymcnt of small quar~tlties of plutonium from Iiankx(! arrived at Los Alamos on
f-et) rLJ:iry 2, 1!145 “() 1 arge quonttt:es of urar)iLJrm-235 ar!d plLJtoniurn-239 arrived at Los

AlmIIo:; Irl (;:irly :;(Jfllfl](:r, 1945, :Irld rrlo(fc up ttlc COI”(!S c~f tt)c! first rwiclear wc?npons:

f)l(ltorliur~] for ttl(! cxf)(Ir II Tl(!nlol T rirllty I)liist e;]st of %(:orro, N(w Mexico, or~ .July 16,

(nr]d for til(! Nil{)~~:i;lkl Ix)f]lb cm A(lfjust 9 lhe tllro:,t]if~la bor~lb, also rnnrlufacturcd at
I ns Al;lII\os, orl A[)(][~:;t 6 w:]:; a wcnporl fuolcd I)y urlrllu:rl 1ho signiflcnrlc[? of ttlis
}Ilst[jry of [jl~jtorlllltll stll[lrlwr]t:; l:; tt];]t ttmro was no p!.Jt(>ni(Jrn [it Los Alatnos until
rTIKj 1W14, iln(i It w:ls flot pr(?w’nt In I[uge qunntltles \lrl!il nlid 1945 ~~igrliflc{arlt
rL~l(!;]:; (I:; of ~)l(]tor]l(lrl] frorl} tt)(! l:~t)or;ltr)ry Into tt](! surfol ‘!)rllr]g c1 vlrorlrn(?nt arc!
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continued attending releases of plutonium to the environment

These considerations are important explanations in understanding why the
potential pollution hazard of plutonium received less a~cntion in the 1S40s than it does
in the 1990s. In the midst of a global war followed by global competition between the
remaining super powers, environmental quality was a minor !ssue. It is only in recent
years, especially since 1970, that American society has embraced environmental
qua!ity as a national goal.23 Even early in its development, researchers recognized the
hazardous nature of plutonium, and in the design of laboratories and industrial plants.
Groves was greatly concerned about worker safety. At the time, however, there was
no scientific expertise to deal with radiation and toxic hazards from the material.

“To address this lack of knowledge, Compton established a health division at the
Metallurgical Laboratory at the University of Chicago in July 1942. From then on,
biophysicists, physicians, and biologists began to explore the implications of plutonium
and radiation for human health. Many of the early developments in the health physics
dimensions of plutonium were at Los Alamos. Joseph Kennedy, director of the
Chemistry and Metallurgy Division, and Dr. Louis Hempelmann, laboratory medical
director, worked to develop methods for detecting plutonium in human tissues and to
devise ways to prevent plutonium poisor}ing.24 Hempelmann designed safety rules for
handling plutonium at the laboratory that were similar to rules previously establish~d
for the radium procc.~sing industry~:

During the Second World War and the early days of the Cold War, work to
understand the dynamics of plutonium in the natural environment was several years in
the future. The term “radioecology” did not appear in the scientific literature until
1956,26 Reports by Ehtish researchers in 1941 and by Los Alav]os chemist George
Kistiakowsky in 1944 mentioned potential envlronrmental contamination by fallout, but
the issue was not taken seriously until cftorts by physical chemists Joseph tiirschfelder
and John Magcc at I os Alamm in April, 1945,; ’t; By th~ time of the l-rlnity Blast,
Corlsld[’rable efforts were fIIade to asse:;s ttle Intensity and distrlbbtlon of fallout fr’orn

nuclear d(;tonatlons. 1he problem was too complex for solutlon at the tllnc, as was

the Issue of waste disposal from experirl)cnts and bomb manufacturing. General

Groves ~ltlo(]ui~toly” sumrnarimd the per:; pcctive of the project participants in the 1940s
and 19t~Os rm];~rding envlrurlnlcrlial pollutlorl by pl~itcmium “wc hnd ahN:ly5 thcmght

tt~:lt It woLJld be [m:, ,il?!u by Irlt(’n:wc rc:;(!orch to clltl)irldo Illu(;h of ttll:; ra(iioactivo

I)fot)l(fll 1:1ttl(: !Ld(lr(! “’”1

,)1,
,.



resutts in Ihe general scientific literature. Significant data and conclusions a~peared in
annual “surveillance reports, ” laboratory publications that were publlcally available but
not widely distributed Alan Stoker and his associates collated most of the important

data and published a summary of the work that had been accomplished from 1945 to
1975 a

Despite more than four decades of research and General Groves’ optimistic
wew of a future when the problem would be “solved, ” a clear understanding of the

dynamics of plutonium in the environment remams eluswe. Altho~yh physicists and
en~ineers were able to surmount the problems of nuclear flsslon and bomb-building,
en’ilronmental scientists have ye! to completely unravel the fate of plutonium in the

environment. The explanation for the difference between the expected and actual

outcomes relates to money and complexity “The amount of money Invested In

enwronmental research IS miniscule in comparison to the amount Invested m weapons

development Also, the natural environment exhlblts a complexdy far greater than the

relatively slmFllstlc conditions ot the physical or chemical laboratory Environmental
measurements are dlffmult and inaccurate compared to laboratory efforts, many
varlablss are ofteP unassessed, and control cases are difficult to Identify

2.3 Nature of Plutonium

‘(he plutonium that was the focal point of the Los AlarTIOS lr7dustrial actlvny and

that now IS an environmental pollutant IS a metallic element forrT]ed by neutron capture

In uranium-2X3 (Figure 2 5) A!lhough 14 Isotopes of plutor~turr) are known, only four

occur in quantities great enough to be of concern as (’ontarnlnants pl~;tanlunl 241
[half Ilfe of 132 years), plutonium 240 (6580 years), plutor~lurn 239 (24,40(3 years),

and plutonlurn.238 (86 4 years) Of ttle !our, pluton~um - 239,240 are !he most

Cornrnon lSOtOpeS found In the natural environment, b~?ln~ about 21 tirTleS rT)ore

ccmlmon m sediment than plutonlum 238 PIAonlum 241 IS an emitter of beta

radlatlon, while the other three are alpha ernltters during theII decay As plutur~lurn
decays to more stable Isotopes and elcnlents, It passes through a serws of

predlctabl~ stagw, eventually bccomlng stable as lead 20/ (F lgurc 2 6)

“’(),



Figure 25 Formation scheme for plutonium (redrawn frolll Watters of aL, 1!383,p, 89),
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Thehuman health hazard from plutonium is its radiotoxicity. Because
the most common forms of the element are alpha emitters, radiation from decayiag
plutonium does not readily pass through physical barriers, including the human skin.
However, if particles containing plutonium are inhaled or ingested and become
internally lodged in the human body, the persistent emission of alpha radiation leads to
cell destruction and development of cancers. Like most actinides, internally mobile
plutonium is often deposited in bone tissue, where its residence time in humans is
greater than a century. w This concentration process is nonuniform, so that more
plutonium occurs in some parts of the skeleton than others.30 Plutonium ingested in
animal systems often concentrates in the liver, while that inhaled concentrates in the
lungs, in each case leading to the development of cancers. Small amounts of
plutonium taken into animal systems are absorbed under normal conditions: about
0.0001 of that ingested is absorbed by the intestinal tract.:)4 Larger amounts enter
typical animal systems through air ways: about 0.05 percent of that inhaled enters the
blood stream and about 015 percent enters the lymphatic systern:]~ For these
reasons, plutonium-contaminated sediments that might become a:rborne and thcm
inhaled are probably the most Important consideratmn from the ~tarldp~)lnt of hulrran
contarninalion.

2.4 Moasuromcnt and Safo Llmlts

111(!;u~l[]llrll of ~]lllt(lt~llllll Irl ‘;;IIIII)I(*:; of (’llVll orl Ill(’rl till rll;df’tl;~l:; i!; Illf):;l oft(’rl
Hl(!il!; llr(!(j ;1!; il (;(~rl(:[~rllr;ltlr)rl, (I (:( ’11; 1111;1111(}11111 of ~)llltf)lll(llll 1)(’1 Ilrllt rrl;l’;’; fl~l
!;f!(illll~!flt(~)t!fIlrllt VI)IIIITI[l for ;uf , ,111(1 1)( II IIIIIt lI~p IIfl fll(’;l’,~ir(’ (or w, Ilf II) 101
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(Appendix A). One pico-Curie is equal to about 2.2 atomic disintegrations per minute.

General amounts of radioactive isotopes as measured in Curies include the
mega-Curies produced by a nuclear detonation. Kilo-Curies represent the amount
used in medical treatments for tumor reduction. Micro-Curie amounts serve as tracers
in environmental systems research. Because of the worldwide nature of nuclear
fallout, most people have pico-Curie amounts of radioactive isotopes in their tissues.
One pico-Curie per gram of plutonium in sediment represents much less than one part
per billion of the metal in the natural material and would not be detectable by ordinary
physical or chemical methcds. a

The pico-Curie per gram is an odd combinatmn of metric and nonmetric units,
but it is used m this work because the original data and most of the publications cited
used ihe measure, The International System of Units measure of atomic decay is the
Becquet’el (t3q) which is equal to one dismtegratlc.m per second. The standard
measure of concentratmn in environmental matcmls i~ therefore Bequerels per gram,
and one pmOCurle per gram equals 0.036”7 Becluereis per gratn, Nelthcv the Curie
nor the Requerel clcfmes the Ictentlty of the isotope creating the decay emissions, a
probiern that is or~ly resolved by analysts of the number of kinds of radiation producod
during the cjecay ‘1
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ten to the minus-14 micro-Curies per mini-liter, 60,000 atto-Curies per cubic meter, or
0.06 pico-Curies per cubic meter.

tdo agencies in the United States have plutonium standards for sediment
quality. l-his oversight is especially important for the heavy metals that are radio~ctive
isotopes, because most research shows that almost all of the metals in the natural
environment occur in association with sediments or soils. An example of such
standard is in the Netherlands, where governmental guidelines for sediment quality
include evaluation of copper and zinc: 100-500 ppm copper and 500-3,000 ppm zinc
require further evaluation, and greater than 500 ppm copper or 3,000 ppm zinc
indicate the need for removal and disposal (Leenaers, 1989). The developr~]ent of
sediment quality standards fcr metals including plutonium the United States would
undoubtedly require considerable bureaucratic eftort, but the legal, monitoring,
surveillance, and scientific rewards would be substat IIIi Il
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PART 2. THE NORTHERN RIO GRANC$E FLLJVIAL SYSTEM

CHAPTER 3, THE DRAINAGE BASIN

3.1 Drainage Network

In northern New Mexico, environmental plu!cniurn bound to sedimentary
particles experiences its greatest mobility in river systems, particularly the Rio Grande.
The purpose of this chapter is therefore to outline the physical characteristics of the
drainage basin into which Los Alamos operations have released p!utoniurn. The
following pages review those characteristics of the basin which most strongly influence
the movement of sediment and its associated plutonium: Iandforms, geology and
soils, climate, and vegetation

The portion of the Northern Rio Grande emphasized in this work consists of the
w:]tcrshcd upstr ewm f m the U.S. (~LI-j~CIr-jI,,.... ‘“- JI Survey stream gage on the Rio Grande
at S; III Mwcial,’ at the headwaiters of Eleph:mt Butte Reservoir. The drainage network
within this 71,700 sq krn area is the primary mechanism for surface transport and
storage of plutonium The Rio Grande Lwgins as a trickle of meltwater from a
scrni-permanent snow bank at Stoncy Pass in the San Juan Mountains in
southwestern Colorado Steep rnollntain tributaries are il’e primary sources of watt?r,
joining tho fnain stcfn as it trends so[dl~r?ast:fard to the San l.uis valley and the
Akunosa, Colorado, area (Figure 3,2,, Additional mountain waters trom the Hio
Cor]cjos, whlcl] drairls tt~c southwn Sari J(J in Plountains In southern Colorado, join
the r~mlrl strewn a:; it flows scuttlward ii~t~) !4CW Mexico

‘“ ( c!rleratt! sur-fnco runoff,1 l~o r]oltt~(!rr~ S:lrl{]!u [jo ~rl:;to Mo(jr~t;llns Ir] (;0101;{:”. , ~]

I)(:I r(!l:ltlv(!ly Ilttl(’ r~!nctl( ’:; ttw rllillr) I lv(~r At’ ~u( 74hO() sq knl uf itlo S;lr”l [ LJI!;V;illt?y

corl:;{lt~lt~.1a (;lt~:.;c(i t)il Sill, Vvltll no dlrt?ct sl” ::’ ,‘(’ (;(’ntributlor]s to tho IIio Griulil(?, The

$;;~ti~]fo (h) t:ri:; to M()(ltlt, w):; cur~trll)~jt(; (.)Illy ,i~)~)L)t Id”lo {I’; rl~Ljcl) watL)r as tl)() t;;]r~
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3.2 General Geomorphology

An appreciation of the landscape through which this channel network flows is
important for understanding the transportation and storage of plutonium, because
steep slopes sheu their debris and associated fallout contaminants more rapidly than
moderately sloping terrain. Topographic variation is also significant because hi h

!
elevations with their greater amounts of rainfall are likely to receive more fallout.
Altitudes in the northern Rio Grande range from about 1,400 m on the river at San
Martial to about 4,360 m on Blanca Peak in the Sangre de Cristo Mountains. The
northern Rio Grande basin includes porlions of the Southern Rocky Mcuntains, the
Colorado Plateau, and the Basin and Range Province (Figure 3.4).

The components of the ~outhern Rocky Mountains included in the basin are the
San Juan, Sangre de Cristo, and Jemez Mountains as well as the San Luis Valley.’
The San Juan Mountains dominate the northwestern part of the Basin. The range is
the first mountain mass exceeding 3,000 m in altitude downwind from the Nevada Test
Site. It is therefore a logical locale for deposition of fallout plutonium that might be in
greater concentrations than the latitudinal or global average because of tt le possible
additions from activities at the Test Site directly upwind. The mountains have steep,
glaciated slopes with thin soils,s so that erosion of fallout is likely. Recent sampling of
Rio Grande Rescwoir, located in the high-altitude portion of the San Juan Mountains
revealed elevated levels of plu;onium-238 and plutonium-239,240,G reflecting these
conditions.

The Sangro de Cristo Mountains are even higher than the San Juan Mountains,
but their location downwind with respect io the prevailing westerly winds makes them
drier. They are also Iikcly to contribute some fallout plutonium to the Rio Grande
system, but no direct measurements are available. The Jcmez Mountains are a
relatively small unit west of the Rio Grande, Essentially a massivo caldera complex,
they give riso to the Jcmez River and seve “al smaller streams, but within the regional
context the mountains produce water, sediment, and probable radionuclide output in
quarllltics much small(?r than thu other mountains.

:j! )
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The Cailon del RIO Grande, a deep gorge etched into volcanic rock at the
southern end of the San Luis Valley, marks the passage cf the river into the Basin and
Range Province. Fufiher downstream, the Espafiola Basin provides a broad alluvial
valley for the course of the river, but volcanic rock associated with the Jemez
Mountains and the Pajarito Plateau (the location of Los Alamos) confines the river to
the narrow White Rock Canyon. Thereafter, the Rio Grande flows southward through
a series of structural basins, with fault-block mountains on the east and west sides.
Erosion of the fault zones produces abrupt boundaries between steep mountain
slopes and gently inclined pediments leading down to the flood plain on the valley
floor Between White Rock Canyon and Sari Marclal the flood plaln varies between 5
and 12 km m width.10

3.3 Geology and Sediments

A general rewew of the geologlc materials underlying the northern RIO Grande
system provides a foundation for understanding plutonlum transport because of the
strong association between radlonuclldes and sedment Wealherlng of the bedrock
and erosion of the resulting soils are prlrnary pathways for movement of the
contammants. The dlstrlbutlon of highly erodlble outcrops IS a direct control on the
geographic ch;,:actenstlcs of the sediment and contaminant budgut (Figure 3.5). The
followlr:g gcnoral rcwlcw prowd~s a gcologlc overview and references significant

put.)llcatl(~ils th~lt smvc as cmtry pmnts to a vast and dr:tailed Ikvature

Irl thu HIO Grande headwntors, th[? Sari Juan Mcmntams represent an umnense

pk of Tertlilry vulcanlc rcxks that Frescnt fur nations of varmble erodlbhty at the
SIJrf~Ce ‘ ‘ } or g~rwrnl kxatmns of the this and other geomorphic areas discussed

h(’k)w, Sc?c!I lg(JrC! 32 Structl.rally, the mountams are a dome ciwmctcxj by glacial
arlcj fluvlal erosmn In dctall, ‘ ,owc?vor, they ccmlst of an array of basalt, Iatdc, rhyollte
fluws, coll;lpsc caldc)ras, ash flows, breccla, nnd rewolhcd v(;lcaruc tuff that fmmc!d
durmq a sml[)s of f~ruptmrm, proh;d~ly rfllrmg tlw early Tcrtlnry ‘“ (kmwdwable erosion
,nltf’r[’(j ttl(> SJIJl”fil(IPS of !!)(! 2(: d(’~)()!; lt!-i !ihllxwquwtly, during IIK? olqmxme, Mmcc!rw,
ilrl~j IIllo(; (’rw. r)(’w [’r(]~)tl(lrls Cloilt(’(t Irltr(l:;lc)rls of quilrtz Iilllt(!, rhyollte, and s[)rrw
I);is;llt Iiltf) ttl(’ (JI(JIII rfx+ ‘ ‘ 1II(I I;]tflr (~r(jj)tlorl:; ;]p~):lr(vltly r’rlq]lnc(![] rr)arly d ttlc

II IlrlIIr, Il (j(’~)f)clt{; Itl,lt 1(11111’(1 (jol(l ilrl(j :;llv(!r IT)lllmq xtwlllr’!; Irl !tln arm f~(~(;[!r];

(Iro:;l(lrl of II II:; v;l(;t ilrr:ly d rock ty~)( !:; ~)ro(l(mm s(;(~IIn(!lll of v;lrld)l~ ~xutl(:l(l sIzcI.

1 II(’ I)li’;iilt flow:: gr’r)(’r; ll(’ l)olll(~(’lr ttl;lt strcnrl]s filll to lrwl:;~mrt Iorl{j (iI!;tilll(;(!b Itm
;l:;h flow’; ~11(Nio(:tI fIf IrI I);iftI(:l(v; Itlrouf]ll rapl(~ crr~’w)r~ of :ilIN!p :+ IOI)(!:; 1 Il(!y rll;ly hc
;1 Ill,lj’)r ‘;(lllr(.(’ of fallo(ll [Jl(lt[~rll\jtr~ Irl Iti(! 1110(Iran(lc R(!:wrvtw, 1)( ’(~il(l!;(! ~;olll(j i’l!ill

()(-( :(jr:; Irl ftIII tll~]rl(v ~Jortlorl:;” of It){’ w;lt(’r:; tmcl :Ilmv(! flw r(’:j(!rv(m, (;ofrttmllrl(.j 111(111.. .
r’ffl[llt~lllly WIIII lIh(Ily Ild(l’liorl’, of f,llll)ul

11111!;l’u~rr’ (jII (Jrl’,ti) M~lljllt;llrl:; ;II~I ii f;lljll t~l(r(:h r(ul(p’ l~l;lrl(’ III) of ii [:r]r(! of
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not as common here as m the San Juan Mountains.

On a geologic time scale, erosion of the San Juan and Sangre de Cristo
Mountains has produced huge quantities of debris that fill the intervening San Luis
Valley (structurally, the Alamosa Basin) to a depth of up to 9,000 meters. 18 The
sediments filling the basin are interbedded gravels, sands, and clays, some resulting
from deposition in Tertia~ lake beds. 17 Present-day processes continue the general
trend toward deposition: the Rio Grande does not incise the basin’s sediments more
than a meter, and the modern river aggrades continuously throughout its course in
San Luis Valley.’e Erosion of materials stored in the basin is unlikely, and the area is a
sink for sediment and fallout plutonium.

The Caiton del Rio Grande, immediately south of the San Luis Valley, has
geologic materials radically different from the valley, The canyc,~ is a defile eroded by
the Rio Grande into the Taos Plateau, a complex sheet of sediments and volcanic
materials that extends from the San Juan and Tierra AmarNa Mountains on the west to
the Sangre de Cristo Mountains on the east. ‘g The CMaternary basalts and
interbedded sedimentary units tilt gently toward the east and the Rio Grande, while
alluvial fans and coalesced fans slopo westward toward the river. n The stratigraphy of
the area indicates tectonic instability characterized by warping and faulting throughout
the Tertiary, accompanied by repeated drainage interruption and fan building.z’ l-ho
basalts shed large blocks into the canyon of the river, while tho sedimentary beds lend
instability 10 the sido slopes, but the geologic conditions are not conducive to
Iargc -scale contributions of scdirnent to the river,

Smnc radi(muclidcs may enter the rnnin river in ttm 1aos Plntcmu and Cafion del
Ilio C,riuldo f (!ild I bccausu urarliunl cjepc)sits occur rmlurally In sof~m of tlm volcarlic
io(;hs of tlw nr(m. MIIwlg ilc:tivl?ic!s for uranium havu bcwl~ Illl]ltcdl tXJt tho C!l(?lTIC?llt

occurs In natural as!;ocintmn wltt~ other minerals tlmt uccur m ccormrnicnlly viable
cor]ccntr:ltmr)s, CS[)C?Clillly irl th[! Il(!dRwcr Villl(?y ~r~il.;’;’ [ rc)siorl of rlwm t;lillr}gs or of
natural Country rock rlmy illtr(xjtlcc SCIII)Ouraniwrl irlto tlm I{io Grwldc, hut it IS
~)rot.rat)ly if) oxtrm~mly sINall c~uar~tih(:sand rm plutormm IS mv(.)lv(]d

1 t 1(! I :;~ );11701;1 Ilil!illl, 0110 of S(Y/C!rill t)il!;lllS flk~rlg tll(] CX)(JrSi(! of rhmr ttlloUf..jll

ftl(; III() [ir; III(k I I{lft /O II(! III N(IW Muxwo, IS {1st~;llk)w y,trtj(:tl]r;ll (hq)ros:;ml~ at Ioilst
I)illtly 1)[)1111[1{’(1 I)y fil(lll[i ;111(1 l!+ lo(~ilt(!(t Ill)ll)(!( llilt(!ly (il)Wll!itl(’; ill) flolll tt)(! (~;li7011 (j(!l
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Illlvl; l! ll;lll’) [)()114’” ltll’!;(~ !\ f’olllljl( Iolll)illloll!i” follll tll(} I)ljff ill)(l y(’lloW (:0101(!(1” Illll!; !io
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of these materials has produced badlands and emptied large quantities of tine-grained
debris into the Rio Grande.27 Th~ Espailola Basin therefore represents the entry point
for a significant portion of the sediment load of the northern Rio Grande downstream
from the San Luis Valley. Although prospectors have found some uranium in the
Santa Fe Group in the basin, amounts have been so small that they are not
economical to mine.2a Natural erosion probably adds some uranium to the Rio
Grande froim this source, but there is probably little fallout plutonium because of the
low amounts of precipitation in the area.

The Rio Charna drains a particularly erodlble part of the Espafiola Basin, and
thus contributes more sediment to the downstream areas than the upper Rio Grande.
These erodible materials are parts of the Santa Fe Group that extend from the area of
the confluence with the Rio Grande upstream to the vicinity of Abiquiu.2g As is the
case elsewhere in the Espahola Basin, badland terrain is common on the Sante Fe
Group near Abiquiu,w and it was a common subject of many of Georgia O’Keefe’s
best-known landscape paintings The Rio Chama enters the Abiquiu area after
draining the southern San Juan Mountairl:+ and flowing through the Chama Rosin, a
broad shallow ck?pressicm at the eastern edge of the Colorado f’lateau:]’ The rocks m
the Chama Basin are dominantly s,mdstom?s and shales,:];’ but erosmn rates are

moderate, and sediment productm,~ IS less than m the areas cfownstrcam from
Abiquiu. Fallout plutonium eroded from th(? San Juan Mountclins probobly ({()(?s not
reach the lower river, because c)f Intervening largL? reservoirs and d;-ir I)s ~rarlilJrn

occurs naturally in several Iocatmns m the Rio CharTm dralna{)c! (p:ulmLJlnrly Irl tll(?

Morrison Formation and Dakota Sandstone, so that w’oswn n):iy irltrod(Jcc! sorl)(!

radioactivity into the strcarn systcm 1 h(:re are no knnwil Inrg(? or tllf~hly conc(:rltriitcd

deposits,:{’{
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with which fallout plutonium is associated.

South of White Rock Can\/on lies a structural low in the Rio Grande Rift Zone
consisting of three interconnected basins: the Santo Domingo, Albuquerque, and
Belen Basins. They provvde a relatively broad, interconnected valley for the river and
its deposits. h the Santo Domingo Basin, the erodible Santa Fe Group again crops
out near the river.:~’ Erosion of the unit injects large quantities of sediment into the
main valley where some remains as channel and flood-plain deposits. An upper
mid -Pleistocer~e pediment, known locally as the Oriz Geomorphic Surface, grades
toward the Rio Grande at about 150 m above river level. u Numerous arroyos excavate
the surface and conduct sediment to the modern channel and flood plain Natural
uranium occut”s in sandstone of the Galisteo Formation in the Hagan Basin area of
%ndoval County, east of the Rio Grande and south of Galisteo Creek,:]g The deposit
WEISof ore quality, so that natural erosion may have contributed some radionuclides to
deposits downstream in the Rio Grande. Plutonium IS not involved

“1he Alt]uqljcrq~je-[3clerl 13asm Cont:ur”js fluvlaI sediments 6,00[’ m in depth.’:”

Sedlmcnt (!rr)dcd frol~~ this material In trib~dary arrnyos, mostly from , ,sected

Qmtcrnary t(?rraces, contributes to the load of the n~ain stream and produces

aggradatmn In the channel and cm flood plains Though the literature includes a variety

of labels for them, the geologic formations that crop out m the basin are similar to the
Santa ~“c Gro~lp Irl age, partlclo SIZO, and mobil~ty.4’ “The result is ttle infusion of large
all]ourlt!; of S;irl(l nnd silt Into th(? Rio Grande :Tystcrn from Ilt?ilrt)y elcvat(~d tcrrncns
“Ilw J(IIl~(!z llw~’r d(!rlv(;s rllost of its writer from the JeIncz Mourltairls anc~ rrlost of its
ser. ilrll(!rlt frorll ~)[x]rly corls(~lld:ltf?d 1er!iary Illatcrl:ils south of tho rllour]talns irml(ding
ttl(: S:lrlta [ (? Gr(jLlf) ‘~” It Is (-1l]l;ijor ColYl~Joll(?rlt” ~}f th(~ s(?(lll]l(!rlt sy:lt(hrn rl(:ar ttlc
j(lrl(:tlor] of ttl(! fj:lrlto [h)rlllnfjrl :lrl(l Att)ll(lul.!r(~u(? [];l:;lrl~



3.4 Climate

Theclimate of thenorthern Rio Grande varies greatly with elevation, ranging
from warm dry deserts in the south to alpine climates in the San Juan Mountains.
Climate is important in understanding the dynamics of plutonium in the Northern Rio
Grande b~cause precipitation delivers fallout to the surface and provides the mass and
energy driving the kinetics of the river systems. Within the watershed of the northern
Rio Grande above Elephant Butte Reservoir, precipitation ranges from an annual
minimum of less than 400 mm near Socorro to a maximum of over 2000 mrn on some
of the peaks of the San Juan Mountains 48 The precipitation has an unequal
distribution, with the three areas of maximum values concentrated in the mountams:
the San Juan range which has the highest values, the Sangre de Cristo Mountains,
and the Jemez Mountains (Figure 3.6). This distribution of precipitation shows why
water source areas for stream flow are severely restricted. Throughout its length in
New Mexico, the Rio Grande receives little augmentation because precipitation inputs

decrease from north to south.

Variation of precipitatmn IS also highly seasonal, with nmst of the Input In th~?
mountains in the form of snow lhc maximum annual recorded snowfall In the basin
is at Wolf Creek Pass in the Sar] Juan Mountains, and often excccds 9 m 4!; In the
northern portion of tile basin, ?tw n ~oltwoter from the wlntcr snowpack ptovid(?s th(!

annual peak of runoff ir] late sprtt~g rTlonths. In the central portlor) c)t tt)(; I){l:; ln, ar)

additwnal, smatter peak often res(Jlts trorll s~Jnuller corrective precipltatlof~ In tt](?

soLJtherr) (?xtr[!r]]ltlr?s of the ar(?a, tt~(! wettest months are Irl Int(? sumrm’r
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the main stem of the Rio Grande is more closely tied to precipitation events in the
mountain source areas, and their temporal variability is not clearly known.

3.5 Vegetation

Vegetation influence~ the dynamics of plutonium in the regional river systefms
because the nature of the plant cover influences the amount and timing of runoff.
Vegetation also influences the amount of surface erosion and the production of
sediment available for transport in the streams. The vegetation of the Northern Rio
Grande Basin occurs in two distinct geocjraphic distributicms, upland and riparian. ‘1he
distribution of upland vegetation of the basin reflects geologic, pedologic, precipitation,
and geomorphic controls. Mcmtane conifer forests grow in the well-watered highland
areas of the San Juan, Sangre de Cristo, Jemez, and Cebolleta Mountains (Figure
3.7). At lower, drier elevations, the forests give way to Great Basin conifer woodland.:’”
in t!w Ncrtherrl Rio Grande Basin these woodlands consist mostly of plnyon pine
(Pinus edulis Englcnl, ) and juniper (Jlfnipwus scopu/ortJm SW. ) that often occur as
widely spaced trees with seasonally barren ground between the trees The borron
ground is susceptible to rapid erosion during inf(equcnt smvcwe storlns~’i
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CHAPTEF14. REGIONAL HYDROLOGY

4.1 Sources of Data

Precipitation and elevation provide the energy that is the primary driving force
behind river processes within the Northern Rio Grande Basin. The geographic
variation in streamflow and the temporal characteristics of its magr)itude and frequency
explain how v:ater, sediment, and contaminants such as plutonium move through the
system, An accurate accounting of stream flow is therefore essential in the
development of a basin-wide budget for water, sediment, and contaminants.
Calculations for the mechanics of sediment transport (and the transpofi of associated
contaminants) depend on measurements of streamflow from a ,’ariety of places within
the system. The purposes of this chapter are to outline the nature of the basic data
for streamflow in the basin, and then to define and explain the temporal and
geographical variation in the system. The outcome of this effort is to establish a
regional streamflow budget.

The U.S. Geological Survey has maintained an extensive network of stream
gages for the Northern F?ioGrande to measure water and sediment discharges, The
river IS one of the most extensively instrumented in world, and has higher quality data

thar) any other arlcl-scn)lartcl drainage basin of sirmilar SIZC Interest in adjudication of
water rights and dlstrik)utlon of the resource led to the establishment of the first

Iong-term stream gage in the lJnitcc~ States at Embudo, New Mexico in ‘l&385(Figure
41) ‘ The qage is the longest runr]ing rneasuren]erlt site in the country. Construction
and maintenance of reservoirs later led to an interest in sedll~~mlt transport rates, arid
from the Iotc 1940s to the present, scm?c gages have prc)dl)[;ed sediment lr~formation
In addltlon to wi]tf)r cllsch:lrge dnta (1 igure 4.?).

1 Ilr(!(! (:lo!; (’ly ll’lilt(![t l(’l)()! }lt()ll( ’!; :Itol(! ttl[! [Iiltil froth ttl(! [\:l(](’:; f Ir:;t, tllo (/. S.

( ;(!()/(){//( :(1/ :;[//v(:y W,llf!l f’;(//)/)/y /)(l/J(!/ !i(’i 105 prxwl(k~:+:1 ~)tltll];lr]orlt ~);i~x)f lx~~;(!d
rmx~tci fot tt~(’ l[~f~)ttll;ltl(~fl Mf~~;tIll:ilor r(’:;[’ilfctl ill)lilll(}:; :;to(:k ttl[? :;(!II(!:; wt]l(;i)

II1(:I(J(I(I:; :; OIII(I ‘;lll]lfrlilfl(’:; Ill ;l(l(~lllorl 10 ttl(! I):i:; l(: (I:llly lr~f~)rflliltiof) :;(!(X)IKI, ttlo [J,!;

(i(’ol(l(Jl(:; ll :;(l Iv (’y ;ll’, () Ill; llflt!lll l’! il f’ol)ll)(lt(’l 1),1’,(’(! !;y’,1(’111fol Ily(llolo(jl [:” (t; lt; l IIl:lt
111(1(1(11’!, ;Ill ttl(l W{l!l’l ,111(1 ‘! f’(111111’flt 111[01111{1110!1” [tll’; “;y!,t(’1}1, WA I!; IOI{I , l!; 1( ’t; ltlV(Ily

(X)l)ll)l(!t(’+ I)(It 1’; (Illtl(’(llt to () ’,(’ fol tl lo’: tlot If} (’10’; (! illl(j (jll(i(:t (Tol)lil(; t wltll tllo

!;(llv(’y t Irllllly, :111 Itl(’ (I; lt, l It) ttl(’ 111’,f .V(l ‘; 0111(:(”; :II(J :l’~illl, ll)l(~ 1/1 ;1 f)(’l!; oflid
(:ollll)litl’f 1)41’,(’[1 ‘,y,l II II), 11’{I) I{ OI)AIA, IIl,Iti\~’ltl\i t)y i ,]flt~lt~fo, lt)~ (]( i!()(Jl([(~t,
(;O1O1,1(10 II YI)I{OIJAIA ‘11(11(”) ;I[l 1111’ Iflllllfl]ll!l(lll ;It)ollt ttl(’ (ltll~lll(t ‘)ll(”; ;1(1(1 Itlf ’11 111[)
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Figure 42 Strewn gago cm ttm Jnrw?z Ilivw i[nnwdi;ltoly Imlow tho JcIrw~ [)ntn Silo,
The view shows the stilling well (vertical cylinder) for stw]o or dapth of flow
measurements and an ovorhmnd cablowny for moving a current nmtor and sediment
samplw across the chantwl (lJ. S, Gm@icnl Survuy l]lmtogm~)t~y :IIWI I“iokl Il(motds
Library, [Xmvor, G. P. Willimns I’tlot( ) #[13],
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data on optical disks tnat are readable using personal-computer hardware and
software. The streamflow and sediment data in this book are from either the
Wafer-Supply Paper Series or from HYDRODATA (Appendix B)

The gaging data provide threo types of information useful for exploring the
transport and storage of plutonium in the river system: annual water yield, the annual
flood series, and annual sediment yield. For hydrologic purpcses, the water year
begins on October 1 and ends on September 30 the following year. This arrangement
is convenient, because many mid-latitude streams, including the Rio Grande,
experience an annual cycle of discharge that is at a minimum in early autumn. A date
at the end of thic season is therefore a useful starting and ending time for accounting
purposes.

Annual water yield refers to the total amount of water that passes the gaging
site in a given year. It is a measure of the total amount of water and therefore of the
total energy available to ~erform work, including the transportation of sediment and
contaminants. Likewise, annual sediment yield refers to the total of suspended
sediment that passes the gaging site in a given year, and it is one measure of the
work accomplished by the stream.

The annual flc)od series, also known as the annual maximum series, is the set
of the peak discharges that have occurred in each of the years of the entire galing
record.7 There is one value for each year, representing the single largest discharge
recorded during that year. Floods are important in assessing the geomorphologic and
sedimentologic work accomplished within a river system, because most major channel
changes and a large percentage of the sediment (and thus contaminant) transport
occur during flood periods. l“ho amount of work, changa, or transport is often directly
rolatcd to the magnitude of the annual flood (Figure 4,4),:1 which is also a reliable
indicator of the timing of major systcrn adjustments, The magnitude of the annual
flood is c]ftcn strongly crmmlatcd with the znnual sediment yield (Appendix B3),

4.2 Water Ylefd and Annual Floods
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1973, which impacted the flow at San Martial but not at Otowi Bridge.

Temporal trends in annual flood peaks far Otowi are similar to the water yield
trends (Figure 4.7), in part because a substantial percentage of the annual yield is
associated with the spring snowmelt flood, a months-long event that usually includes
the highest discharge in any given year. The most recent major flood was in 1941, a
year of wide-spread flooding throughout the southwestern United States. Since that
time, the annual flood peaks gradually declined until the 1980s, when a slight upward
trend appoarod. The annual flood series for San Martial at the downstream end of the
study area is similar to the Otowi Bridge record, except attenuation of the 1941 flood
relegated it to secondary status relative to evenls in 19.30 and 1937 (Figure 4.8),

Because flood flows gencrato high amounts of energy for sediment transport
and river channel change, the temporal trends of the annual flood series are important
in explaining the transport and storage of plutonium associated with river sediments.
Ileforo plutonium appcmcd in Iho Rio G“ande system, tho river functic)nad at a high[!r
energy Icvcl than after plutonium was available. At Otc)wi, mean annual flood peak
aflcr 1944 was 66 porccnt lower than the mean values bckxe that year; al San Martial
Ihc m(!i~rl ~nnuid IIO(IC{during tho pmt. 1944 prrriod was only 46 porccnt of the moan in
lho pr(! 1014 p(!ri(xl. 1hcso drnstlc doclincs suggest thnt during the mid 1940s to the
1980s ~wri(ld, II I(! !;y!;lwn c!xl l(:ri(!rwod a d(mlining onc!rgy r(?fjimn, iIII(l that ~UXX!SS[JS

d(lrirlfJ ttw limo when lIlutOrmIiI Wil!i m Ihn sys?cm wuru Wcronl from tho procosscs
[n tlw sy:il[m] I)[!loro Ilm f!lt!ln(!rll w;is prwmrll. Afh!r tlm n]id 194[1s tl m chwmol wm
nmro !;tilt 11(:ilrl(l irr (Jl!rl(’rill tj(!~illll(! progrcwsivoly Srllilll(lr.

1III! r(:il:;ol]!i for 11](:l[!rll~mr;d vilrii]lmrl ir] wiU(!r yickl anrl IIOOIJ~]oilk!i ilr (!
ol):;cllr 1!, I )1II tt I(!r(r ilrl! It lr(!r! corwlmrlly cil(!d (:xpklrlil~l(m!; I II :;1, (hnillg p(!ruxl of
W:It(*l yl(’1(I (1~’(:llrlf!, 1[’f1(!1ill ilrl( I I(J(lill {Jov(!rrlrrmrlts (!ro(:t(!(l Imrlu!rr XI:; CIilrll:i Or]

UpSlf I!l NIl Ir IINII;II I(!:; 4 I II(! r(l’;( ‘[w m:; (If Itl(!:;(l !ilrllctlu (”; I():;(r w;d(!r ttm)[qh
(!vil~lflrilllorl, (I(x:rr:; l:vrl(l IIf]wrl’;llrp;ulr yi(!kl Itl(! rrlilqjrulll[h! of :;(1(:11lo:;!; Irl Wilt(rr yi[!l(l
I!; rlr)t Ilhr’ly h] Ilr! ii’; klrllf! ;I!: Itlf! r[’(:olll(’(i (h!(:hrl(!, tl{)w(!v(!l , ilrl[l tlr[! ~m!:;(!rlr:n (If III(!
r(!:;(’lv(nr:; [11(1rll)l In[wf’rll Itllp Ill[:r[!il!;l! 111 yl(!kl irl Itl!r Iill[r rfx:(]r(l, w) III:U r(t!;(vwm
(:(lrl:;lrll(:ll[lrl 1!; Ill(dl;ll)ly il rlurl[)r Irdlllf!f][:(l Itl(! Irlll(u!rl(:o (If #liUIl!; (Irl Ikl(l(l j)llilk!i l!;
rllof(! (:r IIIVIII(:IIIf I ii!; rrlt]r[] !,l~[lrifln(!:; :ll]l)(!i~r(!(l, flrJ[)tl I](xlh’; (:lr’,lrly rhx:liru![l
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In addition to water yield, flood eaks on tributaries also respond to land
Pmmagement in the Rio Grande basin, but the connection between local land

management and response in the main river is unproven. Historical records do reveal
that some peaks In flow on the Rio Grande were related to logging activities in the
nearby mountains in northern New Mexico, During the period 1909-1926, logging in
the watersheds of the Rio Santa Barbara and Rio del Pueblo (tributaries of the Rio
Grande north of Espai’lola) influenced the flow of the main river in the spring of each
year.10 During much of the year, timber cutters harvested logs from the mountain
forests and stored them along the tributary streams. Temporary crib dams on the
tributaries held the spring runoff until large volumes of water accumulated. The
loggers then broka the dams to release the stored water, raising the discharges in the
Rio Grande to levels that permitted their store of logs to float easily downstream. They
floated the logs through the Rio Grande to an area near Cochiti Pueblo, where a tie
boom across the river trapped them and made them available for nearby sawmills.
The high flows generated by this mechanism contributed to the maintenance of the
Northern Rio Grande as a wide, shallow, braided stronm during tho early twentieth
ccmtury. Aftet logging and with reforestation, the waler contribution of tributa~
watersheds to ttle Rio Grrmle ckmascd and bocamtr Icss erratic. 11

Finally, an impnrtal]t oxplnnation for tho water yield and flood peak varmtion is
that they rosprmd to clinl:ltic changes, ospocially tho magnitudcr and frequency of
atmospheric circulatiwl patterns IIlilt ctclivcr muisturo 10 ttw t)asirl froln ocuaII
sources. 12 f70cords of p;lltcrlls over tt w wcstcr n Uritod States show cc)lwjcrabln
variation uvcr tlm past cw]tury, witt~ Ncw Mexico prmipiti}lkm showing Illiirkcd

dcclinos and incroasos coil mi(l[vltnl with tlm cl mflgcs in wntctr yield and Ilcmd ptmhs. 1‘
Sif]co l!XH), :;II I: III W;II(!I”UIILXIS III r~r]rtl](!rll NUW M1’xicn I]ilv{) [!xlwrwnc[!d dcclilws il]
rurmfl, I]rilllilllly I) f!(:illl!;(! of 11[’(:r(!il!;l!(l wir}t(tr ~M(](;ll)llillioll ilrl(l !;r K) Wl)iU;h5, Sllrlillu!r
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the system in greatest quantities from fallout and laboratory releases (the late 1940s to
the early 1980s), the amount of energy in the system likely to be available to transport
the plutonium was at or near a minimum. Reversals of the trends in the 1980s
suggests that remobilization of sediments and associated plutonium is a possibility

4.3 Rerglonal Streamflows and Floods

The annual water yield and floods alto vary geographically throughout the
system. The spatial variation explains in part why transport or deposition occurs in
particular places within the channel network, Although the drainage area consistently
increases in the downstr~am direction through the study area (Figure 3.3), the annual
water yield declines in the downstream direction (Figure 4.10). Within the study area,
and probably within the entire Rio Grande Basin, the maximum annual water yield
cccurs at Otowi Bridge, where inflows from the upper Rio Grande at Embudo combine
with tho inflows from the Rio Chnrna. Downstream from C)towi, additions from
tributaries are small, and the main channel loses water through evaporation,
transpiration by riparian vegetation, irrigation withdrawals, and transmission losses
through bod percolation. Between Otowi Bridge and San Martial, annual water yield
declines by about 23 percent.

The geographic significance of this decline is that although scdimrmt and
plutonium contributions to the main stream incrcasc with increasing drainage area, the
total amount of strcmmflow available to transport the materials bccomos progressively
loss ciownstrcam. It may be that tlm strum does not usc all its mmikhlc transport
capacity in ttm northern part of the system, so that it can mxxmvnc)d:~tc the irwrcil:md
load, but Ihe dowrlstrcarn clcclirw in transport capacity is orw rcmmn to expect stcmgc
of scciimcnts and plutonium witt ~it~tlm systc!t II botwmm CXnwi and S:m Marcinl.

1 Ilo g[!ogrn[)hy C)I ~[lrlilill tlnnd pc:~ks is nc)t :]s silllpk! as tl~(! wilt(!r yield
distrilmlion. Ar]il(lid floods mI th(? upper f7io Clrilrl(l(! ilt 1 Ild~LIdo ar]d orl tll(! Ili(?
Ctlillllil colnhinc to crcmtc: il nlirwr rll’lxmulln at {]towi 13ri(kjc (1K](lrl: 4. I 1), I tu!
floml rr~ilxiil}ilrr] (h!cllrws irl Ilw dowtwlr(!am dir(l(:tioi] tllrollfj~ All)li(l(l(!r”(l(!(:, I)llt floo(l~
frolll ttlo llio I’u(.mx) ilrld I{io Sill;l(lo Cr(!ilt(! tho r[:(,]iwml (ilfl(.1 I)rol”)ill)ly ttl(! Ixl!;irl wi(h!)
[l]ilil] :; I(!III ll]il)(i[i~(l[l~ ilt $:m M:ux:i;ll ‘[i I Ill? Ilio I’llf!r(:() 11;1!; :1111111;11floc)(l!; ttlill ilr(!
Silllililr ill lll:l{jllitllfk! to tt)(} ;ll)llll:~l floo(i~” of ttl(! 111)1)(!1 [~i(l (;lillll {l! illl(~ 1~1[1 (~llilii]i~,

wIIII() lt](~’,(] (d Ill{] lho f;idi.~(lo [Ir(! sill]iliw I(1 Ilio f;rilfl(l~l II(N)(I!; :~t Siill Milr(:lill, ;III
cl(?:;pih! ttl(? r(!liltw(!ly :vll;lll :;i~n!; of Ilw frll)(lt:lril!s, Ill(! 111[1 l)lll!l(:[) ilr)(l III(1 !;i’lil(lo
dri!if] ti(!liliiifhl [)il:;il ):; tl]:ll kl(:h II N! (I(vv; (!v(!fj(’tiliil]l I (:owv 01 tl](’ I;wl(!r I)il:;irlf; , 1(’il( hII! I

t[)flil!itl fl~)()[i!; Itl:lt :Ir(! (dt(’rl I:m]l!r ttl; lll II K)!K’ orl Itl(! Illillll !Itl!ll)

1 I(ll)ti i)(!~lk’i 1(’1~1(’!ll’111 il (]lo~i!i lll(!~l’illl(! (11 tll[! illlllll~ of !;lll’illll!i 1[) II I(IV(!

s(!(hrll(ult’.; , !io Itlill till’!i(! (Iilt; l Ill{ ill”; ltf ’ il Illll;l[lly !illllll~ll ;Il)llllv tl) (!llll; 1111lllill(!llill~i

ttll[)ll(]tlollt tll(l !;y!lll’111 111(1 l(l!,llll l!, ttl; ll (1111111~1 1111! Illltilll illlllllill 11111)(1, ‘.l’(’llllllllly

~IIIi Ill tlll)(jtilll(!!i (~illl II II)V(! il!i 11),1(11 II Ii It(IIIi Il {I!i I!; II I{ IVII(I III tlIII II I; III I (:II;IIII1(’I AII;IJ,

Wilt(ll Yl[’1(1 illl(t illlllllill fllll)ll rll:ulllillllh! [)11 111(!Illillll :,11( ’;1111 ;Il[l l)!l[ ’1) 11(11 (:l[t”,l’ly

(:oll(llill(l(l Wlltl ;Illll(lill !,l)(llllll’lll ll;lll!;l )011 l)itl”illl!il~ I)f Itll’ l;ll :11’ Illlf {1! Illlil’il’

(~(IIIfIIl)IIII( III!i of tlI[! Illl)iililll(”i (Al)[IIIII(lIx 1!:!) Illl!i ;Illill llll’1111’111 Illlldl(”l Illilt !1’;

( ;’1



I !100” I !1::() I !1.1(! l!Nif) I !)I!() :.!()()()
Wllll’1” }“(’,11

I “Igure 4, 1(J Annunl menn v~lues for the FJnlmar Hydrologic Drought Index for tie
watar suurco mans cd the Northern Flio Grmda (National Climatic DrNa Conkw data).
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plutonium from mountain fallout zones and from Los Alamos moves downstream, it is
likely to be diluted from tributary materials carried in floods. The arrangement also
implies that internal storage of sediment and its plutonium is likely, because in the
lower basin larger amounts of sediment are not matched by corresponding larger
amounts of flood water to provide transport energy. The next chapter explores the
nature of the sediments,
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CHAPTER 5. FLUWAL SEDIMENT

5.1 Types snd Sources of Data

Althouyh there are numerous aspects of sediment that might be considered in
conjunction L ith questions related to plutonium transport and storage in rivers, particle
size is the critical characteristic. Information on the size distribution of particles in
sedimenta~ deposits connects plutonium, sediment, and river processes. The
geography of plutonium depends on the affinity of the metal for fine particles and the
uneven distribution of fine particles in the system. Some general data concerning the
size characteristics of fluvial sediment in the Rio Grande system are available from
publisi led sources for a few locations, and particularly for the Los Alarrlos Canyon. 1
Recent, previously unpublished field and laboratory ir,vestigations provide additional
detailed information tor sedimentary environments associated with the river system
(Figure 5.1 ). The following chapter reviews the characteristics of river sediments in the
Northern Rio Grande and presents a regional sediment budget from historical and
geographical perspectives.

Almost 200 sediment sarnplcs from deposits of varmus ages near the channels
of the RIO Grande and tributaries provide a picture of the variability of sediment particle
sizes, The method of arialysis includmJ thr[!e parts: sample collectim, sieving, and
electronic particle analysis In the sample collection phase, collection sites
r(?prcs(:r)tcd idcntlfiablc sodirTmntary units or chmwwl de~oslts, l“ochnlc;inns collected
thrcr! :;mT~plcs fmrn (:ach site to provide an irlcJlcatior} c)f local varial)!lify, I+?rl(!tration
of S[lrfac(-!s to !1(:1)111sof !) 9(’1L-I11with {J st;mdnld Cylindrical :;od prol.h~ provid(!d
rllil!;!;(!S 01 i!t)out 1 :’() q P:l(:tl fur I(ltlor;itory al l;dy:;is Irw(?sll[j[ll(]rs rct:lirl[!d r~r~lytlm
Sl)llt of ttl(! s;ulll)k! Itlill ill(:l(l(l[:(l ttlo!;(: p;lrll(:b.:s with (ii(m~(!t(m; l(~rs tt~;m 7 rr]rll (tl]; lt i:;,
Sil(l(i :;i~(; (>r :;rl~,lll~:l)

1 {ll)olil~ol”y” p ()(;(![II Ir(!:; IrI(:li N 1(1(~ smvil]g ;md M!r.jl c)rw; u)[mtlrl~j. Smvlrlg
(IIJI(I[’{{ ~’;l(;tl !;:url~)l(! 1111()rr~;l!;:;(’:; u)rl:;l:;ling of IIKI’;u p;wlif;ltv; l;m~r!l tll:ul (;3 n]iuor]s
,. ~ll~,l~[![i!r (tt](! :;;lrl(l flll(:tl(ll]) illl(~ tt)f)!;(! 1(!!;!;. . . ltlilrl (i~j rlu(:lf)r]:; (Ilm sill :Ir]d r’l:ly

IIil(:tl(ll)) II](! W(’1{]111 01 I!il(:tl It;u:llorl ~)r(wl(l I :1 :;l:lO(l;lll/()(l [l](’!ill l:; of (;011)1 j.lrl:;(lli

ilrlll Jrlf] ttw’ :J:lrlqlll”; l~jl Ill I:; :;lll(ly ;111(1wllll r(!’;ljll:; rtll)r)ll{’(J l~y (Ilti[:r r(v;l’:m:ll(!r:;,
/\llilly!)l!; (1 I 111(’ ‘; Ill ill ill (:l; ly 11:1( ’nor; (J’, ir )(; i] (;olillIIl [ll[v:tror~lr: Ihutlr’l(! :Irl;lly!; l:; !;y:;l(Illl
I)r’lrlllll(l(j rl(lt,lllflil lllvf’’,ll{~,ltl[lrl II !! III flfl[lllflll(:y rll’,lril)llllf)ll (JI I);IIII’:I(I!; Ill 1111’,
1( ’’!lll(:t (’(l I;lll(lf ’ 1111’ ‘Iy’,l(’lll ;Ill, ii, 4, III]:; [)! 11)( )(1’,; ll)rl:; (II l)i II III’II I,; II) ;1 I)rlflf 1)(111()(1

01 tIIII(I lIy l); II,’iIII(l ;I 1,11,(11 II(I; III I Itlt(],l’111 iI (orll:)lr) (’1 lIll(Irl WIIII W, II(II ;III(I :;(I(IIIINII II A

I)lll)lo l’1l’( ’111(: (ll’vlf ’l’ (l(’!l’(’l’t 1111’ Illltll ll,ll’;III(] llllr IIlf]tl 111(’ Illlxllirrl ;Irlrl (,01111)111111

1)10 (’(’’; ’,111!1 \)f 11)( I ri’”,ltlllr)(l 111{111,11lIl~IvI~lI I; Irlltulllilllorl r)!) ‘.I,-(11,, VOIIIIII III.;, ;Ir](l :, II II; I(VI

;lll’; 1’, of 1111’ ~); llll(”lf v,”’

Al ,1 LII[](II 1,(,1111, 11111 :,! II I. 1111 (l;I(lIIII] 111’ IwO III 11)1 III(I N[]lll](’rrl 1{11) (ilill~[ll!
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and useful sediment data begin during the late 1940s at most locations. Even with
some discontinuities, the regional data set is superior to information from most other
systems in similar environments. The U.S. Geological Suwey Water-Supp/y Paper
s~ries, the computer-based WATSTORE system, and the microcomputer optical disk
cystem HYDRODATA contain all the relevant sediment records. Appendix B lists data
used in the present research.

Two types of sediment are of importance in assessing contaminant transport
and storage: suspended load and bedload. Rivers such as the Rio Grande transport
fine sediments, those consisting of silt and clay (with particle diameter less than 63
microns), as suspended load .3 Suspended materials move within the flowing water,
giving it a turbid appearance. Because plutonium and other heavy metals
preferentially adsorb ontc the finest particles, fallout products are most likely to be
associated with silt and clay it] suspension. Bedload sediments are sand and gravel in
the Rio Grande (sand with particle diameters between 63 microns and 2 mm, gravel
greater than 2 mm). They bounce, roll, and creep along the bed a! the base of the
flow. At floo~ discharges, the larger amounts of energy available permit the transport
of sand in suspension. Sand-sized particles are not as likely to contain concentrations
of fallout products that are as high as the finer particles, but in many systems, the
sand may be more abundant. When water spills out of tho channel, it Iosos vckx :iy
and energy, tmd suspended materials smtle out of the flow. Hence, the flood plains
along the Rio Grande contain mixtures of sand, silt, and clay depending cm the type of
materials carried and tho energy available to perform the hydradic work of transport.

U.S. Geological Survey sodirnont records for tho Rio Grande are almost
exchlsivcly for suspondcd sedirntmls. [)ircct mcasurcmcrlls for bmtlo;~d arc r;wc, so
that cwtimations for the amount of nmlcrial nmving at tlw bm.f musi Im bmmf on H
known or siJspC?(XC!(! ;ItIO bctwec!n SLJSp(’IdCd bid t id t)(!dl(.)ild. 1h(l tolill Ioil[l, II “!

SLJm of th(l SUSrJC!rdCC~ WIC~ t)dk)ild ~Or!k)rW, rc~)r(!!;(?ntS tt)~ Iotd ~lnC)Urlt ~Jf

scdllnwltary rrlid(qriill Ilmvill!j It llolJ@l ttl(! !iySf[!lll ;Ifd (lVililill)ll! for Corltillllif Iilllf

trarwport,

5.2 Scdlment Charactcrlstlcs In the RIo Grandc
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surfaces near the channel as “flood plain,” but the various subcomponents of those
surfaces have different geomol phic histories. Abandoned channels, for example,
contain less than half the fine particles present in true geomorphic flood plain areas
(Table 5 1). Within the silt size range alone (2.5-63 microns), different environments
have different particle size distributions (Figure 5.3). Reservoir and suspended
sediments not only contain more silt and clay than the other environments, their clay
and silt occurs in the finer ranges of these size classes.

Fallout plutonium adsorbed onto silt and clay particles is therefore likely to have
a specific geographic distribution in the near channel environment and to occur in
higher concentrations in flood plain and reservoir sediments, with lower concentrations
in abandoned channels. Because effluent released into Los Alamos Canyon entered
the Rio Grande from a coarse-grained sedimentary system, it is likely to have a
dcpositional geography different from the geography of fallout-related deposits. Mixing
of sediments from Los Alamos Canyon with upstream rnatcrials in the Rio Grande
presumably obscures the differences as cfistancw increases downstream away from
1.OSAIEIITIOS.

The suspc?ndc+d sf!dimc!nt irl the Rio GrancJe consisls of about 50 percent silt
%unplc!s cxilcctcd inand cl:ly as irl(li(x~tcx~by U.S. CWologicfal .Slw!y (J:i[~m[j r(xx)rds

tllc! [) f’(!sofll stlJ(~y sll[)p(lrt this ~J(!ll{:l”;liiz:ltlufl, tJ(!(:;lLJ!;f!Itl(! ~l;l(:k wiltor Scdilner”lts horn
C(x;lJi!l fl::;ervolr (l~(:;v ttl(! C;ulr)fi d(! llv~ (1(! I rijnk!s, I]nn(l(:li(!r N;lliorml Mormrncnt)
wt]ictl (!!;!;(!lltlillly r(!l~r(!:;(!lll Illill(!fl(ll!; :;(!ltl(y(i frr~rll wl!qx!nsl(m irl th(? fn:lin river have 45
~J(:l(:(!llt flr](!:; Il(!(ll(l; l(l for Ill{! Illo f;l”illld(~ l:; Illol”(! (Ioill”!i(~, wilt] ilt)()(lt ?!) ~)(!rc(!nt
firms, In th~! I(!il(;tl I)(!IOW (;()(:IIIII [Iill”ll, t)(!(~ Illilt(!llill!i II(IV(! t)(!(:(.)lll(! rlloro” mmrs(! afh!r
tlw closllr(: of Itw (1:1111ill l!)/:j, :1 ctllul~j(! ol):;(lrv(xl lr~fil(I:;t (:tl; ulll(:l!; I)(!l!)w Inr{]o
d:lllls.4 [](!(:illJ!;(! tl)t! (Iiilll I(!!;llllt; Ill fll~.~1(!1(!;1!;(!(If Will(!l WIIII()(JI Ii!; [)r(l (Iillll ~(ldllll(!l]t
10;1(1,(!r(wl(jf~ 01 III(J (;tl~lllfl(!l l)(!IOW IIN! (1;1111‘:il(lfi(!!i ttl(? [!V;I(;l)illloll Of flll(!l’ l~lilt(!tl;.llS,
Ic; lwrlg Irw (XXII:;(?r, Il(!;lvi(v fxIItI(:l(!s ;1!; ;lrl ilf’lllol(’(i Iily(!r “ I tl(! (:k)!NJl(! of Co(:t)itl
IIillll Cil(l!;[ ’(1 tll(! Ill(![llilrl (Ii;lrl)(!t(!r of (:olw!;(~ p;lltl(:l(!!; (Itlo!i{! 111:11(.!llill!; wltll ~)mlick!s
(Ilillll(’1(’l!; (Jl(’illl!l Illil!l [i:! llllf~ll)ll!i illl I)IJI tll(! !illt illl(l (Ilily) Ill itll’ [:tl; lllll(!l floor”
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near Otowi was about 6 ercent, a value generally similar to those reported by other
researchers (Table 5.2). 1r

5.3 Regional Sedlmel II Budgets

The records of sediment transporl at various gaging sites permit the
construction of regional budgets for the movement of suspended and bed sediments
in the Northern Rio Grande. Because the remrds are of various length throughout the
region, the resulting budgets are approximations based on average values, but they
provide a general framework within which the likely transport of plutonium may be
considered. The suspended load data from direct measurement indicate that, taken
as a whole, the gaging period was one of some internal storage in the system (Figure
5.4). Summary dir.grams illustrate this discussion of sediment budgets, while
Appendix B contains the basic numerical data from the budget calculations. The
amount of sediment contributed to the northern pati of the system is that from the Rio
Grande at EHIaudo, from the Rio Chama, and from minor tributaries. The total was
more than 2.4 million Mg per year, yet only 1.7 million Mg per year passed
Albuquerque, The remaining 0.7 million Mg per year remairmd between Otowi and
Albuquerque as flood plain sediments and materials in abandoned channels and as
Iakc scdirm.mts in Cochili f%rscrvoir.

[ )[!q~ilc IIS rclntivcly small sizo (1 igurc 3.7) and small annual water yield (Figure
4 G), ttm I lIf.) I’uurco corltrll)utus moro th:w twice the amount (.)1scdim(mt that the Rio
(iri~rld[! (;il[ll[!s pii All)m~~mrql 10. Under c(mditions b(:twmm lho lato 1940s and tho
Into IOH(lS, about hnlf 01 Itw sediment from h Rio Pucrco and tho 17io Salado remains
m rmmr charred ck!pcxds q):ihoi 1111from h ~my at Snn Mi~r(Ri:d ([ igure 5.4). Arly
pl[ltm]iull] awmi~ltod wilt~ ttl(l wdiIimnts is Iikoly tc) havo a si[!lil:u storngo ~m[turll.

I hc r(xjimml b(!(l{]ct for I)(dl(]id is lms prnciso ll]i~ll tlIr! hII(hj(!f for :;u~pcmdml
I[)ii(l, 1)(!(:;1(1:;(!, (!x(:(!~)l for (lxp(!l illl[!lllill achviti(w, ttl(!l[’ ill(! [lo (Ill (!(:t rll(!il!;llr(!l llllrlts of
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t N!tw(lf-!rl tt 1(.! two ly~)(!!; of I[)il(l for tt 1(J Vtlrio(l!i f)ill [S d tt M) Sy!;t(!l 111 hJl tt I(J rdlil!.)iiity of

1111.P.;orfilws is Lukfmwn I I Ifl l-1’:llll~ilt{l~ r-)f Ij[l(llf ];I(I ;m Iitmly 10 Im ilr.l:[jrflto 1(] within
illl (wd(ll of Ill:ulrlilll(ht 11 ! ~lV:!ll 1111) ;Il]]oljl]l of 11111)11’; 1](!(1 r[)fi(]ill”(:l] 011 tll(l Iiv(]r, ill III(I

(:;1!;(! 01 111[11{10(ililll(l(! III(I [!1101 i:, ~)l(ll)i.11.)ly l~)!;!i IIlilll !)() I)(]rf:(ull I 01 tllll Il}ilill

!;tl( ’:1111, 1)(!(110;1(1 1!; t4 [I(v(:l!rll (“d III() 101;1110:1(1,’””il Vill[lf! tllill is (l~;(lf(ll !01 1110[II()
(;t]ill~iii ill~(l III(I III() (;till~(ll! ill otowi,” All)II( ~II(lI(~IIt), ;IIMI !;iltl ~~iil(;litl lt~(~l(t [Ir(! II()
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stored in the near-channel environment once they enter the Rio Grande. Plutonium
associated with releases of efftuent into the alluvium of Los Alamos Canyon is
mnnected to a tiny portion of the regional bedload budget, and if those materials were
to move as far south as the Rio Puerm, mixing Vulih bedload sediments from the
tributary would be likely to dilute the Los Alamos contribution to such a great degree
that they would be unrecognizable.

5.4 Time Series for Sediment T:ansport

The general regional budgets for suspended and bedload sediments provide a
geographic perspective on fluvial transport processes, but there is considerable
interannual variation in the rates of movement as recorded in the gaging records. The
record of suspended sediment yield of the Rio Grande at Otowi began after the major
flood of 1941, which probably would appear in the record as the year with the largest
sediment yield in recent decades. Since records began in 1947 at the location, the
highest recorded yield occurred in 1958 (Fh !ure 5,6), a regional flood year in which the
Rio Grande as well as local tributaries expl ienced significant high discharges. Before
1958, there were two years when sediment yield was greater than any year after 1958:
1948 and 1952. After 1958, considerable variation occurred from year-to-year, with a
slight downward trend in mean annual sediment yield.

At the lower end of the study area, on the Rio Grande at San Martial, the
record of sediment yield is different because of inputs from tributaries between Otowi
and San Martial, especially the Rio Puerto (Figure 5.7). The highest year of record is
again 1958, but later in the record, tributary floods either contributed large amounts of
sudiment to the systcff~ or rwnobilized sediments previously stored along the channel.
Releases of scdimunl free Water froln Cochiti Dam also contributec~ to increased
erosion of !Im dli~nrl(!l and ncnr chunrwl areas of the flio Grande, 14incrcmsing the
sccjimcrlt yIcld of the! river al San Murcial and Elophant ~utto IWservoir,

13acause of ttm plutonium reloasos by Los Alamos National Laboratory, the
soclirnent yit?lci of 1.os #~lillTIOS CaIIywl is of special intermst in this study. Using data
from an intermittwlt qi~{~i!]~]record on tho slromn with precipitation records at nearby
kxxltimls, pmvimls ros(?im?llurs (Jill(!l llill[~d the probablo sodimc!nt yield from ttlo
(Ylflyoll illl(~ ii:’! III(1 ril’illl(l(!. i” I II!LII 0 b.lt depicts ttmr pr(wi(mdy ury.xlt)listmd rosull:;,
st]owillg IIN! 1(1(::)1(11101111!143 I(j I!]}!(I I tw stl(;il~ll is ks:; cot )sistw It in its s(xJil~wllt
yi(!l(l Il}iul lilt! I]l;lirl IIv(!I, [)(!1:;1{1!;(!tll[! Irll)lllilly is illl illl{!fn}itt(!llt ~tl(!{llll, (Ililillli il

SIIIi Ilk! I Wilt(?r!itlt’1~, iltl[ I Iii(:hs ii kII\III will(!i !W)llt(:(! iit (1~1 ,lt tlk]h (!k!Villklfl. I tl~ Ytlilrs

(: I t]l(lll !;I}(lIIII[~IIl Yl(!l(l 110111 I os Alilll](ji; (J~lllyoll (lf)~14, 19!)1, If)!]Y, If]!)/, illl[l 1!)(W)
ilf”() 0111 of [ ;~lII[i(! Wlltl [) I!i Ih!i 011 ltl(~ Illilil] !;ti”(!ilill, l](!(:illiS() 11}(]I OS Alillllos sll”oil[~l
lf!!;~NIINl!i hl k)[:;ll (!V(V)t5 ill ttl(! ,h’lllf!/ hlo[lll[ilil]% Wtllh! ttlt! I]IC) (;lilll(hl rf.)!il){)rl(k to

!i]l(l(’t ‘;(.;II{I (:lill); ll(]lo(]i(:;ll (:oll(lhiolw” irl III(! $;ui .Iliill] M()(ill!ilil]:; (Ior oxilill@(!,. .
(:I)IIllx If(! I I(]llr(!:; !) H :UNI !] I;) Atly 1)111101111111)i~!i:;(](~ii~ll~(lwith :;(NIIIIII!I II!; ill I ()!+
AI,III)US ~Ji.llly<)ll [1ILII(!!l)IIJ [Jllf(ll U~ tll(l Ill, I I sysh!lll Spora(li(:;illyl nxporiotlcmg IImru or
Il!!i!i 1111[111011I!y 111;1111!~lll’illl) !~l’(11111(’111(11’111’lllilll(~{Ill ttl{O;Illllll; ll yl(’1(1(11tilt? Illi”)
(ililll[ll’ 11)1 111(!l}illll~”lll,ll V(’jll
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The storage component of the annual sediment budget warrants further
attention, because it has important implications for understanding the dynamics of
plutonium in the system. The stored sediments and the plutonium that is attached to
them have a particular geographical distribution within the system, and amounts of
annual storage have varied considerably over time. The distribution of gaging sites on
the Rio Grande permits the definition of four accounting areas witnin the larger general
study reach from Otowi to San Martial. The reaches of the Rio Grande and the gages
that define them are

1. Otowi to Jemez River, gages at Otowi Bridge and on the Jemez River;

2, Jernez River to Albuquerque, gages at Otowi Bridge and Albuquerque on the Rio
Grande and on the Jemez River;

3. Albuquerque to the Rio Puerto, gages at Albuquerque and on the Rio Puerto;

4. Rio Puerto to San Marc’al, gages at Albuquerque and San Martial on the Rio
Grai~de and on the Rio Puerto.

The 194E-1985 record of total sediment (suspended load plus bedload) stored
in the system as calculated from the gaging data for these reaches st lows that the
system has neither stored sediment continuously throughout the period of record, nor
stored it evenly throughout the length of the river. In the two reaches above
Albuquerque, storage or losses have boon relatively small, with storage dominating the
system from tho late 1950s to late 1960s and then again in the late 1970s [Figure 5.9).
Losses were prominent in tile late 1940s kind early 1970s. Thus, the years of major
sedimtmt yield from Los Alamos Canyon (probably including plutonium) coincided with
a period of system storage, ~huse variations may be related to flood evwils,
especially in the late 1950s, when flows spilled out of defined channels and deposited
much material on tloocl plains. The closure of Cochiti Dam in 1973 resulted in
increased erosiorl by (;l(?ilr-vdcr rolc?m?s from the dam, producing tho observed
sodirnont ICJSSOSabove Albuquorquei Thcrso losses did nol occur in tho rwcord for Ihe
Otowi-Jcnncz t7ivor r~ildl, which includes only a Iimilod portion of the channel
impacted by the urosion below Cochiti, The dam affected all of the Jemoz
Hivor-Albuquorquo roach, so that its record shows tho nrosion offocts.

I“lm two rcuclws MOW Alhuqumquo Imd rnc)ro variahlo storngo record:; than
thosn upstrowll (1 iqllro 5 l(l). “1Iw 195[3 flood” rosulkrd in significant arosion
EM loss r_rfsh)rud :;(!(lillmr)t, nn(l fkm(15 011 iributarius affcrctml othor yt.mrs. Chmmol
“llll~)r~~v::lll(~llts” (I(!V(!(l:; ;111(1 (: I Iilf Ill(:li/illi( )11 by ilrtili(:iid works) lIlily t lilVO rostri(;lod flOW
anti ci’NIs(!d srN I I(I [!r( wi~ )r] [II IrII Kj tt Ii) l)()!+t 190[) poriml I)ot wmv~ All)[qmrq(m ;Ir Kl tlm

l{IU I ‘u(uxm. I t1(! lllil!+!.~iV(! ildlilx(!!; c)l :;(!( ‘iflwf It (lLlrif]g 1100(1yvors f)rl tlm I{io I’unrco
causo oxtrwrm viwid-lility in tlw rwxml for ti]~ Ilic) lJumco-Sml Marcinl nmch, Unliko
thn Ulil(;h illllll(~[ii, III !Iy up’;tr(!:llll, i!:: n!(x)rd l:; 011001 rmnrly colltinlious” Storil{J().
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5.5 Annual Varlatlm In the Regional Sediment Budget

A total system view of the suspended sediment is a useful summary of the
temporal changes that have affected the regional sediment budget. Because
suspended load and bedload are related to each other, the trends for suspended
sediment ~re indicators of change in the entire sediment system. The suspended
sediment trends are also more reliable because they represent measurements rather
than calculated values based on assumed ratios as is the case for bedload. In a
simplistic view, the total input for the study reach is the sum of inputs from the Rio
Grande at Otowi and the Rio Fuerco. While this simplification ignores inputs from
other tributaries, they are relatively small (Figure 5.4), The total output from the
system is the suspended sediment yield of the Rio Grande at San Martial. Further
simplification of the picture is possible by smoothing the annual data by using a
tenth-order polynomial to describe the time series of annual input and output (Figure
5.11).

The generalized approach shown in Figure 5.11 illustrates several important
points about the temporal variation of the sediment transport system in the Northern
Rio Grande from 1948 to 1985. Throughout the period, the sediment flux in the Rio
Grande at Otowi has gradually declined, largely because of declining amounts of water

passing through the river to provide a mechanism for transport. As outlined in a
previous chapter, this decline in water is the product of several factors, including
human influences and clirnatological changes. Because it is h a different
clirnato!ogical and vegetation zone, the Rio Puerto first increased and then decrrmmd
its huge sediment contributions. Late in the recol”d, the Flio Pucrco began to increase
its inputs again. The sediment output from the Northern Rio Grande system at San
Martial has fluctuated somewhat throughout the record by reflecting trends in the Ilio
Puerto, but changes have been less dramatic than those in the tributary.

Tho gcnernlized scdirncnt budget also shows tlmt between 194f! arid 1975
much more sediment entcrud tt~e systmn than loft it. Internal storage of scdirncnt by
depositiorl on flc]od plains ilCCoiJll~S for Ihc diffmcmce. 1his well ck:lill[?d !itoragt?
period coincidms with ttw IilI](? ~)criud wt m r]mxlrlmrn illl~()(ll]ts of I)lutor liurn w(}rc Iih(dy
to havo entered ttm sysl(lIII frulll fitllollt WI(J frc]ll~ 1us Al;UIIOS Ci u]yorl. ItisIIighly
fmbahlo Ihal much d thu pluh](liunl rlull:llrw m Irlh-!rrlill ti{oril{jo” m Vi.lfK)US (Jqm:;d!;

Rssoci; ltod wilt} ttw d(!~l(HitiOllill pcri(xil I or in rcliltivcly 1m[!f I )(!rlo(l afl(!r 19/!) nmr(}
scdirll(!flt left tll(! syst(!lil Illiill tvlt(;r(xf il. irl(liciltillrj (?Vil(Xlilti(lrl of s(xlirll[vl!s st(md ill
irltorr];d flood” Plillfl!; . ‘rt ~[!:;(l r(’rll[ dlili~[q(l sfxiirl][v~~:;, c(ml;lirw}~~ VilrYlr l{] ilrllollrl l:; of
plulormll lk;porwJirl[J 0:1 Itlc!ir il~(!!;, w(!r(! ~)r[ll)ill)ly trilll!i~mltl![! I)y II1O N!lilllV(!ly Cl(’ill’

wntcr (li:;(:t]im{fv+ from (;(N:I Mi [lull, (: I(J:;wI irl Iilt(! If] 73. “i Il[! s(xlilll(vlt:; rlmv(d
pms(l(l ~im Milr(:lill h) Itltyir rl[lw [I(qx):+i!iorl :;ihq, Ill[! ~lo[)l of 1 h’l)llilrll 11(111(’ Il[v;(’rvolr il

shor I (ll!ititr~( :(! (lr)w!~[;ll(’ill!] frolll !;ilr] Miir(:lill Itl(! ~l[!ll!!r ill 11(’11(1!; sl]owrl Ill I l~llll(!
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in the storage of large quantities of sediment along the active channel of the Rio
Grande created a suite of Iandforms associated with the river. The next chapter
focuses on these Iandforms, particularly the channels and flood plains, as keys to
understanding the arrangement of plutonium possibly contained within their sediments.
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CHAPTER 6. FLUVIAL GEOMORPHOLOGY

6.1 Sources of Data

The fluvial processes that move and store sediment in the Northern Rio Grande
operate within a system of Iandforms consisting of the river channel and its associated
flood plain. As the amounts of water and sediment change over time and from place to
place, and as the magnitude and frequency of floods change, the channel and
near-channel Iandforms adjust to accommodate the new hydraulic conditions (Figure
6.1 j. The channel often changes its size, shape, pattern, or location in response to
hydraulic controls, and in so doing it creates a suite of flood plain features that include
abandoned channels, terraces, active and inactive flood plains, and a variety of bars
inside and outside the present active channel. 1 Explanation of the fate of plutonium in
this environment requires a clear understanding of the chronology and mechanism of
river channel change, because sediment with associated contaminants compose the
various Iandforms. In the case of plutonium in the Notihern Rio Grande, it is necessary
to identify, map, and assign dates to the near-channel landf~:ms and their sediments to
establish linkages with materials that entered the system during particular years when
contamination was most likely. The regional sediment budget shows that the river has
stored large amounts of sediment between Otowi and San Martial; analysis of the fluvial
geomorphology of the system can identify the locations and dates of the stored material.

Topographic maps and aerial photography provide basic location information for
fluvial Iandforms. Topographic maps published by the U.S. Geological Survey depict the
river and its environs at 1:24,000 scale and serve as base maps for plotting data and
locating specific Iandforms or deposits. Appendix F provides a complete list of the
topographic quadrangles that show the river from Espafiola to San Martial.

Aerial photographs provide basic mapping information on the location and extent
of Iandforms and deposits at a variety of times for the reach between Espanola and San
Martial. Through photogrammetric techniques the photos yield quantitative data,
particularly for area and distance measures. Most reaches of the river appear in aerial
photographs at least once in each 10 year period from the late 1930s to the present.
Since the middle 1940s most reaches were photographed from the air every three years
at least. Sources of aerial photography include the U.S. Army Corps of Engineers, U.S.
Bureau of Reclamation, U.S. Geological Survey, U.S. Departmwt of Agriculture, U.S.
National Archives, U.S. Bureau of Indian Affairs, Los Alamos National Laboratory, New
Mexico Highway Department, New Mexico State Land Department, county and city
planning agencies, telephone and electrical utilities, and private aerial photographic and
engineering firms. In the present study, a repf usentative selection of aerial photography
from a limited number of sources provided information on river channel change
(Appendix G contains sp~cific addresses for sources).

In some cases, historic ground photography supplelmcnted the aerial photographic
record of channel changes. These historical photos are more sporadic in their temporal
and geographic coverage than tlmir aerial counterparts, but they provided qualitative
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information and useful perspectives as well as reinforcing interpretations. Sources of
historical photos of the Northern Rio Grande include the Colorado Historical Society,
C)enver Public Library, U.S. Geological Suwey (Denver), Los Alamos Historical Society,
Albuquerque Public Library, University of New Mexico I&rary, and the New Mexico State
Archives (Appendix H contains specific addresses for sources). The present study used
only photos of areas of special interest rather than collecting all available images.

6.2 Channel Change, 1940s-1980s

The temporal changes in water yield, flood series, and sediment yield that have
occurred in the Northern Rio Grande between the 1940s and the 1980s have led to a
predictable series of change~ in the channel and its surroundings. Decreasing amounts
of water have produced a progressively smaller channel throughout most of the river
from Espatiola to San Martial. The shrinkage of the channel has resulted in increased
flood plain areas and the abandonment of some minor subchannels, The decline in the
magnitude of the annual floods has contributed to this conversion from large to small
channels. The internal storage of large quantities of sediment has contributed to the
expanded flood plain areas and has fil!~d some of the abandoned channels.

The overall character of the Rio Grande changed dul ing the 1940s-1980s period
(Figure 6.2), Prior to the early 194Gs, the channel was broad and
shallow with numerous bars and subchannels, a classic ‘ace of a braided stream
produced by high sediment loads, erodible banks, highly variable discharge, and high
amounts of stream power. 2 As declining water yields, sediment yields, and flood
magnitudes forcsd the development of a smaller channel, the braided characteristic
gradually disappeared, so that by the 1980s the river consisted of a single thread.

The change from braided to single-thread pattern has occurred on most major
streams in the western United States, including the Platte in Nebraskaq arid the San
Juan in Colorado and Utah.’ The shrinking trend is often directly related to closure of
dams,b and in some limited parts of the Rio Grande, specifically in the reach of the
Jemez River downstream from Jemez Dam, the connection is obvious. The tenduncy
toward single-thrsad channels must akm derive from region-wide hydroclimatic influences
because the Rio Grande above Cochiti Dam also has contracted, and many other
streams without majnr dams exhibit the same changes: the Fremont River in Utah,fl the
Paria River m Utah and Arizona, t the Little Colorado River in Arizona,H and the upper Gila
River in New Mexico and Arizona. g In the Rio Grancie, engineering works have
exaggerated the change and made it more lasting by imposing artificially designed pilot
channels and levees on the systcm.

As the Rio Grande channel has decreased in width, it has also been Vocationally
unstable, moving from one position to another across the valley floor in th~sc reaches
where it is unconfined by rock outcrops or levees. During the 1940s-1980s period, the
main channel of the Rio Grande changed horizontal position by as much as a
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kilometer. The changes occurred during floods when sediment plugged old courses and
flows spilled over poorly consolidated banks to cut new courses. This migration is also
common on dryland rivers, and the rate of change on the Rio Grande has been similar to
that seen in other streams m the western United States. 10

6.3 Near-Channel Landforrns

Channel shrinkage, pattern change, and migration produce a characteristic series
of Iandforms on the valley floor near the channel. Planners and engineers refer to this
relatively flat area separated from the channel by banks in undisturbed environments as
the flood plain. 11 From a geomorphological and sedimentolGgical perspective, howe-~er,
this area consists of a variety of forms and deposits with different origins and
characteristics. A true geomorphological and sedimentological flood plain is an alluvial
surface next to a channel, separated from the channel by banks, constructed of materials
transported and deposited by ‘he presant hydrological regime of the river.l ? The
sediments that make up the flood plain are usually finer than the bed sediments in the
nearby channel, because when water spills out of the channel, its veloci~ decreases and
it deposits some of its fine suspended load. Small scale features sometimes include
extensive ripple patterns or occasional splays of gravels where flows exited the channel.

The near-channel areas of a changing river like the Rio Grmde also include
abandoned courses etched into the surfaces of the flood plain, Abandoned braided
channels have sandy and gravelly beds, with linear depressions separated by ridges that
reflect the original subchannels and bars. The bars often rise to levels similar to the level
of the flood plain on eitl~er side of the abandoned channel area, Abandoned single-
thread channels form linear depressions through flood plains and may have more coarse
material than that on the flood plains, representing the bedload once carried in the
channel. Many abandoned single thread channels have had a more complex history,
however, because after they were abandoned, flood flows temporarily occupied them
with slack water that deposited fine suspended ~ediment. If the abandoned channel is
not completely filled with sedin~ent, it retains its depression characteristics and is a
noticeable interruption of the planar flood-plain surface. [f the abandoned channel is
completely filled with slack water sediments, its surface may be coincidental with the
surrounding flood plain, and indirect ewdence such as vegetation may be the only
obvious indicator of its presence. Excavation reveals sedimcntological variation that
confirms the location of channel and its filling.

Flood bars provide positive relief above some flood plains. As flood waters spill
out of channels and over flood plains, turbulence in tho lee of obstacles such as trees,
buildings, bridge piers, or other structures produces Iocalizcd act emulations of debris
and sediment. Usually such foaturos are less than a meter high and several meters long,
but if they occur in grc.at numbem as in a thicket or in artificial sedimcmt traps, tt}oir total
accumulation can be sllbsklntkli.

Near channel areas also inclu(io sorlm clc~,-rsits rmt dir(:(:tly related to proco~cos in
the main stroarn deposits floll~ tribulilry ctmnrwls that lr~tulfir)g(:r wlttl flood plain ar)d
rclatnd materials near tho vnll(!y rnmgin In :;OIne cnsns, Irit)(ltary (I(?p(mit!; c(]v(!r ttm



flood-plain materials in the form of alluvial fans extending from the mouths of tributaries in
the valley side, across the flood plain, and terminating at the active channel of the main
river.

In the Rio Grande between Espafiola and San Martial, the near-channel
environment includes all of these forms, but in many cases human activities have
modified them. The construction of levees (reviewed in detail in the following chapter)
has eliminated flows from ma~y geomorphic flood plains, and they no long receive
infusions sediment. Construction activities have disrupted other forms or obliterated
them completely. Within White Rock Canyon, the basalt and tuff walls constrict the valley
flcor so that flood plain ‘. atures are generally absent except for isolated deposits in small
pockets in the canyon walls.

6.4 Near-Channel Deposits

The surface expressions of the near-channel forms have connections to
subsurface variation in terms of sediment characteristics (Figure 6.3), with
the sediment in each form exhibiting distinctive structure and particle size distributions. 10
Flood-plain deposits have finely laminated structures consisting of thin horizontal sheels.
Along the Northern Rio Grande, the sheets are usually a cm or less in thickness and
consist of very fine sand, silt, or occasionally clay. Abandoned braided channels have
materials that are relatively uniform in size, mostly sand and coarse sand in the Rio
Grande, but prominent structures include cross-set beds developed by migrating dunes,
bars, and sand waves when the channel was active. 1‘ Mid-channel bars sometimes
appear in the deposits as gravel lenses. Abandoned single thread channels may appear
in deposits as linear accumulations of massively bedded sand, or they may contain large
amounts of silt and clay if they were filled by slack water deposits after their
disconnection from the active channel system. Tributary deposits am almost always
more coarse than materials from the main channel because the tributaries have steeper
gradients and therefore generate more shear stress for transport of larger particles. The
alluvial tan deposits tend to become more coarse in successively higher layers, 1“ while
deposits of the main river often become more fine in the upward direction.

The implication of these arrangements for plutonium movement and storage in the
near-channel environment is that if sediment in the active chanrml carries plutonium
adsorbed to its surlaces, if Itml sudil~w[ll is kposltud rwtir II)u clmtmel clurllg a gormtal
storacy period, and if the dcpositiorml forms and rnatcrials can be explairmd and
mapped, then it is po:;sibk? to ciccluce Ihc ultil~lnlc distribution of the cor~tnn~irlimt. Such
knowlodqc can guide swnpling and monitoring progralns and can Icac ICIdefinition of
areas of Iikcly cm~ccr]triltifml especially given tho affinity of plutoniurl} for firm parliclcs.

()1,. .
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scarps, all less than 0.5 m high provide clues to the origin and type of Iandform and
the nature of sediments likely to be found beneath the surface. The surface forms are
not usually visible directly on aerial photography, but because the various forms
connected to patiicular particle sizes and moisture conditions, vegetation communities
visible in aerial photographs almost always reflect them,

6.5 Distribution of Flood Plalns

The distribution of active channel and flood plains (both active and those now
isolated from the channel by engineering works) along the Northern Rio Grande is
variable from place to place. The distribution is important for understanding the
distribution of potential storage sites for plutonium. A useful measure of the amount of
flood plain area in a given limited reach of the river is the concept of unit area, the
number of sq km of flood plain associated with each km of river channel length. In a
particular reach, if the unit area of flood plain is 1.0 sq km/km, then for ]ch km of
channel Ienth there is 1.0 sq km of flood-plain area. In this case, the flood plain might
form strips 0,5 km wide on each side of the channel or a strip 1,0 wide on only one
side. A similar approach defines the unit area of activo channel, the area of active
channel per unit length of the river,

Data from aerial photography (1982-1985) permitted assessment of the
distribution flood-plain and channel ama along the Rio Grande using the following
method.

Step 1: Define the scale of each frame of photography by measuring the horizontal
distance between two promincmt objects that appear in the photograph and on
a topographic map of scalo 1:24,000. Convert the map rneasurcment M to the
actual roalworld distm~cm it I (!presc!nts (A):

A 24,000 M

M(-]asuro tlm distarmo botwrxm tlm samo twu objects in the photograph, and
cfctrwnirm thu s~i~lo of tho photograph by comparing tho photograph
muasuromwlt (1]) to ttm fl(;t(Jill distance:

I’tlolo” S(:ill13 P/A.



Step 4: Using the same system, measure the area of active channel (C).

Step 5: Using the same system, measure the area of flood plain (F).

Step 6: Calculate the unit area of channel (UAC) for each segment by

UAC = C/L,

and the unit area of flood plain (UAFP) by

UAFP = F/L.

Step 7: Plot the unit areas of channel and flood plain against the downstream
distance of the center of each segment to produce a summaW diagram.

The results of this procedure for the Rio Grande between Espaflola and San
Martial show the exact distribution of channel and flood plain (Figure 6,4; detailed data
in Appendix D). While tabular data describe the regional sediment budget in numerical
terms, Figure 6.4 depicts the geography of the stcrage term in the total sediment
budget for the main river system. Kilometer O is the Old Espaflola Highway Bridge,
and kilometer 313 is the Southern Pacific Railroad Bridge rmar San Marci:t “The unit
area of flood plain changes radically from one segment of the river to another, mostly
in response to available space on the valley floor and contributions of tributaries,
Peaks in the distribution represent segments of the Rio Grande where the flood plain is
exceptionally broad and where large amounts of sediment are stored. The tirst
pron iinent peak is nt about km 78, the confluence of the main sti eam with Golisteo
Creek, Other areas of extensive flood plain are downstream from th~ confluence with
tho Jemez River (km 97), downstream from the confluence with the Rio F>ucrrco,and
wido valley areas near San Antonio (km 2(35) ar~d near San Martial (km 300),

lho active channel area is iTwch less vari:]blu then Iho floodplain ar(!o.
Rodrock exposuros constrict the channel smmroly in a fow plmws, such ns d kll~ 91,
upstream from the corlfluance with the Jorncrz River. Tho only soglnot]ts wtmro tt w
channel is widc;r than tho flood plain m) Ilmse in Whito f70ck Cm)yon, wlloro thn
channel occupies most of thcr mmilat)lo spmw on ttm vallc)y floor, “1t~(] wi~t(~~s ot

Cocl]iti }Iosorvc.)ir (Irowil !ho so(y~)(!rlls froln kl~~!)[) tc} klil (Xl

6.6 Depth of Deposltlon, 1948-1905
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estimation of bulk density for deposits. For flood plain and related deposits, the following
calculations used a bulk density of 1.6 Mg/cu m and data reviewed in Appendices B (for
sediment masses) and D (for areas of deposition).

Step 1: Convert the total sediment stored as measured by its weight (W in Mg) to the
total storage measured as volume (V in cu m):

V = WII.6.

Step 2: Partition the area data for potential storage areas into reaches that match
reaches defined by the gaging data for srdiment and define the total available
storage area within each reach.

Step 3: Determine the mean depth of storage (D in m) within each reach by dividing the
volume (V in cu m) of storage by its area (A sq m):

D - VIA.

These calculations assume an equal distribution of deposition over the available
area, so that they produce only mean values. Field observatimvs indicate that the depth
of deposition varies from placo to place, but not by more than a factor of about 2. The
reach-by-reach summary (Table 6.1 ) shows that in the Otowi-Jemez River and
Albu:luerque-Puerto River reaches there was negative deposition, that is, a net loss of
stored sediment through erosion. In the Otowi-Jemez River reach, White Rock Canyon
has little storage and erosion after the closure of Cochili Dam insured the negative value.
In the Albuquerque-Puerto River roach, chann(?lizalion and Irwcc construction that
restricted Iho ct]anrml and cnt)anccd erosion, 1I]e JC!ITWZRiw?r Albuquc:rquc ar)d Puc!rco
River-San Ma;cial rezrchos had not gnins in stor;~g[!, rrxiillirlq in an ir]crco.w in tl]c
elevations of the s Jrfaccx of tlwir flood plilirlS anti cll;uulc:ls

h) those areas whcm net dcpositiml occurred bclwccm 1948 arid 1985, tlm rrmon
depth ranged frolm 0,19 to 0,82 m, 1ho overall avoraf~c frml] tho en!iro river frmn Otowi
to San Martial was 0.53 m, Assufning tile I()(;i]l viuiilbility to ho wilhlf~ a f~mlor of 2, tlm
expected range of depths is tlwroforo about O I to 1.6 Ill. IWtail(!d surw!ys of s(Iluct(xj
cross snclic)ns botwcwn Coct]lli l)iil~] and I:;lot;l lJvursiol] l)ilrl] south of AllNNl[J(!r(quu
confirm ttmso ostimat(!s. 1’1 “1ho itlqxwt;lrl(:{] of ttl[!:;(! (!:;tlllmt(!!; Ior Ill(? ilrlill~!;l!; of
phJtolllLJITl Stol”il~Cl IS ttlill illlllo!;t :111 ~)l(lt[)llllllll Ill Itll! tiy!;l[!lll Illll!,t tlilV(l (!llt(!l(!(l l~l(! Illilll)

Strt)illll durirlg ttlib pollud td rfw~)ltl. It i:; Itl(:rt!fol(! il!i:io(; lilt(’(1 I)llly Wltll Itl(l :;(!(11111(?11[

stmod durir~g tt~o siliil(~ IM!II() (l, :UMI tll; ]t :J(!(~III\(II)l (x:( ;: II’I; III (l(!~I( ~:;It:i tll;lt ilv(!riif](? l(!l;:;
than 1.G itl tlnup (~ivwl ttlf? twl(hvwy of I)llltorll(llll rlol 10 Illl!]r;ltc v(vll(:illly wilt]lf] soil
profilosl II is Iikoly tlml ttl(] t;ollt:lrllillilr}t :;ttmwl Ill fl(lo( I I)l;1111:;;Il[ )rl{~ tt 1~~Irvt)t i:; wltt lil]
ah~[d 1[j Ill of tll(~ s~irfi~(:(~ I (1[:;11(Ii:illllultl[)rl of ttl[! Itlill(’llill!; II1; IV 1)(! !;lloll!~ly Irifhj(!rl[:(!(l

by mgiim)rir)q work:;, ttw :;~il)l(!(:l of tt)(! r~(~xl(:tlill)l~,i
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CHAPTER 7. ENGINEERING WORKS

7.1 Hlstorlcal Background

Thehydrologic, sedimentologic, andgeomorphic processes of the Nodhern Rio
Grande as outlined in the previous chapters do not operate under natural, undisturbed
conditions. Numerous engineering structures and activities have modified the
processes and forms (Figure 7.1 ), so that an explanation of the
movement and storage of contaminants in the system requires an understanding of
the channelization and dam construction in the region. Channelization works are
usually directed toward controlling the horizontal position of the channel, keeping it
aligned in an economically advantageous arrangement, and maintaining a clear path
for flood waters to prevent overbank spillage. The imposition of an artificial, stable
channel on a naturally unstable system is rarely completely successful, but even with
partial success, the newly defined system is a radical depafiure from the natural one.l
Modified channels usually conduct flood flows at higher velocities than natural
channels, so that they may transmit more sediment in the channel. Low flows,
however, may deposit sediment m the engineered channel, reducing its efficiency and
raising its bed. Abandonment of previously active mmor channels or braided cections
provides new areas of colonization for riparian vegetation, which may enhance
sedimentation when flows exceed capacity of the designed channel, The construction
of dams obviously disrupts river processes in the reservoir area, but indirect impacts
extend throughout the river system because of newly instituted controls on flood flows,
normal low flows, and sediment discharges,7

The first engineering structures on the Rio Grande probably appeared about
1200 AD. With the collapse of Irrigation societies in the Salt and Gila Rker Valleys in
Arizona and in tributarws of the San Juan River in Colorado and New Mexico,
migrants moved into tho Rio Grande Valley.:] By the ti!ne of the Spanish incursions in
the middle and late 1500s, the native population had developed extensive irri ation

~systems alocg the entire Northern Rio Grande to support numerous pueblos.
Divcwsicm works on tho main stream probably consisted of brush and boulder
structures that directed flow into canal entrances through the low banks. The
structures probably washed away with each spring flood.

Spanish and Mexican immigrants arrived in tlm 1500s :md Iator produced more
uxtcmsivo c:II1:lI systcvns on flcmd plains and tcrracp, near tlm river, with an extensive
I(lf]ill Syst(?fl] for Wilt(!l” lllilrlilgol~l(!r-lt.b Sli”, Itle lInpiIcls un ttl(] l~min rivur ctlmmcl were
probably lill~it.m~. I li~pi~l]l~ wtllcrs arid I;ltw Angk.Arncri(;arls who arrived in greater
numbers aft[’r 1848 did link: to illy]rove upon tho Puublo dw(?llors’ efforts to control the
rTlilill river Lmtil ll~o li~t(?1[1[)os wt wn div(!rworl strucluros boc;ll~m rrmro rmrl][!rous and
~li~[)orilt[], Irrq;ltod ilc:t’(?i]~c)nxpor)(l(!d [Irltil about 1880



as previously discussed, and general erosion of the landscape surrounding the river
increased. Land use in tributary watersheds also probably contributed to gully and
arroyo development, increased hillslope erosion, and general increases of sediment to
the main stream which was unable to tt ansport all of the new load.’

As part of an 1890s regional assessment of the possibilities of water resource
development throughout the American West, Congress and the executive branch of
the federal government began to consider larger and more permanent diversion works
for the Northern Rio Grande.a Problems associated with controlling the river,
establishing useful diversior;, and draining the fields led to the establishment of
Middle Rio Grande Conservancy District in 1925. Within 10 years, the district, with
considerable federal assistance, had completed diversion dams at Cochiti, Angostura,
Islets, and San Acacia as well as 290 km of riverside drains and 260 km of interior
drains.e The drain projects included linear heaps of dredge spoil that separated the
drains from the river as it was aligned during tha 1930s. The area between the levees
that included the active channel was a “floodway.” Later engineering works followed
the same alignment. Therefore, significant parts of the drainage system and main
channel as they exist in the late twentieth century owe their geometry to a river
channel alignment that was naturally established more than 50 years ago,

As part of the general economic rehabilitation efforts of the New Deal in the
administration of President Franklin D. Roosevelt, several federal and local agencies
conducted investigations of the Rio Grande during the late 1S30s. The U.S.
Department of Agriculture evaluated the consumptive uses of streamflow along the
main river and collated the available flow, consumption, and crop data. 10 These data
supporled and complemented the activities of the National Resources Committee, an
interagency group at the cabinet level tasked with regional resource planning for the
Rio Grande, including a division of its waters among competing states.l 1 The
committee report included detailed maps of the river and near-channel environment
that are so detailed they extend the record of aerial-photographic quality images back
to the mid-1930s (Figure 7.2), Although the 1930s investigations provided data and
recommendations for extensive engineering and control structures, the advent of
World War II diverted national funds to other uses.

During the war years, the original Middle Rio Grande Project structures failed to
control the problem of excess sediment, and the main stream continued to aggrade.
Channel instability, exaggerated by tho aggravation, continued, especially during
floods. In the Albuq(;crqlje area, a flow of 25,400 cfs in 1941 and 24,200 cfs in 1942
caused 2“7 breaks in the poorly constructed levees.lz In conjunction with the Flood
Control Act of 1948, tho Corps of Engineers and D~mwu of Recl,mtation surveyed the
river’s management problems and began attempts to stabilize the channel and reduce
inflow of smdirnent. 1:’ By 1932, the agencies had rehabilitated the drain system,
strengthened levees, built conveyance and pilot channels, cleared vegetation, and
install~d sediment traps. 16 Cochiti Darn on the Rio Grande and swmral other dams on
tributaries provided additional flood and sediment crmtrol by the 19“70s. These
structures now function as part of tile river system, ,uld thc+ypartly conh (]1 the fate of
plutuniulrl ir] tlw system.
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7.2 Chanrmlizatlon Works

#
The purposes of channelization works are to control the channel location and to

prevent flooding outside the channel area by employing levees, conveyance channels,
pilot channels, and vegetation clearing. Construction of sediment traps stabilizes
channel margins. Levees in the Notihern Rio Grande system are of two types: spoil
heaps and designed levees. Spoil heaps are accumulations of sediment dredged from
canals and drains. Placement of the heaps between the river and the canal or drain
affords some protection to the ditch, but the heaps are not designed to any
specifications. Vegetation stabilizes their slopes, and they often carry unpaved roads
on their upper surfaces. They are ea$;ily eroded if channel migration forces flood flows
against their outer banks. Engineerec~ levees meet design criteria for size and
resistance to erosion, and they are sometimes protected by riprap, waste rock less
susceptible to erosion than soil material.

Conveyance channels conduct low flaws of the river in designed, confined
channels that are stable. Relatively steep gradients insure tha continued movement of
sediment through the conveyance channel. During flood periods, the natural channel
conducts flow as well. Pilot channels are artificially aligned portions of the original,
natural channel. The pilot version is usually straighter than the natural version, in an
attempt to reduce channel migration that results from meandering and bank erosion.

Vegetation and sediment management along the Northern Rio Grande may
increase the stability of pilot channels and levees, If riparian vegetation grows
between the levees and the channel, destruction of the levee is less likely, because if
water spills out of the channel, the vegetation introduces considerable hydraulic
roughness to the flow, reducing its velocity and increasing the probability of
sedimentation. Artificial clearing of vegetation in other parts of the system mdy
enhance the locational stability of the channel. If vegetation does not grow within the
pilot channel or in the natural channel, flood waters are more likely to flow by these
routes than they are to carve new courses. Clearing projects therefore focus on
maintaining a vegetation-free floodwti; ‘‘ the most desired alignment,

Finally, structures introduced tu the chb,. ‘al and flood plain area between the
Icvocs may artificially stimulate sedimen!aticn, providing protection for the levees and
stability for the channel. 15 The U.S. Army Corps of Engineers attempted to use pile
jetties to protect levees in 1944, but without success, The jetties C;used turbukvlce I -
flood flows that scoured the channel bed and removed the ‘etties, Wtwccn 1%3 and

I1962 the Crxps installed jetty fields made of Kellner “jacks.” 5 Developed for small
Kansas streams and firsl used oy the Santa Fe Railroad in the Rio Grandc system m
1936, theso jetties cwlsisted of jacks made of conr-meted Icngtkw of steel rail and a
lattice work of wire. ~ables connected the individual jacks to each other and to
anchoring posts outside the activo channel area, The jacks create enough turbuluncn
in flows to cause sedirmmtaticm, t)ut at high discharges their porosity arwl f!(!xll)ility
decreases scour. Sinew the early 1950s, river manag(?lwmt agoncics havo placu.t jack
fields in those arcm; where the clcw(?loprlwnt of m!w charmel is ur~d(?wral)l(!, Icilvirlg tlw
prf3fcrr[!d ctmrm(!l m[!as frw! c]f jm;ks I i[!ld r[~corlrl:lis:;:]rl(;~] simw:; that by tlm Iilt[!
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1980s the jacks had accumulated 0.1- 1.0 m of sediment and were the sites of dense
riparian vegetation.

Throughout the Northern Rio Grande, the application of these measures varies
from one segment of river to another. Between Espaflola and Cochiti, engineering
structures are rare, the mining of sand and gravel has afffected channel conditions in
some reaches (Figure 7.3). Between Cochiti and the southern edge of Albuquerque,
designed levees restrct the floodway on both sides. Inside each levee is a zone of
dense vegetation, and jack fields are common but relatively small. South of
Albuquerque, channel clearing and large jack fields supplement channelization efforts,
while m the vicinity of Bernardo a conveyance channel removes all the flow of the river
during low discharge periods. A pilot channel appears in several reaches south of
Albuquerque. All the major channelizatlon works that presently affect the river have
dates of completion between 1S50 and 1962 (Figure 7.4).

The success of these efforts IS problematic. While the jack fields have
successfully stimulated moderate sn.lamentation, declining flood flows during the later
period of record suggest that sedimentation might have occurred in any case.
Vegetation maintenance for the protection of levees has produced dense riparian
forests m some areas, but clearing of pilot channels has been expensive and in some
cases Ineffectwe. In the Albuquerque area, for example, the original floodway design
was tor conductance of cflscharges up to 42,000 cfs, but present conditions of channel
flllmg and vegetation growth probably restrict capacity to less than 25,000 cfs, and
Fsewhere Ihe ongmal dcslgrr capaclhcs were 20,000 cfs, but are now only 10,000
Cts “ Thr! sedlmcnt (with Its adsorbed contammants) that is stored m these reaches is
parl of the ~xplanntm of the rcglonal plutonium budget.

7.3 Dams

Norlh c>fTI uth 01 Ccmsec~uprlcc’s the llm Gran&r basin contains tt}ousands of
r~m(]r r~l~’rltl(xl WCIIks fur erosmn control and stock water development. Thmtew I

Iarqp !jtru(:twl’~ CjII LIC!I y iItftwt t Iw flow of th~ rw(!r and Its scduncnlmy load (Figw 07 5;
1ilt)l(’ / 1) I tw lar~~(’:Itl u[-tw[~s ar{’ products of thr[!c cjwtlrlct eras of darn
Cfm!ltru[-tlf}fl ;III il[l’1(~.(iltilri]l d(’v(*l( )pl~mrlt pm]d Irl III(! 1910!; nrld 1920s, !t~~ MI(jcllc
III(J (iIiIII[jII (:(m:;(’rv,lr~( y [Il!;lrlt’t 1)[’rlod (192!) lW.W). nnd ttw MIfi(~lo llm Gr;mcfo
I’rrll(’(”! y[’ill!. ,1!!1’11!1.1}{
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During this early period, attempts to control the flow of the river in central New
Mexico resulted in the construction of Elephant Butte Dam, completed in 1916, Elephant
Butte Reservoir, the downstream terminus of the present study area, is a storage pool for
gradual release of water to irrigation lands in southern New Mexico and the El Paso,
Texas area. The U.S, Reclamation Service (later to change its name to bureau of
Reclamation) also built the dam to meet international treaty obligations for water delivery
to Mexico, 1B

l“he Middle Rio Grande Consewancy District produced several diversion structures
during its initial period of activity, 1925-1936. The project built low structures designed to
divert flow of the main river efficiently into tho headgates of extensive canal systems at
Cochiti, Angostura, and Islets. Local interests had constructed a diversion work at San
Acacia in 1920, so that taker] as a group, these four structures constituted a firm basis
for irrigation withdrawals, El Vado Dam on the Ric) Chama provided further control of the
spring melt flood in the main stream, In the late 1950: the Bureau of Reclamation and
the consewancy district agreed to an arrangement whereby the bureati assumed
management control ar?d maintenance of the structures, ‘i’

After World War 11,the Middle Rio Grande Project, a joint venture of the U,S. Army
Corps of Engineers and the U.S. Bureau of Reclamation, stimulated the construction of
additional large structures, principally for flood and sedirnw~t control. 13ecauso of ttm
high-value urban investments in the Albuquerque area, the benefits of these ncw
structures emphasized flood protection for tho city and smilmcnt retcl~tic.m to pmvont
channel aggradalion through the metropolitan area. Jcmez, Abiquiu, and Galistco Dmns
on large tributary streams perform sodimcmt control functions as WOIIas preventing
catastrophic surnmcr flash floods

7,4 Irnpllcatlons for Plulonlum Moblllty
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generally have highm velocity than the original natural flows, creating an environment
for enhanced sediment transport in a limited part of the valley and channel cross
section. Fine sediment that is likely to have the highest concentration of plutonium is
rarely deposited under s~’ch conditions. The course of the river through much of
Albuquerque has channels of this type. However, adjacent to the channel are
sediment-trapping areas with dense riparian vegetation and jack fields where sediment
of all sizes accumulates. Through the Albuquerque area these depositional zcmes are
relatively narrow, but elsewhere the accumulation areas occupy substantial portions of
the valley cross section between the levees. Width of this accumulation zone may be
more than a km, providing primary storago space for plutonium-bearing deposits that
are almost always associated with riparian forest. Detailed mapping of these zones
and precise dating of the implantation of the deposits can therefore inform on the Iikoly
distribution of plutonium in local areas along the river.

Dams havo a major impact on the mobility of sediment and attached plutonium
in tho Rio Grande. With the exception of Platoro Darn on the Conejos River, all the
mounlain reservoirs were in place before plutonium entered the drainagcr system.
~allnut plutonium eroded from mountain slcrpcs is likely to be storc!d within the
mountain rcsr!rvoirs, and tlw cmly fallout plutonium enturing the IOW(II n!; I(:Iws of the
river (south of ttm Colorado Ncw Mexico boundary) comes from tho!w slopes
down$tr[!i IITI fronl th(? m(.mrltilirl r[!smvnirs Tt~o posslbto impact of II Iis arrangurnel]l
011ttw r~’gicxml plulorlium bllcklf!t i$ unckmr, t.)(!CilUS[) tllc! rcscrvoir:i (;ontilifl water,
sl!dIII ml]t, iltld plutol~illrn h011I Itw nlpirm zur]~!s wtmro input c)f filllout is Iiholy to be
gll?ilt(!!it. I IN) SC(I:nmrlts of Rio Grnnclo Rwmrvoir conti~in rnlillivcly high anmml!s d
plutorliufll ns a rcflcctirm of ttlis prcxx?~~.;’:’ Altcrniltivcly, ttm lTmurltnirl clrainago areas
(~ OWllSlr(’illll frolll ttl(! (Iillll sit(!:; ilr(! lillXJ(!r ttlilll ttlo!;(l upstrwml fr(llTl tll(l dOlllS illld
Itl(!w 1)()()1:; Wlltlmll f~wltl(!r rf!:;(!:lr(:tl, Itl(! :;l)(!(;ific pl(ltollilnll r:orltrit)llfiorw” of It)(!s(l
;mxu; ilr(! (111(:1(!;11

IIilll )!; illl(l li!!i[’l Voll!i 011 Illl;lltilll(!!i of Itl(! 111[.) (irilll(k.! It)ilt arf? rlol if] ttl(! III(]I1

111011111;1111!; 11”;11)‘;(!(llllll’llt!i 110111 lilll(l!i( ~ill)[!!i tllill ~)lf)l)ill)ly (lo Ilot r(x:[!iv(] il!i Illll(:tl
f;lllollt ii!; Itlf ’ illlllll(’ .’01)(’!; ()(:( :~i!;I()II;Il !;; IIIIl)lIIIg of tt)() I]lilt(!rlill!; !;I(N(!(I ill Al)I(~(II(l, [ I
Vil(hl. ;Ill(l IJliltolo” l{(!!;(’l Voll!i !;I1OW1)111[011111111(:oll(:(!lltli ltil)ll!; tow(lr tllilll ttlo!:(l ill 1{10

( ;Iilllfl[l lhv;~w)if (1 lWll[)l llll(’llt:ll !+llrv(’lll;ill(x! (holj~), 1!11{11!)[1!1)“’4 I Ilf! to!;ll illllollllt

(If l)l(ltf)llllllll !;l!!l (’(j Ill tll(l low !?l(!VilllIlll tlll)llf:lly f(!::[!rv(!it:; Illilv (iv(!lllll:llly Ox[:{l{!(l ttlll

;lll10 (1111 !;tollvi Ill Itl(’ :11[ )1111’ ll’’il’lvf w’;, Ilow[!vl!r, lN’(:;ul’;tl 111(!trll NN;lly ~)()()l!i [Iriwl

Iilll(l’,(’ill)[”; Itl.lt 1)10{1111’(” Illol[! !;1’(1111)(’111

(:(1( tllll 111’’ !! ’lvf)ll l’, l“. l)l’I’I, IIIV !il~llllfl[:illlt I(II 111(! illlill~’!il!i [11 ~lllltl )111(1111 Illol)llltv

1)1’(”,111’111 01 11’, ‘.1,.1’ ;111[1 Illl”,ltll)ll It’, [:; ll).ll)lllty to !;101[” ;llll )(1!;! ;111 tll(l !;(vlllll(!llt IIlilt
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been deposited in the restricted reservoir basin behind the dam, and concentrations of
the metal, though variable, have recently appeared to be in the same range as those in
Rio Grande Resewoir.
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CHAPTER 8. RIPARIAN VEGETATIC)N

8.1 Riparlan Vegetation Communltles

The interaction among water, sediment, Iandforms, and human environmental
manipulation on the Northern Rio Grande have produced a distinctive assemblage of
plants in the riparian (or near-channel) community. Fluvial Iandforms and the sediment
that composes them are often not immediately visible in field investigations because of
the dense cover of riparian vegetation. In aerial photography, the primary source of
data for historical river channel change and sedimentation, riparian vegetation is often
the only aspect of the near-channel environment that is susceptible to interpretation
and mapping. Vegetation also provides information on the date of emplacement of the
sediments upon which it grows, information useful in tracking contaminants introduced
into the system during known time periods. Vegetation communities therefore provide
useful keys to understanding the distribution of near-channel sediments and the
contaminants they contain, The following chapter provides a brief review of the origin
and changes in riparian vegetation of the study area, including an overview of its
connections with geomorphic systems.

Almost all major rivers in the American Southwest have undergone considerable
geoinorphic and vcgctaticm change since the early 1800s when chanl WI margins wem
tlw silts of bogs, lt~kes, at.xmdorwd meanders (sloughs), and marshes (Figure 8,1).’
Most major rivers tmd broad, smrciy channels with braided configmalions and
mcanrkrq low flow charmck7 Even snlali tributaries had marshy areas created by
tmnvcr activities ..’ l-ho ripariml vcgctalion originally evolved m association with
froqucnt cxtrnnsivc floodi[lg (Whit~!, 1979; Rupp, 1982).4 Rci]mval of the beaver, gully
ami arroyn (l(:t~~:lolllT](?rlt,Iafld fll:lrlil~(!fllwlt sctwmt)s, climatic chnngc, and the
con!;tructmll of f.iilll Is (!I lilrl~l[!(l U 1(! sh (!:1111s ir]to single thrCil(l or cc)m[mund Chilrlfl[!h

wilt] r(xhm(xi OV(!II):lrlk fl[)(J(lIIIfl

I t ]1! I 110( ;I il[l(h!’$i I[x:(!llt Iu:;tl)r y Is ty(mxd of ttm Iilrlj(!r rl:giurl c!xcept fur ttw
cxtl!r]:;ivt! rt!col~t wl~]tl](’[wrl{] w(~rk:; tt]ilt r(!:;trx:t tk active Ctiiir]rld and flood pliiirls.
1Iu!r(! ilr(! I(PW [l(~tilll(!(l ( 1(’:;(;rq)tiorui of tt 1(! Cl li~r]rl(!l ar~(i rl~)ii[li]ll v(!~]l?liltio[l b(!forc major
Ilulll;lll irlllxl(:l:;, I)(rt rllo:;t g(!r)[!r’ill colllrll(!r][s frurl] firtt Ililrd r)k!rv(!rs indiciik ttmt
tt~(: Nortt l(vrl I k) (hilr](h! wil!; I]r oil(l i~[l(J~t~i]llow, wilh mcaml(!ring sul)ctmr~rwls
fr(!(l(l(!r]tly ilit[![(!(l t)y fl[)(xllrlq l.” Aflf !r (:t~ilrlrl(!l rnk]rntk)n, cottonwood, willow, iuld (;i]tfiiil
(:(]lor]mvl rl[!wly [: X[)()!W!(l illl(lVlill :;(tr fil(;(!!; .” I ildy irl 111(!tw(vlli(!th c(!rlliwy, cottonwood
f]l[)V(’!i rll!ill till! rw(v [ilr(!ly (II! V(’IOII(!(Itr[!(’:i rilor(! ttl;u] ilt)[)(lt 10 rll Illgh I)(!for(!
rr’li(’wr’(1 (:tl;uul(!l [’t~;ulflr’ (h’ I,lIoy(’Ll tll(!rll ‘ A:; (T;(!wl](!ro ir] tilt! !h)(dtlw(!:;l, a tm]ll
w,ll(’1 I,rl)l(’ i’xr;l( ’(1 [:1(1:; (’I(I tllf: Ilw!r, (:[(!illlrl!l rll; ustly (:orlf.litlr)rv; il[l(l Iilk[”!!j, mKJiltiorl
r:rll)liil)lll[vl t[) Itli’; rl;illlr;d (’orl[lltl(]il iir)tll III(! Mi[hllt! 1110(ir’ilr~(l(! (.t[)r]:;(!r vi]rl(?y Ih!;trl(;t
(!ll!lrrl[’(’lltl[l W(]lh Ill ttl(l l;ll[l I1):)OI; ;Irl(l 1!]:)(]:; Itl( M I() tt)() (!l~!lrrl[!(!rir~g work, I:lhm,
Ill; n:; tll’:i, wt’t III(!;I(II )W!i, ;Irl[l il Illlx{l(l w[lil( 11;111(1(ill(:lll(llruj (:oltor~w~)()[l” il[ld wilh)w
tl(!(!:,)h Irlfl(xl ltlt~ rlvr!l, IJLNilll(’[ Ilm (x;r u;trllcli~)rl, Itlr.1Ialws, rllilr SllflS, ard wmt
rr](!;uli)w!; [Il:;;qq)r’:u[ul Wllll)w:l, oru:[! il [x)llullr]r] lr(l(l f[~rlll l!v(vywll[!r(! irl 111[)rl~)illlilll
(’llvlr~~rllll{’llt,” ill’~1~[il’;;ll~l~(i:lll’ll I)kl..l’lll 1(~1!;lll ,111!;(:illl(’[(!(l :Jlrlll]~;
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The absence of large floods since 1941, the Middle Rio Grande Project beginning
In 1948, and the closure of flood control dams in the 1960s and 1970s completed the
changes in the vegetation system.e Spring floods were smaller than previously, moderate
flows extended longer in the summer season, and the channel location became much
more stable. As a result, cottonwood trees have developed into large forms 20-30 m
high, and they no longer regenerate through flood damage. Instead, human disturbance
by construction and fire lead to new growth in the riparian forest. The Kellner jack fields,
erected on abandoned braided channels and flood plains, became the sites for rapid
colonization by cottonwood, willow, tamarisk, and russian olive.

Tamarisk (also known as salt cedar, Tamarix chinensis Lour.) and russian olive
(Ekagnus angustifolia Lour,), especially useful in mapping river forms and deposits, are
exotic species that may be gradually replacing the native species. Tamarisk, a native
tree or shrub in the tblediterranean region, was pad of an international seed exchange
program and appeared in Southern California nurseries as an ornamental plant in 1852.10
By 1900 the plant had escaped cultivation and grew along sand bars and channel
margins of the major rivers in the Sonoran Desert.’1 It spread throughout the Southwest
between 1900 and 194C; it was a domestic ornamental plant in Albuquerque early in the
twentieth century, but became widely naturalized throughout the valley by about 1935
(Thompson, 1958; Robinson, 1965). 12 The plant’s prodigious production of airborne
seeds, long germination period, and rapid growth allowed it to compete favorably with
native trees in colonizing newly stabilized sandy or silty suffaces (Potter, 1975; Everitt,
1980),’3

Farmers probably introduced russian olive to Albuquerque between 1900 and
1915, and by 1935 it too had become common in the Rio Grande riparian communities. 14
Like tamarisk, russian olive colonizes newly exposed river deposits where it grows well in
shade and invades existing woodlands. 1~ By the late 1980s, russian olive commonly
occurred in linear groves along tho margin @fthe channel, but individual trees appeared
in cottonwood areas. It also appeared as new growth in many channel areas that were
artificially cleared of vegetation as a flood control eftort,

Along the Northern Rio Grande of the late 1980s, there ware eight primary
community types. 1“ Cottonwood (Popdus Iremonfii S. Wats.; Populus kerrronfii var.
wislizerrii [Torr, ] S. Wats.; and Popu/Js anguslifolia James) dominates thrue of the rrmst
common riparian communities. In the cotton’~ood/coyote willow community, coyote
willow (Salix exigua var. nevadensls [Wats ] $chneid, ) is the most abundant understoly
plant, but tarnarisk, russian olive, and swy.)willow (Bac,lharis salicm) are also comrnoll,
Grasses and forbs complete the gr~ul Id cmwr

“the cottonwood/russinn olivo cormn~lnity has an uncj(!rstury consisting almost
exclusively of russian dive or, in the alea betwcon Espafiula arid Albuqumque, of NOW
Mexico olive (Foresk?ra rlocmexicana) without hmbacenus growth. The
cottc)nwood/juniper coll~muf~ily also lacks sigrlifl(:ald Ilc!r’bnceous gr(~wtl~, aII(l Ir]st(?:l(l c)t

dhWI, !t]fl dolTllr)W )t UI l[~f?rSt(_)r y @[]r 1! K or’1[) SC?(?(j @r@!r (,/[// )//)(J~S/.S /llo/)(JS#)(?l/ ))(1),

Ilusw;m OIIVO collltl]ilrlitlc?s, wt](!l (! III lhu OIIv(? trees (~(JIIIIIuit(? Ill Il:il-IOW :;tr I~}s ;Ik)Ilg III(?

malrl nvor ctlar]r ml, II N: I(I(Io a f(lw s(v?(lhrlgs of olll(?r tr(~(!s I;llll;ui’;h (:l)lllill(lflilif,’; [l{:(:(n



most commonly in the southern portions of the area, where the tamarisk plants grow to
the exclusion of other tree species.

Three non-arborial communities also occupy the riparian environment of the
Northern Rio Grande in New Mexico. Cattail marsh communities with cattails (Typha
latifol~a) and bulrush (Sc@us acutus) grow in some recently abandoned channel areas
or in low, waterlogged portions of the flood plain. TWO additional community types are
related directly to the river. Sandbar communities have mostly barren, sandy sudaces,
but occasionally support sparse grass, annuals, and various seedlings that do not survive
flooding, The river channel is occasionally dry, and may briefly support some grasses,

Compared with upland vegetation, riparian communities are relatively unstable,17
responding to changes in the river landscape on an annual basis. The importance of
these various vegetation communities to the present investigation is that each community
is associated with a particular type of river Iandform or sediment. The tamarisk
communities, for example, colonize abandoned river channels, so that a map of that
particular community is effectively a map of abandoned channels and sedimenta~ fillings.
Mapping vegetation is often more efficient than mapping the Iandforms and sediments
directly, because the vegetation is clearly defined on aerial photography. Definition of the
age of the vegetation, either through photographic evidence or by direct physical
evidence provides a minimum age for the deposition of sediments and associated
contaminants.

8.2 VegetatIon/Geomorphology ConnectIon

The distribution of riparian vegetation communities is c!osely tied to the distribution
of near-channel Iandforms through historical associations, influence of fluvial processes,
the variation in sediment characteristics, and the availability of grourld water. The river
channel creates and abarmons portions of the landscape til~! !I}en become seed beds
where colonization by vegetation reflects the temporal changes in the river’s course
(Figure 8,2). Forms created by the river before the advent of tamarisk and russian olive,
for example, are less likely to be dolninated by those species than forms created later
when their seeds were available for colonization. In the Northern Rio Grande system, the
areas most densely populated by tamarisk are those areas made available for seedling
development during and after the 1%0s when tamarisk had successfully established itself
in the region.

In midltlon to the klnporal factor, river Iandfor’ms and processes also directly
Influence vcgotaticm cornrnunitios, Cottcmwood often grew along the margins of
singl~-thr(?ad charlrl(’ls before the invasion of tamarisk and russian olive. When the river
coursm ctml~gud, abandorllng some singk threa(l channels, the cottonwoods remained
along the aligrllrwl~ts of the previously active water coursers, resulting in Iinms of trees
across flood plains cov(?rod with othor vugctaticm types (Figure 8.3). Vugotation
corlmlur~lhes rcsponcl to flood processtis as WOII,so that flood plains frequently
irll)r][l;lted by fi.~stflowi~lg wi~t~r aro Iikc)ly to hav~ flood-resistant plant types



Flg[Jre 8.2 Forms andriparian vogotation onthe Rio Grandeflood plain near Santo
Domingo I’ueblo, showing a minor abanclonod channel across the foregrm.mcj covered
with grass and sedges, with tamarisk and cottonwood trees in tho background along
what was onc~ the bank (W. L, Graf Pho!c) /6-24).
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such 8s tamerlsk or willow rather than relatively brittle hardwoods such as elm or
cottonwood.

Fluvlal form and process changes have direct connections to the particle sizes cf
the resulting deposits, providing another link with vegetation communities. Willow, for
example, favors fine-grained sails, and so is most likely to grow on flood plains rather
than on coarse bar deposits. There are limits to this particle size and vegetation
connection, however, because some species, including tamarisk, grow aggressively in
soils dominated by particles ranging from silt to course gravel.

Availability of ground water is a major determinant for the distribution of many
riparian species that are phreatophytes, plants that have extensive tap root systems that
allow them to obtain water directly from the zone below the water table. 1B In most areas
near the channel of the Northern Rio Grande, the water table is within a few meters of the
surface, and minor variations in depth to ground water may influence the nature of the
vegetation communities on the surface. In those places where ground water is forced
close to the surface by obstructions, phreatophytes may gain a competitive advantage
over other species. Near San Martial, for example, a basalt flow constricts the river
channel and the groundwater flow, forcing it close to the surface, Tamarisk, an
aggressive phreatophyte, grows so densely there that it excludes almost all other
species.

An ecological samplmg scheme reveals the general nature of the geomorphology
and vegetation connection. The following procedure provided a census of tree-forms 2
m or greater m height from 32 sample plots scat!ered throughollt the Northern RIO
Grande.

Step 1. Select a starting point for the plot m a representative Iandforrn- sedlrnent area
such as a flood plain, bar, or abandonnd channel

Step 2 From the starting point, define a stralgtlt sample Ime In a randol~l dlrect:on for a
distance of 100 m

Step 3 @efIne as the sample area the rectangle outlmcd by tho area 1 m orI both sales
of the sample Ilno,

Step 4 Identify and ta!ty
swnpl~ area

resulting in an area 100 M 2 rn

all woody stornlnml pl~mts 2 III c)r gI (~iltw’ lr~ hwgllt wlttlin the)



particle size, and Iandform (Table 8.1). The tree densities on the sample plots ranged
from about 3,300 per sq km (an open s!and of cottonwoods) to about 560,000 per sq km
(a dense thicket of tamarisk). A review of the data shows that tamarisk is so common
that it occupies all forms and soil types when considering the entire study reach of the
river. At the scale of individual reaches, however, tamarisk is a significant discriminator of
forms and sediment, with its distribution closely associated with abandoned channels, for
example, Russian olive occurs almost exclusively in association with active channels,
and rarely elsewhere except on abandoned bars that recently were next to active
channels, Cottonwood is a flood-plain species, with highest densities occurring along
abandoned single-thread channels. Willow grows on flood plains and in abandoned
single-thread channels where fine-grained matarials are common.

When viewed as communities, the four dominant species provide unique
signatures for the various depositional environments along the Northern Rio Grande
(Figure 8.4). Although tamarisk is the most common species in each environment, large
amounts of Russian olive identity active channel areas and bars Flood plains have a
mixture of species similar to tho mixture growing on abandoned smglo-thread channels,
though the latter have more cottonwoods. Abandoned braided channels lack the willow
found on flood plains and abandoned single-thread channels. When supported by field
checks, these associations establish connections between vegetatiorl visible in aerial
photography and the less visible ul~derlying Iandforms wItlI their sedlrnent Ttle result IS a
rapid and efficient method of mapping large areas in tlw s(?arch for lIkcly sitcjs for

deposlhon of plutorlium

8.3 Dating Deposits With Vegetation

Once Identhed, landforms and bodIus of secjlm(>r]t It ]~11ii IIqht cmltam plutonwrm
rm;st have a sp~clfic dato of orlglrwtlon tc) permit ass.cssll;(mt of their potcnlml as
plutonium storage sltcs E3ecausc plutwlwnl entered tl~o rhwr systcrTl only after 1944,
ldentlfvlng the mapped deposlis with post 1944 dnt(?s IS ttlt! rlwlhod for c(mn~?ctlng tho
depo~lts to poterltlnl plutomum loadlng In ttlo prosollt st(ldy, irlfurfr]atlon from aerial
photography nnci treo ru~g ages prowdcd dales for tho d(IIN)SIIS
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For those few features remaining in question and for small areas examined in the
freld, the vegetation itself provides a minimum ago for the Iandform and sedimentary body
upon which the vegetation grows. After creation, either through deposition or
abandonment by flowing water, newly exposed surfaces provide seed beds for tree
growth. Direct observation of the Northern Rio Grande shows that tamarisk, willow, and
Russiap olivo begin growth in new areas within one year, and cottonwood seedlings
develop within two or three. Except for willow, each species records the age of individual
plants by developing annual growth rings, usually one ring per year. 10 When exposed
with a Swedish irlcrement borer, a drill that extracts a cylindrical sample of the tree in
cross section 1.5 m above the ground, the ring count indicates the age of the tree.
Samples from several trees on the same form provide a minimum age for the sediment.

Tamarisk, russian olive, and cottonwood yielded useful ring sequences for dating
purposes. Cottonwood was most consistent and provided the most easily interpreted
rings, and most tree-based dates in this study were from this species. Use of the
Swedish increment borer is time-consummg, especially when several samples provide the
most reliable date. Large trees also required greater amounts of time for drilling. A more
efficient approach was to measure the trunk circumference 1.5 m above the ground and
to relate the circumference to age. Figure 8.5 shows the connection between
circumference und ring age for 60 test cottonwood trees, The association was especially
close for those trees less than 50 years old, the age of primary interest in the pmsrmt
study. Aft(.x tl~is initial calibration dfort, the circumference mea:, uremont and tho statistical
relationship slmwn m ~’iguro 8,5 providod estimates of the ages of cottonwood trims on
the Nmtherr] [lm Grwldo flm]d pl;ur~s

8.4 Vegetation as a Radlonucllde Reservoir
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In summary, then, vegetation in and of itself is not the object of the present work, but
rather it supplies a vital link in assigned dates of deposition to various accumulations of
sediment. More importantly, vegetation boundaries are useful in defining the boundaries of
the bodies of sedimentary materials with similar ages of deposition. In combination with the
river’s geomorphology, vegetation is therefore a key in unraveling the fate of plutonium in
the system, the subject of the following chapters.
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CHAPTER 9. SOURCES OF PLUTONIUM IN THE RIO GRANDE

9.1 Inputs From Fallout

The water, sediment, Iandform, and vegetation systems of the Northern Rio
Grande provide the environmental framework within which plutonium moves and is
stored. Plutonium enters the Northern Rio Grande from two sources: atmospheric
fallout and releases from operations of Los Alamos National Laborato~ that enter the
main by transport through Los Alamos Canyon (Figure 9.1). The following chapter
outlines the nature and timing of plutonium loading in the river’s sediment system as a
means of identifying those years when sedimentation is likely to have accumulated
deposits with the highest concentrations of plutonium.

Most of the plutonium in atmospheric fallout is from the testing of nuclear
weapons. Five nations have detonated a total of 484 nuclear devices in the
ahnosphere--466 with known dates.’ These explosions have injected plutonium into
the general atmospheric circulation, resulting in a global distribution of fallout as the
material returns to the surface. There are three types of fallout: local, troposphmic,
and stratospheric.~ Local or early fallout occurs within a day of the detonation, and
consists of particlc!s 100 200 microns in diameter (fine sand) transported in the lower
almosphc:ro ancj cicpositcd within w?veral hundt ed kilomotors of the site of the
ex~]lusmr].

1 irwr p;]rtick:s Iriw(:l gI (mtcr (liNilrl(:cs ilrld dispcuxm CW(!Igrcnter areas.
1roposplwric f:dlc)ul cxxurs wilt]in il Il)of llhd ltm ctctormtion, ;IId consists of pnrtick?s
Iuss tt~ilr~ 100 n]icrmw in diilll)(!l~:r (rrwstly sill sized) transpm I(XI in Ihc Iowcr
atllmspt wrc, I tw ghi ~ill ntl] )wq)t writ circuli]tion trm)sports hol)ospt \cric fallout around
tlw world ifl il I)illl(j ill)()(ll 3(1 d(lgrtm I;ltitu(h] Wldu, rmlt(m(l orl 11W3silo Of ttW
(!xpk)!;ir)r]. M():;t (II tll(! Ir”olm:;~)h(wc 1,III(NA (h!livcls ~)!(Jtrmi(Jrllto the oarlh’s S(JrfilCC!in
~)r(:(;l~)ililtiorl (w(vlts, Wlltl orlly il~)olJt 10 ~)(!r(;(!rlt O(x:(lrrirl!l [I!; [lrvfilll,”

strillo:;~lt](!ll(: Iilllo(ll r(!fl(lir (!:; !;(!VC!I ill Y[!ilr!; 10 r(N(Jrn h 1II 1(!Wldi KXJ md corwi:;ts
(I1p:llll(:l[’!; 1(!!;!; It I 1!1 1[1 Illl(:f’(ill!; Irl ( Ii:lllll!lf!r (lll(l:~lly ~~lily!;IA![ 1) ~tlill ltW-Iuxplosiorl ~li~S

Irlj(!(:h!(l ;IIN)v(! Ill’ lr[qN )[x N1!;(!Irllo Itu: :;tr;llo:;l)ll(:lo” At Il](!:;( ! I ]If,~l]idtilu(k!s (qroilh!r
Itlilt’1 1(),[ x)() ril), !Il[)t)id :l[lllo !;l}tll!ll(: (:ll”(:llltltioll (h’;tlit)lJl(l!; Itll! Illill(!rlill ttllo(J(ltl(NJt ttlo
tll!llll!i l)tl(!rl! of II](! OII!I II ltlllllfl (1( ’loll illloll.” { ]Illy Irl (Jll(J:i(Jill 1:11(:1 Jlll!;t,ll K;[!S Wll(!rl ~tl(!
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from this source. The majority of detonations at the Nevaaii Test Site were at times
when the prevailing wind was fr~m a westerly direction,’ and the San Juan Mountains
are the first major mountain range exceeding 3,000 m in elevation downwind from the
test site. The paths of debris clouds often crossed the axis of the Northern Rio
Grande,5 so that it is likely that the rivw system now contains plutonium from the test
site.

In addition to weapons testing, sources of atmospheric fallout of plutonium
include atmospheric disintegration of satellites fueled by plutonium and weapons
accidents. Several satellites have fallen from decayed earth orbits and released their
plutonium in the upper atmosphere, including the SNAP-9A navigation satellite lost in
1964.6 Most plutonium from satellite debris is likely to be in the form of tropospheric
and stratospheric fallout with hemisphere-wide distribution and latitudinal bands of
higher concentrations. Weapons accidents such as crashes of aircl aft carrying
nuclear weapons have released plutonium in restricted local environments, but
because they were not in the western United States they are not likely to have affected
the Northern Rio Grande.

The total amount of fallout over the entire earth surface is about 24 kCi of
plutonium-238 (16 kCi of which is from SNAP-9), 154 kCi of plutonium-239, and 209
kCi of plutonium-240. T At a global scale, the distribution of this fallout is uneven.
Plutonium fallout from all sources is at a minimum (less than 0.005 mCi pcr sq km for
piutonium 238 and 0.01 mCi per sq km for piutonium 239,240) in the ‘iO degrees of
iatitude surrounding the South Pole.a The maximum is ill the band between 40 and 50
degrees North: 0,079 mCi per sq km for piutoniuln-233 and 2.2 mCi per sq km for
piutunium-239,240, in the latitudinal band ccmtaining the Northern Rio Grande, faiiout
has been 0.042 mCi per sq km for piutonium-238 and 1.8 mCi per sq km for plutonium
239,240.

Atmospheric detonations that have contributed faiiout piutrmum to the surface
have occurred irregumriy since 1945. Figure 9.2 shows the time series of aii known
detonations, except 18 tests ill Ihe former Soviet Union between 1!349 and 1!358 for
which there are no exactiy known datus. g The amount of material injected into the
atmosphere by each individual test dt?pcr~d(:d on the aititude of the burst, ground
conditions bene.nth !Iw hl.lrst, iocwi wrmlhr~r conditions, and ttm nature of the exploded
device, but the ovwaii tl ends indicato Ihc: prubabiu gcr-wrai plutoniuln iondirlg of thc~
atmosphoro and resuhlll~j f;liiout,
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detonations.10 Strontium-m loadings in surface materials increased significantly from
the early 1950s to 1961, and then rapidly from 1962 to 1965 in response to the
numerous tests in the early 1960s (Figure 9,3). Assuming that plutonium followed a
similar trend, the peak rates of fallout input to the Rio Grande landscape probably
were between 1954 and 1967.

Once fallout plutonium reaches the surface, it quickly binds with soil materials
and becomes pan of the soil erosion and sediment transport system. The movement
of these ...materiels determines the fate of the radioactivity.=l 1 In a broadly based study
using agricultural models, George Foster and Thomas Hakonson estimated the
amount of the fallout plutonium that was likely to be eroded from earth surfaces and
contributed to river systems. 12 Taking into account climatic variations, differences in
land management, and vegetation cover, they attempted to account for variability in
plutonium mobility from one region to another. They es’ knated that about 0.02
percent of the total plutonium inventory in soils was delivered to streams each year in
the eastern United States. The delivery rate was about 0,04 percent per year fcr the
Northwest, 0.05 percent for the agricultural Midwest, and 0.08 for the sparsely
vegetated Southwest. If the average fallout deposition on landscapes had been 1.0
I !Ci per sq km, the resulting concentration of plutonium in river sediments would
range from about 0.01 in the Midwest to about 0.04 in Southwestern river%.

Foster and Hakonson’s calculations provide a useful general picture of fallout
plutonium in the Rio Grande system. Their calculated “enrichment ratio” for the
system, defined as the ratio between the amount of plutonium in soils and the amount
in river sediment, showed that concentrations in river sediments were about 2,76 times
the concentration in soils--close to the naticmal average ~able 9.1). The value of their
‘concentration index” for the Rio Grande, a measuro of the concentration of plutonium
cm sediments in fluvial transpofi, was much above the national average. Given the
estimation of a plutonium-238,239,240 combined fallout burden for the latitudinal belt
including the Northern Rio Grande of 1.842 mCi/sq km, ‘:’ Foster and Hakonson’s
method predicts about 0.0737 pCi/gm total plutonium in river sediments. This valuo is
the samo order of magnitude as values reported for reswvoir sedimenls in the system,

F-ester and Hakcwmon’s analysis contained a theme cenlral to the prescr]t
resemch. They estimated that, in thcr Hio Grande systulnl moro thatl 99 perccrll of
sediment erodod from the kmdscapo rcnmms m the river system ovor a 7(I year
period, and thi.lt t)c~iius[~ tt~c. fidlo(lt phih.)niunl is ;Ill]lost :]11i~ttii(:t~d to tll;lt S[!CIIIINYII,
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tho prosor]t work ir](lw; II(% tlli]t ttm tiquro is probilbly WI pcrccrlt. 1hcx;(! I]ql] ri]t~s of
storago provider two inn )nr[illlt corwlusiorw rugiwdirlg plutolulml irl tht? Nc)rlh~vr~ IWo
Grando:

!:)4



Fw~Yt393 Nwwd Wnosptwic Ioadmg of stronlwm 90 from nudew wgapcm Insrmg
(dat@hcmnGlmmlarm and Dub, 1977)

135



TABLE 9.1 PLLITONIIH AHO WOIHENT PROCFSSFS IH LARGF BASINS

— ——— _______ ._ ______________ ---- _________. .- -- .

-.—-- -. —.. .. . . . .

Hudson

Sauannah

Mlaml

Ohio

IenneSSee

Upper Hiss Iss Ippl

Hlssourl

Intal Ilpp-r Mls~l\lIpIIl

Arhm~a~

Ilmrr MIs\l; .. IpIII

Iolal Ml%sls%lppl

Rlo tiranrir

rlllltilm

&nn

Averafie
ErosIon

Rate
(kg/nq ❑/yr)
..-. ...- .. .

0 3fl

O 36

0 IN

O hB

o ?1

1 0)

o II

O 07

0 61

0 H5

o 19

0 1?

o J?

o 10

Percent
Sedi~nt
Stored

-----

91 t,

99 5

91 0

94.5

94 c1

91 9

(I5 ‘1

WI 4

w 9

v? I

‘It 7

Ill) \

w 7

II’, 7

Concen Percent
tratlon Plutonlh

lnde8 [roded in
(sqm/kg) ?0 Vears

r) 0175

0 0010

0 0090

0 0116

00111

0 ofJ(14

o 0044

0 0040

n 01]4

o (104’1

o no’14

o 01 Ill

o 0141

0 [)(111/

o 711

0 151

0 4’)9

o 605

0 ’814

0 4.lfi

o 4[11

o 41!H

l-l 411fl

1) \’11

I-Jdlh

o ‘,/0

0 ?I1l

0411

I 3[i



must be the same as the fate of the fallout plutonium. Therefore, almost all of
the plutonium from the laborato~ is, like the fallout, still in the system, mostly in
river 1jeposits.

The estimates by Foster and Hakonson necessarily contained significant
simplifying assumptions. 14 Although they recognized that plutonium concentrations in
non- agricultural soils declined exponentially with depth, tor purposes ot calculation
they assumed uniform concentrations with depth. Thus, estimations of annual
releases of fallout plutonium to streams were the same for each year in their
calculations. In reality, plutonium losses :0 streams are probably relatively high
immediately after the fallout occurs, and relatively low in later years. Fallout cesium
(and almost certainly the associated falloul plutonium) losses from soil to river
sediments was 50 percent greater in the year after fallout than in subsequent years.’s

The time series for atmospheric nuclear detonations and the estimated delivery
of fallout plutonium to streams from the landscape provide Insight into the variability of
plutonium in deposits. Because fallout loading of plutonum in the Northern Rio
Grende occurred at a maximum rate during the 19GOS,sedlmcnt deposited along the
river during that period are Ilhely to conlain the greatest amounts of plutonium.
Eecauso loss from SOIISto river scdlrnents was greatest m Ihe years immediately after
the fallout occurred, plutonlum inputs to the nvcr systrvn from fallout peaked before
the 1970s. Smhmcnts clcposltcd dur IIIg Ihc 1!IIXIS rllily tlwwhrc rcnsormhly be
expcctcd to contain higher amounts of plutorllum from fnllout than dcposils from othnr
periods Dc?cause almost all the scchllmrlts In thu Nwttmrn I{ ICYGrnnde during this time
pcnod were elthcr stored on flood pkwm or m rcwvvuirs, rllost of tho fallout plutonium
IS still m tho system

9.2 Inputs from Los Alamos

I tll’ liltll~l;lh:ly. Irl l:rw)ll Jllf:llf Vl Wl[tl ltll’ [~ ‘i I’llilhf ’ t h’:lhtl !;[VVII’[’, (:[Jrl!ilrll[:UtCj il
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waste treatment plant in 195I (labeled TA-45), and thereafter liquid that emptied into
Acid Canyon contained relatively few radionuclides (Figure 9.8). Some variation in the
radionuclide content of effluent occurred because new facilities began contributing to
the materials being processed. In 1953 a new facility south of Los Alamos Canyon,
TA-3 which included the Chemistry and Metallurgical Research building, sent liquid
wastes to the treatment plant. Also in 1953 the Health Research Laboratory (TA-43)
began providing wastes for processing. In 1958 a new radiochemistry facility added
more materials for trsatment, Wastes from these sources contained highly var able
amounts of radionuclides, and not all of the material required processing to remove
contaminants before release,

In 1963 a new treatment plant (TA-50) south of Los Alamos Canyon began
accepting wastes from the research facilities south of the canyon ~A-3 and TA-48).
Its releases contain so few radionuclides that they are not an issue in the regional river
system. In 1964 the original laborato~ facilities at TA-1 and the original waste
treatment facility (TA-45) ceased operations, and there were no further releases of
effluent into Acid Canyon north of Los Alamos. One additional facility on the main Los
Alarnos mesa, a plutonium processing plant (TA-21 ), released treated wastes into DP
Canyon, a small tributary to Los Alamos Canyon, between 1952 and the early 1980s.
These releases contained less plutonium than those from the waste treatment plant
that emptied into Acid- Puchln Canyon, bu! the materials Emcalne included in the
alluvium in the canyon floor.

Decontamination ard decormnissioning of the original ,;aste Ircatlncnt plar~t
(IA-45) and its acid sewers that emptied ovm the cliff face+began in 19(36. ” Workers
demolished the buildings, cdlectcd the debris, disrnnnllcd the pipelir~c!s, excavated
soils in tho vicinity of the structures and under the pipeline route, r(!rnovml the rock
from tho cliff face, and buried tllo rnatcrials m the sulid waste disposal area at Los
Akmms. 1 Iwy ;11so r(!lll[nmf S(HTNJ alluvillrTl frc)lll ttw fhr of A(:Kj Cnrlyarl and buri(d

it at ttw ciispOs; ll 51tn,

I ho :lrImur]ts r.)f fhlto:liulv Irltrcxhccd into ttlu dlluviulll 01) Cilrlyl)fl floor:; Ill Itm
[05 Ali]ll105 ~ilr!yorl Sy!;tf!fll (Whl(:h lrlCl(J(l(!S A~i(l f’lJ(Jt)l(J ;Irl(j []1) (~ilrlyorl:;) by

Iitwntd!r]ry r)~wr;lli[jrvi :lrw I W! ~w(fl(.:lsf.dy Allr)wrl, I)(!(:;lll::r! It)(! (! fllll(!rll w:Is I]ot

C(lrltirltloljsly ii!; ~(!!; !i(![l for ril(~iol Iu(:lido CofIt(!l lts I“”orA(;I(l ar~(j I)u(!lllo (JwIy(IIw, tlwe

arO tW(J ~NJl)ll!; tl(’(1 (!!;lll IJilt(~S of tll(] I(ltill plLll(lrlilJll\ r(:l(!il!;(!% irl ttlo [N!rKJ(l Ix?lwu(!n 1943

and 1!)!)() wll[!rl tlwr(! Wil!; 1“1(3rlk)rlltor’irlf] or :I(!iltlll(!llt, 1 Ir:lt, Ijt(Jl\(!r illl(l I]i:i il!;!;()(;iill(:S
()!;tllllill(!(i tt](! to[ill for tt](l l!)4:j IT)!J() ~)(!II()(j ii!; 1!)() II I(;I ‘“ ‘“ I.)( (:011(1, 1 ;111(! illl(l Ilis (:1)

w[)t-h(~rs IJ!, (’(1 (Iillii ft(ltt~ III(! l)l(Jtor~l~lll] (;ol)(;(!l]t~iitloi)~” III tt)(! (:i II Iyo II illlLivl(Jl~] ii!;

l)(lt)ll!;tl(!(~ I)y !itokr:l ;111(1 (! ’,!1111;11(!(1 Ill:lt 1!)() 11](:1 ii!, 111~)(11 W; I:; 100” IOW to [!xldilifl III(!
illl)()(llll 111(’ii’; (ll(!(l Irl Itl(! !;~!illlll(!llt!i 1’1 1 ilrl(! (:ill(:(llilt(!(l fl(}lll Ill(! (!lll~)lll(:; ll (I;ll;l

(jilt l)(!l[!(l Ill Itll’ 1,11(! 1°/(l’; tllill Itl(! 101;11 illlll)(llll 01 ~)llltol)llllll Ill tll(! [:; llly(lrl Wil’;

:N)() !)[)() 111(:1 11(’(illl’;(l 111;11 ;IIII(ILII II l(!~)l(’’;(’lll!i 111(1 1( ’ll)illl l’, ,Ifl(’1 1( ’I IIOV,II (11 ‘iolll(!

Illiltl.’llill I)y ‘I,ltlll ill l!l[)!,lflll, Ill[!l(! Wolll(l tlilV(! I)[!(!ll 11101(” Ill Itl(! (’ill lyoll oll(~lll;llly.

11;1’11’(1 011 till’! 1111(’ (11 ;Ill; lly ’,l!,, 1;11}1! (~!illlllill(’(1 tllilt 111[~ 1!1.1:1 l!)’ 1( ’I II; I!; [!!; (:0111(1 IUIV(!

I) fl[!ll .1’; 111(]11 ,1’; ‘1,()()() II I(:1 ““ 101 (’OIIII) ;III!; [)I1, 111(’ ;Illllllllll of II I(II(LI(’IIV[’ Ill; lt[’ll; !l

l(’l(!il’,~ ’(l Ill Ill!’ 11:1 (’(1 Itill(’ IRII;II1(I, l){~lll~:,~lV~ll]lil, lll(’l(llil]l w~l’, ,il)t)lll RJ[)[11(:1,;II](I 1]1[1
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amount of plutonium remaining at the Nevada Test Site, even after clean-up efforts, is
about 200,000 mCi.21

The variability in the estimates for the Los Alamos releases make a general time
series for the release of plutonium into Acid-Pueblo Canyon impossible for the
1943-1950 period. However, some refinement of the estimates of the timing of the
releases is possible. Lane and his associates estimated that the minimum estimate of
150 mCi was distributed over the period 1943-1950 at an average rate of 18.75 mCi
per year in the absence of better information.22 However, historical accounts of
plutonium delivery to Los Alamos (see Chapter 2) show that significant quantities did
not arrive at the site until mid-1945, Therefore, the 150 mCi minimum estimate was
probably distributed over the 1945-1950 Deriod, with an average rate ot 25 mCi per
year. If the empirical data used by Lane are correct, the rate could have been three to
30 times higher than this minimum value.

Aher treatment and monitoring began in 1951, releases were very low, and also
well defined, A similar estimation period followed by lower but better known values
characterizes the record of releases for tlP-Upper Los Alamos Canyon, Because the
mean values are spread over several years, time series of releases for both canyons
have periods without trends. Magnitudes are rxobably best represented as minimum
values, but with the reservation that substantial errors are possible. The general
trends for releases over several decades show that the pre-1951 period is the one of
greatest importance for plutcmium loading of [he systcm (Figure 9,&3,“Table 9 2). Afior
that time period, natural erosion, transportation, and depositiorml processes l~lcwcd
the contaminated scdir~mnts dowr]strwun toward the Rio Grande, and now londlr~gs
were relatively small.

1he transfw of tlm corlkuilirmtud sudirlwnts from 1[ : Akmlos Canyon irllo Ilw
Rio Grando through rwturnl str carl~ procwsscs in the tril.mtm-y canyons WLK tm
inconsishmt prucuss Str’ci]rll fluw Irl ttw CilrlyOrlS is sporaciic, without flows dimrlg
Somo yt?iVS. In L)lll[?r Y(’ilrs Sr}(JW :11(?11 Cr(!at(!d Spril q dlSChilr~C!S, and Surnlll(?r
thundw%!orrl~s pr(NiLJ(;(.Nifl;l.jl} fl(xxis. As ii rum.dt, tl~c ci~r”ly(m syst(!ln dl!;clulr~~(l(l
plutor)iurll 1)[’ilrirl~J :;[’(lilll(!rll:; Irllo ttl(! III(J (;rilrl(lf.! !;lJVL!rill tirll(!s, wlltl Itl(! (~(lilrlllty
rc)l;lt(:d t(l tt 1(! ;ill)oilrll of Will(’r ilVilllill)l(! for trilrv.qmltirl!~ II](! rll; lt(!r Iill!i Ir] wofh

mithniltir~q ~~)t]t,ill)irlilr)l lfiill!;~][)rt Illr(mfjll Il](! I [):; Ali]rl~(l:i (;i~rly[)rl :;y::h!rlll I ilr](: ilr~(l
his i15SL)Ciilt(!S (;;11(:111;11(!(1Illilt rllrlolf W( )(11(1lrilrl!i~)ol I It II’ (’rlllr(! ~llLitorllllrIl Irw(!rltory lrl

thO Cilrlyorl Sy:it[’rl) I() III(’ 1110 {;r,irl(lf! :iorl](’tlr]l(! b(!lor(” :J()()(.l ‘“ I Il[! (!l(il(:t Ilrl)irl(]

Wollld (.l(!\)(!rl(l or] tll(! il’l!;ilrll(’il ol’ll~rrlill Ioil(llr:(j ilrl(l Ill{’ Illlllly 01 Itl(w ;I:i:ll irlll)tlr)rl’i

ill)(lllt ril;l[pltlJ(l(! ilrlfl h[![lllflrl(.y of r(irl[ Ilf [!v(!rlf:, I 11(’y (Rillll)rilt(’(1 Illlw rllo(h!l [I:;ul(j
rm; onstrlml~ui I“(v I) I(I!; of rllrloll (w(’rlt’i 1~(’lw(!(’rl 1943 ilrl[l 1{1}{(1, w~[f (Y:;tlllud(’(1 Ilw
illll(l(lrll of I)l(ll[}rllllrll r(!il(’tllrlfi 1110111[)( irrlrl[ll’ I!y (x)rlllmurl(l :;[vhlll(’rlt ll:lrl:;l~r)rl rill(i!i,

rllil(]rlilll[hl ;u}(l fll’lllll!lll”y ()! Wiltl’1 (Il!i(.ll,ll(l(”i, ;Irl(l I)llllfvu(iill (“[}rl(”[’rllrilflorl (li Iti I
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Canycm carried sediment and plutonium to the confluence with the Rio Grande, where
the materials became involved in general transpofi processes in the main stream. In
many cases, the flood peaks on the tributary stream did not coincide with the annual
peak discharge in the main stream, so that sediments from the tributa~ moved only a
short distance downstream in the Rio Grande. They were often deposited at the
mouth of Los Alamos Canyon, along the north bank within a few hundred meters of
the mouth, or on bars and in sloughs within a few km downstream along the Rio
Grande.

9.3 Remobilization from Storage

This limited range of transport for the initial injection of sediments from Los
Alamos Canyon is likely, because the materials from the tributary are coarse-grained,
and likely to be mostly bedload in the energy environment of the Rio Grande, except
during major floods. Silt and clay particles, with their high concentrations of
plutonium, make up a small amount of the sedimmrt load from the tributary, These
lesser amounts of fines would have remained in suspension in tho RIO Grandc, which
would have transported them at least as far south as Peha Blanca, After the closure
of Cochiti Dam in 1973, infusions of suspcndc?d sodimont would have become
reservoir deposits, and virtua!ly none would havn passed Cochiti Ilmn.

I hc acllJal amounts of sLJslmll(icd kmd nnd bcdkmd irljC!ctc!d by rmtural
procc.!sscs in 1os Almnos Canyon inlo tho Ilio Grander aro pcm Iy known. 1ho
calculallc)rw in Iho prcwnt study asslJmo ttlilt t)o(lloacJ cmrrics Itm sigr li!icimt pliJlorlium
in th(! systwn, baswj cm tho ilnportimco nttnctmcl to conrs(! 1UII IIclos by smlimcntary
studies III ttlt? cnnyon 7!’ Moasuronmnls at gi~~l~;rl~ sihw ih.]r]g 1os Alnnms Canyon
hnvu prm.lucccj hm fuw d:lt;l [r] r~)iM firm corwll JSI(NM nlxmt tlm s~lt)divwimw of tho
smiil~}{!lll Ioilll 1ho s~xvso (Iiltil fr(ml sixloon d mwvatlorls strew tt lilt wilt }irl I 0s
AIWIN)S (hrlyor] wlwrw plutuniunl inpul hiu-i O(XI Jnml, Imd srxlin~[?r~ts w:c:ourllod for ml
i]v[}ri Ig(J (Jf ;I1.)OIIf /0 ~)(!f(:(!f]t of II ](; t( )tid :;(dirl IL’111Ioi Id (wIII1 n :;t:II i(Jill d (J(]viidiorl of ? 1
p[!rc(!nt, ;~rl(l n I i]f~[l(! (,)IWI to [J5 pr!r(:(:nf) .:W’Al tl](! c(vlflu(!rlco of tho cnf~yon with tho
[~io cjrilll(i(!, ~)(!(~loil(] II K)VIIMJ irl I OS AI;NIKX; c;illly( 111 is [)IIIY :ll)ollt ~~ p(!r(.xll’lt (If tho

l(lil(~ (wilt] fl !;tilll( Iill(l (II IVI; IIK)II of 21 ~NW(XN}t,illi(i [1 l“ilrl~j(l of 1I to (Xi pt]lc(vlt), Solrlo”

llll~)ollilll[ Illilt[!lli 11!; Ill II 1(1 !iy!it(!l Il illo II M!I”(J!OI () ~)l”ot)ill)ly !.il(ll”()(l Ill OV(ll”l):lrll( ;Ir[l:w
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11:111’ ;1111111111[ II)(’ I ()’. ALIIIII}I, (h!llVIVl ~)hlhlllllllll lrIt[) ftl[l III() [ir; III(h I :1!; ltl(! t)(uh):I(i,

[J1’! fll!ll I’ ‘ !“,l’,ll (:11 l’; l[’(llllff ’(1 !() (1( ’flll(l Itlfl l(!liltlol) !;lll~)!; :I(:(:lll; l[[!ly Itlo I)(!’;l

1)1( ’!; (’111(“,11111;111’ l’, tll:ll 1)1111011111111{11’i(:tlillrp’!; 110111111(1IIll)lll; lly Illt[) Itl(! 1!11)f; f,lll(h!
;11(! ill)lllll 11l}[)l(~[’llt I)V !)f)llllloll, !J/ lNv(:[!rll I)y :;[I:;I)(!II(I(NI !I(UIIIII{IIIIC1, :111(1 do lirw:f}llf

I)y I) f’; !filllilll ““

!h’(illllf ’111’~ Ill [ r)!; AI: II IN)!; (;;lllyf~ll 11111)1f!fllldt[’(1 Wlttl I)illt[)llllllll II I[)VII (hlWll ltlo

(: III IYI)II !iy!il[ ’111 Ill ;1 ‘;ll’[lWl’i[! I; I! II III) II, Wlltl [!;1(:11 !ili!l) I; I “II il’i ;I I(’W llllll(~l!l 10 il I(IW

klll)llll’1l’ l’, (illllll(l f’il[:ll Ilooli” (Wf!lll I ill~tl 111)(1(1!,1[11[!!1 III(J !;(!(11111[!111!; il!i (:tlilflll(!l 01

til)llil IIlillfl lil’l)ll’,li’l, ,111(1 (I; ll’tl ‘~llll!dv~ll[’111 Iloo(l” ll’llllll M114”ll’; 11111111(Illtll IIMIV I(l; l[:tl !1)[!

illll(illllllll’ liylt~lll ll’lll”ilily, ltll~ !s; llllll 11’llll)t)lilly ‘,ll)lill J(’ ;11111 ll!llll ~l)lll::lll[lll I)ll)(:fi!i’,ft!i

;Ii’:11 fill.111 Ill 11111111,1111‘, II I!; II II, lNlt IM’(’; II I’,1’ 1111! f:thllll N’I Il; l’, (:[lll’ll’, II VIIIV l){!l’1 )11111

!’)1



smaller and more stable, storage consumes much of the material and relatively little
becomes mobile again, at least on a time scale of several decades. After 1973,
remobilized contaminated sediments came to rest in Cochiti Reservoir, so thal
continued monitoring of the resewoir is critical to an effective surveillance program

In summary, there are two sources of p!utonium in the Rio Grande sediment
system, and the maximum input from both sourcss occurred during roughly the same
time period. Fallout plutmiurn from atmospher~c testing of nuclear weapons and from
satellite debris was at maximum in the 1960s, and erosion processes moved a

substantial percentage of that fallout from slopes to stream channels during the same
period. Contributions from the fallout on the landscape continu~ at a reduced level.
Plutonium from releases at Los Alamos were at maximums from the late 1940s to the
early 1950s, but sediment transport pfocesses in Los Alamos Canyon that injected
peak amounts ~f the plutonium into the Rio Grande occurred in 1951, 1952, 1957, and
1968. Sediments deposited in the Rio Gramfe immediately downstream from C)tciwi
during the 1950 -19?’() period are therefore most Iikc!ly to contain the highest amounts
of plutonium in storage,

l!);’
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CHAPTER 10. WATER, SEDIMENT, AND PLUTONIUM

10.1 Plutonium lnRivor Water

[lllJtflniLJll] o[:clJrs intllonafLiral nrlvlrofllTlellt ofth[: Nmthmnl{ioC3rmdeinthfl
nlmosph-n w;ltor, biolopic systwI Is, al Id surfar w rl~i)l(~rds During the period whm
@JtC)fllLJlll hiw b(:(.!rl ~r(JSOlll, t~loso S@(:llls wl(~ rIliilUn~lS hi.wfl UndOrgOnB some

g(!n(!ri~l ollvlrc]rll]l(:r]l[]l changes affcctm~ their (Iudl It.mti(m (1quro 10.1 ), 1he prosont
work cmwontrnh:s on scxhmcnts bccxmse ttmy mo ttm ~x~riin[l of the total system that
CllfItilll 1!; {)!]% 01 plutoruurn irl Sl;lh~ (:rlvir~)rllll(~rlts, 1 Irl(:lu[iirlq ttw orwirtmrnent of tho
suulllwtN(g[rl lhutwi St; Itcs” irl dyr lilIIliC systmls !i(ic:ll n:l nwrs, tho nmvwmmt of
Iriillf ’rl:ll!, (Xllrl~dl(:iltl’!i !I(:rl(grlll !;lilll(” llll~]l(:S:iiorH I 01 (!Xitlll~Jh!, coi Ic(!rltralicms in
Wilt(:r rll;ly t It! vllr y klw, t )llt It II! ilrlll writ of Wiltl?r pil:i%irlg tt IIolJ@ I tt I(J SyStCln is Iargo,
!;(I It Iill II It: C]lJilrltlty IIkly Illilk(.! up h]r tt m low corwrltr illl(lrlS in curwldwinq ttm entire
fhlx I twn dorm, n corllldlql(s vi(!w [Jf It 1(! plI Jlorlitlll 1 irl wxliflmr]ls d~!~mrlrI!i (m a crmtcxt
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plutonium-238 and 0.130 pCi/1 for plutonium 239,240, were from a sample mllected
from the Rio Grande at Embudo on August 7, 1984. There is no apparent explanation
for the occurrence, although U.S. Geological Su~ey gaging records indicate that 1984
was the year of lowest annual water yield and Icwest flood peak for the river at the
sample site during the 1977-1988 period. The association between low flows and
higher plutonium concentrations in water does not occur generally in the data.

There are no well-defined geographical patterns in the values for plutonium
concentrations in river water in the Northern Rio Grande. The concentrations
throughout the 1977-1988 period were consistently higher in the Rio Grande at
Embudo and the [lio Chama at Chamita than at the other sites. According to a t-test
of cliffcrence of means, the mean for the Rio Grande at Embudo is significantly higher
than the mean for the Rio Grande at Otowi (at the 0.05 level). It is not immediately
obvious why these relatively higher values do nd continue in samples from sites
downstream in the Rio Grande, but in any ca:;e all the values are small and close to
levels of detection.

Los Alamos National Laboratory has also collected data on plutonium
concentrations in the water of streams flowing from the Jemez Mountains and the
l’ajmitc] Plalcau 10 the I{h Grando in tlm vicinity of Los Alamos, These local streams
tli~va cmm~?ntrations of plutolliufn that are slightly highur than the main stream (TWO
1[),1, A~)p(!rulix 1“2)), prolxlbly bccausu c)f fi~llotjt cm the higher mountain watcrshocjs of
tll(! tril)[ltiwi(!s, 1hcsc 10ciIl str(!illlls inc:lu(lu ones driuning woas affcctcd directly by
I;ll)(lriltory (ql(!riltiorls, as vvdl :1S c)nr3s ciraining Ullilff(?dC3Ci areas,

I xt[!I\sIv(! s;lIIIIJhIKj dlIrII lg IIw Illi(l(ltu I!l!os of wat(!r fk]wirq in strwmns
ii:; :i[)(:iilt(!(l will] Iid)oliitorv” (q.)l?rilliorls (1US Ali~ilios Ciulyonl l’; lj;lrilo (;i~r)yol I, I] LK)I)ICI
(;illlyor II ill)(l W,lhw (:ill)yllfl) Stll)Wl!(~ tt lilt ttMl StH!illllS Cilrry rw III(N’C plutonium if] their

Will(}l ttlilll (Jlll(!r IX!iii(}rlill or 1(1[:;11!$tl{!illll!; I II(1 I)llltor In,lll (:oll(x!rltrilti( jrls irl th(l

Iill )olill(lly illl(!(~l(!(l !ill(’illl)!i ill[l !;liltl!;li(::llly :illllkw to ttl(l (:[)ll!:(!lltriltiolls irl Illlilff[!Ct(?Cl
!; II(!; II II!;.

10.2 Plutonlum In Ftivcr Sccilmcnls
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flood flows, and is the material often sampled for plutonium concentrations and
reported upon in Los Alamos National Laboratory surveillance reports as river
“sediment.” Investigators collected these materials near the channel margins as grab
samples of sediment resting on the channel floor in the lee of cobbles or boulders.3
Bedload sediment data for streams in the Northern Rio Grande for the 1974-1988
period have been previously published en mass.’ Appendix E3 summarizes the
plutonium concentrations for the Rio Chama at Chamita, the Jemez River at Jemez
Pueblo, and sites along Lhe Rio Grande at Embudo, Otowi, four sites within White
Rock Canyon, Cochiti, and Bernalillo. The mean concentrations of plutonium-238 are
near the minimum level of detection, while those of plutonium-239,240 are significantly
higher (Table 10.1 ).

The data show that there are about three orders of magnitude more plutonium
in bed sediments than in river water (note that the unit of measure for plutonium in
sediments is pico-Curies per gram, while for liquids it is pico-Curies per liter, and that
a liter of pure water has a mass of 1,000 grams), The values do not show temporal
trends at any of the measurement sites. ‘l”he bc:load plutonium concentrations do not
show a statistically significant geographic trend along the Rio Grandc, though the
concentrations at Otowi are the highest ones. The Otowi concentrations probably
rctlccl cc)rnbirmd inputs from fallout and from Los Alamos National 1ok.mratory via 1 os

Alamos Canycm. The corltributinn froln Ihc Iilboratory must bo small in aclive tmf~
~edlrll(:rl[s at ttl~ tirl]es of Incnsurenwnt, buctause the difh?rcnce in mean

concentrations botwccn Otowi and [~mbudo (above 1CE Almrms Canyon, and
reflcctmg only falloul col]tr ibuticms) mu statistically ir~significant. About 5 krl~
ck)wnstrc!nrn from tl}c! confluoncc with 1os Alwnos C;myoll (nt the corlfl[lc!lw(! with
Silrl[ll;l Cnnyml, lrlulll!(lli~t(?ly bduw f3uchrlmr!), plutormllll Corl(:erltr;lll(}l]s in bc?d

scdillwrlts rc!tlm~ tu k!v(!k S(} I(JW ttlilt IIl(?y drw I)(?low ttl(: r(!~ji(]td rlu!; lrl.
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affected by operations cd Los Alarnos National Laborato~ and located within the
laboratory boundaries have considerably higher mncentrations sometimes ranging up
to more thm 20 pCi/g, but they are usually fess than 2 pCi/g. These relatively high
values do not occur outside the Iat%:atow boundaries.

Almost all the plutonium detected in bedload and suspended sediments of the
active channel of the main river is likely to he fallout-derived. The only time that
plutonium from Los Alamos National Laboratory is likely to be in the active channel of
the Rio Grande is during and immediately after discharges from the canyon channels
draining the laborato~ area. Eecause sampling of active sediments in the main
stream rarely occurred during such events, tho data describing active sediments are
probably reproscntative of the activity of the system without direct input from
laboratory operations. Only reservoir and flood-plain deposits that integrate inputs
over time are likely to contain plutonium from both sources.

Previous chapters showed that although there is a great deal of sediment
moving through the Nortlwrn Rio Grande system, a great deal is also being stored, so
that much of the plutonium in the system is also t.ming stored The storage process
for plutonium has bc!cn highly vimablc through tinw tmcausc the inputs have been
variable. 1hc st~rilg[} prmwss w also gJm~grnl]hically variahlc, hLJl it focuses on flood
plains and rcscrwm.

I’rior Ic) ttlt! prmx!nt projml, tt](!r(! was no syshmmtlc Silfll@illg Of Iloc)d- plain

dcpc)sit!i ~fld r(!li]t(!(l l]li~t(!riills SUL:h ZIS ilt~ilr](~[)ll(?d dli~r]nd ar(!as, filled chmrmls, and
flood bars. I Iw prclinwmry rmmlls of silll]l)lir~~ of th(? dcqxIsIts in the [luckman area
lrl(k:il10 tllill ttl(l (X)llC(’llfl illiofl~ (11~lllJll)l W 1111 ,. I such Il]ilt(!rlids is highly viiriablo,
roflucting ItN! Vilrlilli( )11 Ill 1“)1111(}1lillfll C:orl(:(!flll illiol W ill t )(! Wll 1011S Ii[ncs Of
s(!(lil]ll~flliitiofl ( I iIIIIII lo 1, AI )IIIIII(IIX I d) 1 (II II IL)!;(! [I[:l)():;it:; tf~i]l wure Iili(l d(]wr~ in

y~wrs WIN:I1 Iti(ll(i WIIII! (Iii,l:tl,u!j’t:i fl(]lll I (v, AI,uIK) , (~iilly[]il, ld[llwli~lll~
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Plutonium concentrations in resewoir sediments are variable from one reservoir
to another in the Northern Rio Grande system (summarized in Table 10.1, data in
Appendix ES). Concentrations are highest in Cochiti Reservoir which traps sediment
containing contamination from fallout and Los Alamos National Laborato~.
Concentrations in Cochiti Reservoir for plutonium 238 and 239,240 are significantly
higher (at the 0.01 level in a t-test) than in Abiquiu Reservoir, the nearest reservoir
upstream, indicating the possibility of significant additions from Los Alamos (Figure 7.5
shows Iocaitons). Flutonium concentrations in the Rio Grande Reservoir (in the
mountainous headwaters of the river system) are similar tu those in Cochiti Reservoir,
but in Rio Grande Reservoir the only potential source is fallout on alpine slopes in the
system’s headwaters. Heron Reservoir, in the headwaters of the Rio Chama, has
intermediate values, probably because its sediments derive from Iower-elevation areas
than the Rio Grande ~eservoir. El Vado Reservoir, downstream from Heron Hescrvuir,
aoes not receive sediments from the high landscapes above t+cron, and its plutonium
concentrations art? therefore Inwm Abiquiu 17cservmr also has Inw values for the
same retlson.
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0.0199 mCi per year. A similar calculation for sediment (discussed in greater detail in
the following section) shows that for the same period, the total plutonium flux in
sediment was 29.4390 mCi, or three and a half orders of magnitude greater than in
water.

10.4 Plutonium In Los A!amos Canyon Sediments

The sampling progranl of Los Alamos National Laboratory has collocted over
400 stream sediment samples in Acid, Pueblo, DP, Los Alamos, Bayo, and Guaje
Canyons at and near the laboratory. These samples, apparently collected as bedload
materials, provide a useful assessment of the level of plutonium concentrations in
stream sediments directly affected by the releases associated with the laboratory
activities of the 1940s and early 1950s. The mean values that reflect this intensive
sampling effort show the general degree of plutonium loading in sediments by the
laboratory, while a detailed analysis of the data reveals the geographic variability of the
concentrations within a few km of the source,

Bcdload sediments from streams draining the eas!ern slopes of the Jemez
MOUI)tains and parts of the Pajarito Plateau unaffected by the laborato~ activies have
plutonium values (TnNe 10.2) that are somewhat higher than values in the lower
elevation rcgiorml c ,Ims (Table 10.1). Apparently fallout contributions to the higher
Iandw:apcs with their qreater precipitation account for the difference,

13ccll(md sediments from streams dlrec[ly aftectcd by Los Alamos releases have
tlm nlghcst cc)nccntrat!cns of pluotniurn of arly of the e:, .ironments considered in this
stlltly, Mfxm cc)ncwltratlcms m bcdluad scdimwts of Acid, Pueblo, EIP, and Upper
I (M AIartN’JsC.ariyc)n (i~l)~ve the cc),,,;uI ,lcc with PuchlcI Czmyon--scc maps in Ghaptor
9 for ~~rlcrill l~~iltlorl~) arc Iwo and ono half 10 throo orders of magnitudo hlghor than
rr](’:m VillllC!S for slrllll;lr sc~irlwnts in ttlc regional rwcr systcrn (Table 10.2). !n Iuwcr

1cw Alilr~](,)S (::~nyor~ ((:r)wrwtrc~rn from the conllucnc~ with Puchlo Car:yon),
pkdorllurn cor lc(!r}lr ntiorw are only a fraction of the values in those arms diloctly
;Ilfrx;t(xl by II](: I ():j Alnrlm!; Niitior;tql 1;]buri]tory rdc!;l!x?s. but ttmy are still rmmy tirncs
Iuqlwr tl:ilrl v;llll(:s Ir] III(! r(![jir)nal nvrjr ‘Iyqtcm.
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concentrations when sarnplcd

As dlstancc incrcascs downstrcmrr away from the sourco of plutonium in Acid
mld 0[’ Canyons, Itw? rlmarl values within Im]itd reaches decline [Fgure 10.5). Mixing
of rclallv(}iy lJll(X.)f’ltilll Iirmlwf Sodirlwrlt wllh pollutod rn;derials, d(:position of
cc)ntanlirlal(!d rlmlcrlals m flood pli~lrIS wtm e It is not sampled as part of the bedload
scdilnollts, and dwp(?rsion resulting frc)rn str(?amflow prc)cessns contributti tc) a
dowr]stre!:lrl} duclil w ill conccmtrallons FIcjur(! 10.6 shows tlmt the highest
corwcrltratmi~s occur m Acid Cm lyon with gt?ncral downstr(?an~ dcclme to the junction
wdh II](! llm Gr;mdc’ M(mn cor](:(ll]tr;~ti(]rls in ttw Dl) and lJ~)por I os Alwnos Canyon
:;ysl(mi ar(: I(NJ in tt I{: (~pl)(?r r Iwst p(]rllor IS t)w:wJse th(?se rciu:hl?s i!re atmw the
Iry(!(:tlorls 01 [)lutoruln]t Iri)lll IX’ Chrlyon

1Il(! wl!w[)olnt uf It us Cllil; )t(!r or] [)lutl)rlnlrll (:orlcl?iltrilliorls” in river wnt[!r and
s(!(hrru:rlts ~)rovl(h!S :1 Llil(,:h(ll”ol) il{jillr)!;l WIN(:II It 1:, ~)[):l!,lt)l(! to (;(jlv;i(l(?r ttlilt rlmvcmcnt
of Pllltolll(llil tl;ro(lfjl ttl{! !;y:zt(!lll 1t us s(!(x)rl(i, III(N (! f:()[lll)luxit(!(i vwwpomt oc(;lJpies
r~lll::tl 01 tll(’ r(!lll;llrlirl~j ~)il(](!~ (If till!; t)()()k 1Ill! rlm:;t 1111~)()rtilllt I(!!;:;c)r] (:f rl](!:ul vnlucs
IS Itlilt WI 111(!It l~lV ~)rovl(h? Vill( lilt )1(! II I!;K]I It Illtr.) Ill{! r[!lilti~(! 1( )I(!!i 01 Vill iC)(JS
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11.1 Sources of Data

A mmm mnud plutoni’.m hudgut for tllo Noi Itmr’1i [{m Grar~de providos an
accoullllllg of the wnumls of plulonium movmg illlo wld mlt d various reaches of the
nvor for a typical yom Such a budget is a basis f[ )r i~s%~!i~l[]{] tho ralos of plutonium
transport and the Iocatmn of stmago along ttm nw!r I tm l~l@.y:t prescntud in the
followir]g pages is for ImJload and suspwrd(?ci sollil IWId% II ckms not include
plutmurn m wnlur because water borno plutnniun} is sIIcll i] smidl portion of the total
irl tt m :iyGlr!III (m (kcusm!ci in Cl l;q)t(:r lo) I lIC lMI[lg[!t ii:; [;;dtt[llilt(~d horn requires
(Iillil Cc)l mc:nlirq sdimcrnl and plutollilml Culrxrllh ~lllolls m ItK! sch!mmnt. “1he
srxlmml disctmrgo dtitn that arc mmilnhlc from lJ.S (hdogicnl Sunmy gnging silos
(NW ~llil~)t[]r b) ddine the ovcmll framework for bu(lgc:t ccmstrudim, A rci]sor]ably

CIC%IIICXIpi(:lurc i%pt)mhl~ for th[! riv[!r sy!;tl!m fr(llll ttm Ilit) (h i~rl(J(!at [ rnbudn nnd
tll(lI!I()(Hl{ilIlii [II Ct~ii[]]ifil s(ultilwmd t(] It](: 171()firilll(h! ill !;ilr] Mi]I(:lid (w(? rifJure 4.?
for [()~ilt;tJll%) wtl[v[! ttl(! rw(!r l!llq)tl(!s Ir]lo I I(![)tlilllt I]lltto Ihp:; (uw)ir
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I llVlllll llll(’lllill !+ III V(!III;III( (! Grr)lq) I)lflVl(l[! 1111111)11111111(:olll; {’lltlillloll” (Iiltil for 1)(:(00:1(1
;Irul ‘~11’i[)i!l}fh’(1 :J(’rlniuv l!:; 111(! l:; ll(:llliltlr)l l!, till (!ill”ll !;II[! Ill till! 1)1{’!;(!lll !,IIKIY (I:;r:rl
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Budge! calculations used sum[nary vail Jes for total }JII 1101Iilll 11 tral ISpult in Los
Alamos Canyon (rattlur than summing ttlebeciload ar~flslls}}erl[ iedtranspc]fi),
because only the total values were available 1 Ir] ttw l;tise of tt~e [Iio Grande at
E.mbudo, plutonium concentration data for the bedkmd swhments are available, but
not for silspcndcci scdilnents. Thoruful c, the total blidgol h N ttm [{in Grands at C)towi
Irliluls II le tot:ii tm~ Igd for tt I(I Flio ~t)ari]a at (;lmn Iita ~)rlwi( Ic( i Ihu estimate for the Rio
Grandc ;lf i ‘lilhdo

11.2 Methods of Calculation
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A second set of budget calculations using the sediment discharge data for the
1970-1979 period is useful for comparison to the best estimate budget as an indication
of variability and as a view of one represerltative time period. Ths decade of the
1970s was also particularly useful for sediment discharge data because it is the
10-year peric]d for which the most data are available--only the Jemez River below
Jemez Dam lack~!d data for lt~e pcrind, with all other stations providing data fnr the
majority cd years. In addition, the plutoniuln data included vnILI(R1from the middle and
late 1970s, obviating the m:d Ic) assume that mean values hiwe not changed over the
timo pcrioci of armlysis.

11.3 Magnitude of Error
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plutonium budget. The statistical measure of this error is the ‘standard error,” defined
by the standard de~ation divided by the square root of the sample size. For most of
the stations in the present calculations, the standard error is less than 0.5 times the
mean valuQ. For the sediment discharges, the standard error is about 0.18 times the
mean value for all the stations taken together. The sediment discharges for Los
Alamos Canyon with a value of 0.28 times the mean and the Rio Salado with a value
af 0.30 times the mean have high standard errors because of the variability of their
procewms and (in the case of the Rio Salado) a short record.

The sum of these errors indicates that the composite armual plutoniiml budget
probably has a s;anclard deviation of about half an order of magrlitll(ie. Error for the
ten. year budget for 1970-1979 is probably somewhat smaller because the variabilityy in
the data for the restricted time period is less. lhe budgets produced from the
presenlly availablo data cannot thcreforo be used to precisely pretJi(.t the amounts of
plutonium in a particular place at a particular time. l“hoy can show Uw geographic
variation in regicmnl trnnsport and storago processes, and lhcy Cilfl ~m]vidc a context
for the wmlysis nf mm pnrlicular source in rulatiorlship to all nlt wr stll mm.

11.4 Annual Plutonlum Butlgots
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quantities of the element.

Los Alamos Canyon contributes tiny amounts of sediment to the total system,
but because the concentrations of plutonium are higher in its sediment than in
sediments elsewhere in the system, the influx from the tributa~ is proportionally larger
than its sedimer]t alone migh~ suggest. The amount is still small in conlparison with
the amount coming down the Rio Grande. On a mean annual basis, the amount
contributed by Los Alanms Canyon, mostly from the operations of Los Alamos
National Laboratory, is about 15 percent of the amount contributed by fallout
plutonium from the LJpper Rio Grande and the Rio Charna. Thus, if the laboratory did
not exist m the system, the amount of plutonium in flux and storage would be still be
about 85 percent of the present total inventory in the vicinity of Otowi.

The composite budgut indicates the general Iocatimr of plutonium storage within
the system. A lnirmr amouilt, about 2.1 mCi per year, was stored along the river
belweerl otowi afld AlbLlqu(?rque After 1973, Cocl }Ili Reservoir S!IJI M nmst of this
alnount, but bcfure that year, storage was Iikl?ly h) have been nmre widespread. “I”hc
system stored a [Imj(]r anlount of plutcmiurn about 29.8 rl~Cl pcr year be!ween
Albuquerque arid M] Mmcial on flood plwns and in abandoned chanrwls. 1ess than
half of the plutm~illl II that erllnrud !I)o All )uqucrque to San Martial reach exit[!d the
reach to [-lcpl mrII Ehjttc Ilwwrvoir. ~-c)rthe entire system, fluvial cfcpu:;iti(m stored
more plLJt(N Ii!ull irit(!l I Iillly (abc)ut 32 ru~i per ye~w) thwl Ictt III(: sysll!l 11 wld wils sturfxl

in I “l(!~d ulr II llilll(’ Il(!:;(!r voir (;lboul 23 Ili(;i ~,(:r y(!:lr)
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TABLF 11,3 CW4PAR1SONBETWEEN COHPOSITEBUDGETANO1970-1979 GNL\BUOGET
———— —..——. ——-— —.-—

Cqosi t Budget
site

1970-1979

(tii/yr) (ntlfyr)
—-—. .. . ....-- . ..—.—— —- —-- .—.-. .. ..-——------ . . . . . . .. . . .. —.-

Rio Chain at Chml La 12.5B6 4.?57

Rio Grande at fmburto 10.535 24,802

Rlo Granrlr at Otoui 31.121 29.059

10S Almms Canyon 4. noo I .?0?

Riu Saldu near Sm Acacln o 641 1,111

lolAl INI’IIIS 34 (iIil 4fl.041

SloNA(il ( I ) ANO OIIIPIJI ( ]

Ollml Allmqumqur .1.’1/4 Ig m!,

Al Iwqurrqm !ian Hnrt: Inl ;n m 14.14?

17?



construction near San Martial contributed additional inputs. The result was a 3.5-fold
increase in plutonium flux on tl}e Rio Grarrde at San Martial.

Because internal erosion dominated tho 1970-1979 processes, there was a net
loss of plutonium stored within the river system during the decade, and more was
flushed into Elephant Butt~ Reservoir than was stored along the channel. About 46
mCi of plutonium per year entered the river system, but 79 mCi per year exited to
Elephant 8utte Reservoir. This arrangement was not typical of the entire 1948-1985
period which was mostly a period of river deposition, but it illustrates the variability of
the internal processes.

1?.5 Relatlonshlp Between Labratory and Fallout Contributions

The composite budget provides a useful framework for the assessment of the
relative inputs of plutonium from fallout sources and from Los Alamos, The data in the
mmposite budget are empirical and are specific to !he Northern Rio Grande rather
than g!?.neral predictions based on assumptions about the latitudinal districwtion of
fallout. Despite Iimitatiorw imposed by rneasurement, sampling, and estimation errors,
the composite budget is likely to be more accurate than others previously published
because it depends m] local enlpirical data rather than general estimates from global
approxilnations.

The best cstimato of inputs to the systmn during the 1948-1985 period (Figure
11.2, Table 11.2) indicates ttlat fallout sourcos introduced about 55 mCi of plutonium
per year, while Los Alai nos introduced through Los Alamos Canyon about 4,8 mCi per
year. During the 19701979 period, fallout producod about 46 mCi per year and Los
Alamos about 1.7 rnC.i pm year, In any case, the contribution of Los Alamos to the
annual ph-rtorlium flux ill tt lc Olltire Northern Rio G mll k! systwn (that is, the porlicm
above Ek?phar]t [3iltte llwrvoir) is relatwcly small, i Imxmting fcx about 9 pcrcant of
the totaL ralkmt occurs irl very SIIAI cmccntralions, but bocausc relatively large
amounts erode Irorri II]c Iardscape ard rm-we ttmugh the river systwn, it accounts fur
more tlmrl W pmcm 11of ;111tl m plu!onil ml in It 10 river sudirlmnts, Irl the more
restricted vi[:ir]it y of Otowi (i_tll WUil r10! mcl(ldirlg Irrputs froril ttlo 1110I]ucrco or I Iio
Sakdn), tlm irlputs fr(vll I os Ala IIN)s a(x:ourlt(?d for ~~l)()~il15 purc(!rlt of Ill(! plulorliuln
ill thn corll~)(wito iilulwll I)ll[igot wl(l [11)(1(11G ~mw(ult d~nilq ttl[l 1!)/os,



in the tributary canyon. In the general basin above Otowi, erosion and fluvial transport
have removed less thal i 2 percent of the fallout plutonium inventory. At present rates
of flux as estimated in the composite annual budget, more than 2,100 years will be
required to remove the fallout plutonium stored upstream from Otowi.

11.6 Particular Cases of Plutonlum from Los Alamos

Plutonium from the fallout and from Los Alamos is not equally distributed in
either time or in space. Fallout plutonium is mostly associated with fine-grained
materials and suspended sediment, while the inputs from Los Afamos are mostly
associated with coarse particles and bedload. These differences imply that in a
restricted time period, fallout plutonium more readily moves over long distances in the
river system, while plutonium from Los Alamos moves shorter distances. Also, fallout
plutonium enters the system in a more gradual fashion, while the Los Alamos
plutonium enters the main stream only sporadically as a result of infrequent flash
floods in Los Alamos Canyon. During many years, no plutonium from Los Alamos
enters the system. For these reasons, analysis of the contribution of Los Alamos
requires a focus on bedload budget processes for the few selected years when
contributions from Los Alamos Canyon were relatively large: 1951, 1952, 1957, and
1s68.

Calculations for the bedload plutonium budget in the Northern Rio Grande near
Los Alamos for particular years required sediment discharge data from U.S. Geological
Survey gaging stations at Chamita on the Rio Chama, and Otowi on thg Rio Grande,
unpublished data on plutonium discharges from Los Alamos Canyon by L. J. Lane,s
and plutonium concentration data published in surveillance reports by Los Alamos
National Laboratory. 1here were two important assumptions in these calculations,
The first assumption was that the plutonium from Los Alamos Canyon as calculated by
Lane was mostly in bcdload, This assumption seems reasonable because the original
contamination was in coarse alluvium. Plutonium in transit in the late 1940s was in
coarse materials along the stream channels as shown by photographs at the time,~
and by subsequent findings that most of tho contamination was associated with
coarscf porliclos.n



The annual budgets for plutonium in bedload for 1951, 1952, 1957, and 1968
for the Rio Grande in the vicin-~ of Los Alamos show the overwhelming impofiance of
inputs from Los Alamos Canyon in bedload (Figure 11.3). The inputs from Los
Alarnos were clearly larger for these four years than the mean condition, but the inputs
from fallout were also larger than average. The degree of increase for fallout
mntributions was not as great as for the more variable contributions from Los Alamos
Canyon. The result was that the role of the Los Alamos contributions was
exaggerated, and 71 percent (in 1952) to 86 percent (in 1957) of the bedload
plutonium below Otowi was from Los Alamos.

For the four particular years of interest, water yield and annual floods on the Rio
Grande were not especially large, so that flash flood sediments (coarse bedload
particles) from Los Alamos Canyon entering the main river are not likely to tiave
traveled far downstream. Evidence develop~d Chapter 12 shows that it is likely that
these materials contributed to deposits immediately below the confluence of Los
Alamos Canyon and the Rio Grande and to accumulations at Buckman, about 5 km
downstream. The configuration of the Rio Grande downstream from Otowi during
these four particular years was a channel constricted by the walls of White Rock
Canyon, with wide portions suited for deposition only at Buckman, a few pockets in
White Rock Canyon, and flood plains near Cochiti Pueblo and Pefla Blanca. It seems
unlikely that the sediments would have traveled further downstream than the Pei’la
Blanca reach, but fulther research using hydraulic simulations could test this
hypothesis,

Given these considerations, slung with the fact that the general river system
was aggrading (storing sediment) throughout the 1950s and 1960s, tho 1951, 1952,
1957, and 1968, contributions of plutonium- bearing sediments from Los Alamos arc
likely to have formed deposits along the channel in flood-plain deposits, channel fills,
and bars, It is possible to estimate the probable concentrations of plutonium in the
deposits by combining the sediment discharge data for the Rio Grande developed in
the prestmt work with the data on plutonium inputs from Los Alamos Canyon
developed by Lane and olhers.g Estimates given in Table 11.4 indicato that
concentrations of total plutonium (-238, -239, and -240) in flood-plain and channel
deposits aro likely to be between about 0.01 and 0.1 pCi/g, values confirmed by
analyses of samples recently taken from tho deposits (Tablo 11.4), Thn deposits from
different years may rcasormbly be expccmd to exhibit different conccntmtions,
dcpcmding Iargcly on the mngniludo of mp~lts from 1.OSAlamos Canyon.
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TABLE 11.4 ESTIMATED PLUTONIU4 CONCENTRATIONSIH BEOLOADDEPOSITS F(XI SPECIFIC YEARS
— —— —.

EIadlomd Plutonlun

Los C-i ned

Year Otowl Al anmg ToLal

(M) (M) (Hq)
.———.—.- -.—.. . . .. ........ . .. .. ---

1951 !30,144 B,017 137J,B71

1952 649,3?3 5,730 655,053

1957 661 ,W(rl 14,947 671i,450

1960 313,5/6 17,B09 3M15,3115

ToLal Hean ?,163,396 ?,?41 7,16!I, Kil

Actlvr 13FdlflAll, 19/4 Iwrl (Purl vmull, lW1/)

Otoul

(til)

-.. -.—

1.4?

1,06

7,19

4,06

1.+/
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Alaam

(Met)

.—— .... ... . .

16, %

11,61

43.9’,

71, n7

4,t9

Cd I ned
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(tit )

-. ..- -..
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?4.61

51.14

?’).nn

(l .16
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tration

(pCl/g)
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recommended a safe maximum limit of 30 pCi/g for thoiium-230 after an accidental
spill of contaminated ~ediments into the Puerto River.10 This limit is three to four
orders of magnitude greater than values associated with any data for plutonium in the
Rio Grande system cwtside the boundaries of Los Alarnos National Laborato~.
Contributions from the laboratory are therefore probably not hazardous given our
present understanding of the element, but the contributions are in recogmzable
amounts.

In summary, the development of a regional plutonium budget for the Northern
Rio Grande produces the following generalizations:

1. Plutonium enters the system from fallout and from Los Alamos.

2. In the best estimate of processes for the 1948-1985 period, about half the
plutonium that entered the system was stored along the river. The remainder
moved into storage in Elephant Butte Reservoir.

3, In the total budget, fallout accounts for more than 90 percent of the plutonium in
the system and Los Alamos accounts for slightly less than 10 percent.

4. The contribution of Los Alamos is mostly in bedload sediments where for four
particular years the contribution is domlr Iant.

5. Most of the Los Alamos contributions remain in storage along the river between
Otowi and Peda Bkmca- -%ince 1973 their downstream progress has ended in
Cochiti Reservoir,
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PART 4. SEDIMENT AND PLUTONIUM STORAGE

CHAPTER 12. SEDIMENT AND PLUTONIUM STORAGE, SANTA CLARA TO
COCHITI

12.1 Representative Reaches

The foregoing chapters demonstrated that large amounts of sediment and
much of the plutonium entering the Northern Rio Grande have been stored along the
river channel. A composite budget analysis defines the quantities of materials involved
annually, but, except in very broad terms, it does not describe where the materials are
stored. It is a matter of scale: the budget indicates the overall quantities of sediment
and plutonium stored in the system, but does not reveal at a local sca19 where one
might search for the materials. The following chapters show that the storage process
has particular geographic characteristics, and that, in representative reaches, it is
possible to map those deposits that were deposited during the years of maximum
inputs of plutonium to the system. These critical deposits are likely to contain more
plutonium than similar deposits of other years. In this way, the evidence of
environmental change along the river provides a guide for determining the fate of
plutonium in the system (Figure 12.1).

A sampling program for the assessment of plutonium storage along the
Northern Rio Grande depends on the development of the connections amang
vegetation communities, fluvial Iandforms, sedimentary deposits, and plutonium
contents. While it is not possible within the confines of the present project to
completely map and interpret the entire 313 km length of river from Espafiola to San
Martial, limited reaches can serve as representatives of larger portions of the whole.
Eleven representative reaches, each about three to six km long, provide information on
the entire study area because each representative reach exemplifies the conditions
that obtain over a much larger portion of the total length of the river. Selection of the
representative reaches began with a review of the entire river by aerial photography
and then directly in the field. The river divides itself into sections based on the
geomorphologic conditions as modified by engineering works. Each representative
reach illustrates conditions within one larger section. For example, the Frijoles
representative reach is similar to other relatively short reaches througr’out White Rock
Canyon. The eleven representative reaches with the geographic coordinates tJf their
approximate center points am as follows (see Figure 12,2 for general locations shown
with corresponding numbers).

1. Santa Clara (35° 54’ N, 108”08’ W). Locatgd between Espailola and a channel
constriction caused by basalt flows, Rio Grande flows through a broad valley
unaffected by dam construction at Cochiti and unaffected by processes in Los
Alarnos Canyon, a control reach for comparison with those further downstream.

2. Otowl Bridge (350 52’, N 106”08’ W). Reach immediately upstream from Otowi
t3ridge and the confluence ot Los Alamos Canyon with the Rio Grande, thu
origin of contaminants from Los Alamos in the Northern Rio Grande system.
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3. Buckman (35° 50’ N, 106°09’ W). Deposition area in White Rock Canyon about
two kilometers downstream from Otowi, a representative canyon site where
some sediment storage occurs.

4. Frljoles Canyon (350 45 N, 1060 15’ W). Headwaters area of Cochiti Resewoir,
at the edge of Bandelier National Monument, a representative canyon site
where little sediment storage occurs except for reservoir backwater deposition.

5. Pefia Blanca (35° 35’ N, 10b” 20’ W). Reach from near Petla Blanca to Gallisteo
Creek, representative of unstable reaches downstream from Cochiti Dam in a
broad alluvial valley without exknsive urban development.

6. Coronado (35° 20’N, 106°32’ W). North of Bernalillo at Rz.nchito, representing a
partly confined channel with a levee on one side and strong tributary influences
from the Jemez River and smaller streams.

7. Los Grlegos (35° 17’ N, 106°36’ W). In north Albuquerque at the Alameda
Bridge, a char I iel confined by levees on both sides in an urban area typical of
reaches in the Albuquerque area.

8. Los Lunas (34° 48’ N, 106°43’ Ml). At the New Mexico Highway Route 49 Bridge,
confined channel with a narrow space between the levees and an abandoned
meander.

9. San Geronimo (34° 22’ N, 106°50’ W). About ten kilometers south of
Bernardo, a complex backswamp zone with the influence of an along- channel
railroad embankment, do’vnstream from the confluence with the Rio Puerto
and its massive sediment load.

10. Chamizal (340 14’ N, 106°55’ W). Downstream from the confluence with tho
Rio Saladu and San Acacia Diversion Dam, a wide channel area with a pilot
channel and a settling basin, i,~ an agricultural area.

11. San Marclal (33° 45’ N, 106°53’ W). In Bosque del Apache, near Black Mesa
in the backwater and delta area of Elephant Butte Resemoir with dense
phreatophytes,

The purpose of examining limited, specific reaches was to identify sites for
sampla collection, evaluate tke nature of river channel change, and to aid in the
development of plutcmium monitoring and surveillance programs. All these objectives
must t~lks into acccunt the geographic and temporal variability of the fluvial
environment where the plutonium is likely to be in transit or stored. Salnpling for
piutonium has occurred in deposits along the first three reaches, while investigation of
the plutonium in deposits of the other reaches awaits further research, Pluianium
conccntmticms ir! activo bcd scclirnents have been assessed in several reaches, but
because tlu? time of the snmpling did not coincido with any of the critical years, these



data show relatively low concentrations reflecting only small amounts of fallout
plutonium in transit.

The base maps used for illustrations in the following pages are sections of
Geological Suwey topographic quadrangles (see Appendix F for a complete list).

Us.

Often, ‘the original topographic map shows conditions during tho 1970s or early 1980s
(depending on the ddte of aerial photography which provided the initial mapping
information), but because of channel instability and construction activities, some details
of the landscape had changed by the late 1980s. me locations of mid-channel sand
bars and channel-side bars on the maps was correct for the year of the photography
on which the maps were based, but by the late 1980s, bar configurations and
locations were often different from the forms depicted by the maps.

The vegetation maps are sections from a major ecological sumey completed for
the U.S. Army Corps of Engineers. 1 The basic data for the vegetation communities
ca~ne from aerial photographic interpretation and field surveys by Hink and Ohmart,
and from fuflher confirmatory field checks in the present project. The U.S. Geological
Suwey topographic outlines served as base maps for the data on vegetation
communities. The maps i Ise abbreviations for vegetation communities and community
structure types as defined in the original ecological survey and summarized in Table
12.1.2

The vegetation maps and numerous coverages of aerial photographs from a
variety of dates provided basic clues to create the geomorphologic and
sedimentologic maps that also used the U,S, Geological Survey topographic outlines
as base maps. Extensive field investlga[ions, mapping, and sampling supplemented
the vegetation maps in generating the final interpretations of the geomorpholology ancl
sedlmentology. The geomorphology and sedimentology maps represent conditions in
the 1986-1990 period.

12.2 Santa Clara Reach

The Santa Clara reach represents the Northern Rio Grande in an area not
affected by the closure of Cochiti Dam and not impacted by pote~tial inputs of
plutonium from Los Alamos, The Sar,ta Clara reach extends approximately 6 km
downstream from the vicinity of the Santa Clara Pueblo to the vicinity of Black Mesa
(Figures 12.3 and 12.4). The river flows through a broad alluvial valley that is up to 2
km wide and that IS sinkr to valleys further south, During the 1920s and 1930s, the
river in the Santa Clara reach was a braided chamlel with unstable margins and a
wide. shallow, sandy channel. Places where tha flow was concentrated had Iargcr
particles in the cobble size range Maps made from 1930s aerial photographs show a
bradod channel several tm~es wider than the 1990s channel. “’ A 1930s photograph
showing boys from the 1os Alamos 130y5 School swimmirlg m the nvcr near [Mck
Mesa si lows a flood bar of COMIICSdung orw sIdc of an olhcrwisc ~w~dv charmcl
The 1941 flood coursed through a broad, shnllow channel, but ttmrc:~ftcr low !Iov. s
occupmd a series of mulllple thrmlds acro~;s what c~r]cewas a wldur br;mh!d clmr~r~(!l
The small single thrcm.ls were gradunlly atm-dcwwd, either ttwmJfJh sll~jllt
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entrenchment of a single channel that eventually would be the dominant one, or by
filling of the small secondary channels. The 1968 floud followed the dominant channel
left from this shrinkage process and defined a single channel with a pattern that was
relatively straight compared to configurations that had existed previously. After 1968,
changes were minor, and represented only slight modifications of the newly
established, relatively straight, single channel. Flash floods in tributaries contributed
minor deposits on top of the flood plains and abandoned channels of the main river.

The vegetation communities in the Santa Clara reach have boundaries that
often approximate the locations of the abandoned braided channels of the 1930s, the
abandoned threads of the 1941-1968 system, and the flood plains of various episodes,
Cottonwood and russian olive dominate most of the reach, but the community
structure is highly variable frml~ one place to another, depending on the history of the
location. For example, open canopios of cottonwood md russian olive are common
on the flood plains that were active in the pre-1941 p( md, whilo the same species
occur in very dense stands with substantial growth close to the surface in abandoned
braided and single thread channels.

The geomorphic map of the Santa Clara representative reach shows that the
area has deposits from several different time periods and of several different types
(Figure 12,4), The tributa~ deposits are coarse sands and gravels, forming fans
radiating outward from the tributary mouths. Abandoned braided channels are sandy.
Abandoned single thrcmf channels are ckmrly defined in the field as Iinenr depressions
in the otherwise relatively flat flood plain, Sumctirnes the depressions ma floored with
a veneer of firm-graincd rnatorials. Those chanrwls filled with fine mat[!rials and
abandoned during tlm 1941-1968 period arc Iikcly to contuin more fallcmt plutonium
than other deposits in the reach,

flcccntly collected salnpk?s from the Santa Clara rt!nch illustrah! the relationship
bctwocn goc)nwrpl~ic history nnd pluhmiuln cormcntr~ltions ir~flood plilirl s[xlilm?nts.
l“ho plutonium coll(x?ntriltiorl in sc[lilrmrlt from il Ilot)(i plilirl Ilmt Wil!i il(:tiV(! (1’Irirw] ttlc
1%0s (2H M III(! t(q) of I i{]lm! 12,4), a till~(! of pf!:lk f:dkmt km[llrlfj, wil!; (),()2[;(; lX;i/f~.
1ho ct}mvml 11}:11Wil!; octivl! :11tll; lt tirlw yickk!(l :;(](.lil]l(!llt5 Wlltl ;.1 (:oll(:(’llll”illi[ ]ll of
O.001{1 pCi/q (;] trilmlnry of 2A ill II}(! t(.)pof I If]{nw 12 4). Ilolti !iilll~~)l[!!; w(!rc! frol~} il
portion of tll~! Il(!ilr (:tliillllt!l (!lwir(]lull[!rlt (:l)llllllollly rl!f(:trud t(~ ii:; “floo(l” ~J{lill,” 1)[11
ckmrly ttlo Iilrldforlll is (:[)llllll[w ii!; Nl(lwrl ill 1 I!llm! 1?.4, lh)lt~ tti(::;(! v;II(I(x; [nwof!(l
ttw c(Nmw Itr;lti(]rl ill sf](lillmf ,:’; frulll ftw I)r(!!;(v]i ncliv(! (:tvuu](’1 fM!;iI I)y, wt 1(!1(! It )()
v;dIJ[! W:U; of]ly ().[)();1}! l)(tI/~] All tli(] ~)l(llor~illlll III ll)i~i 1~’il(;li I:; fr[]lll f;lll[ NJl (I[!IIv(III

fI(II II (.!ro!;k)r] IIl)!;lI(!; III I illl(l 111)11(’I:; 110111 I [)!; Al: II IIr):i

12.3 Otowl ~cactl
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period. Historical ground photographs show that during the early and mid-1940s the
tributary stream included ~ distributary channel that entered the main river north of the
general location of the bridges. The highway (New Mexico Route 4) passed over a
small suspension bridge that spanned the Rio Grande, and then crossed the
distributaq in a water-level crossing. Completion of a larger truss bridge across the
Rio Grande in 1947 included filling in the distributary to provide an embankment for the
roadway.

The general alignment seen in the late 1980s dates from 1947, though there
have been changes of detail. For example, because the Los Alamos stream had a
bend which encroached on the highway, engineering works stabilized the channel by
introducing reveted banks and a cleared, artificially formed channel. In 1988 a deck
bridge replaced the truss structure, though the original small suspension bridge
remains as an unused crossing. These engineering activities, supplemented with
levee construction and channelization on the tributary, established and then
maintained the present confluence location southwest of the bridge area, though its
exact configuration has changed during several floods.

The arrangement of the channel of t$e Rio Grando in this reach has changed
relatively little between the mid-1 940s and the late 1960s (Figures 12.6 and 12.7).
Writers give impressionistic descriptions of the early 1940s channel in the vicinity of the
house and garden of Edith Warnm, who lived immediately north of the present location
of the bridges.’ Smdy banks Iincd with cottonwoods wcm common, }{istcmical
ground photographs indicate that in tho 1930s and early 1940s ttm channel had moru
gravel and boulckrs than in tho late 1S)80s. Thcm has bocn sornc rulrrowing of the
channel with deposition of snrwJ along the nmrgins. Signihcnnt d[!position tmgnn in ftw
193(X along the m tll bi~rk illmwdintoly dowr~str[)ilt~] hull I the?curlflu(?lwc wilh 1os
Alarnos Canyon, and subsoc~u(}l ]t COI(NIlzatiorl of ttm cI(!I)CMS by cotl(mwcmd I]ils
rosultod in tlwoc groups of llmtlJr (! lrc?(!s (1 iguro 12.G). Nuw(!r sc(lilnc[lls dq]c)sil(!(i
during the 1958 and 19G? floods blll”y Ill(? rout (;ollills I )f tllo trt!cs which dilt(] frul!] II w
1930s. l“lood s(?(lin]l!r]ts froln [ OSAlill]l(_)s Ci~r~yoll tt]i]l wrnrc swcqIt p;lrtly irlto Il]o
main d Iilllnol ;md flood plnirl ilrCXl Ill ovido m~dilicm:d rccc){]llizill)lcl (k!pmiits tt lill t }ilVl?

lTlOs[ly rllssiilfl [iivo i15 ;1 v(q(!l;)tion cov(!r, (Iiffr!ror]ti;ltiruj tll(vll frolll III(? ol(l(v” d(!~m:;ils
([ ig~m] 1?,7). 1II(] ar(:o is i~ ty~)i(:ill slil[;k w:~l[!I (h!~)(wIIOIIid zon(? illlrIu!(ll;lt(!ly
Cfowrl!;lru:uli froln t}l(! i]ll[lvlill f;lrl (;l(!ilt:’(~ IIy Itl(! I ()!; Alillll(}!; !$tr(!ill]l,
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contain only fallout plutonium since road-building closed the distributary channel from
Los Alamos Canyon.

Because the C)towi roach is the entry-point into the main stream for plutonium
that originates at Los Alamos National Laboratoq, the laborato~ has conducted
extensive sediemnt sampling over a period of several years to assess plutonium
concentrations. A dozen samples from almost as many years taken from active
bedload in the Los Alamos stream near Otowi have revealed plutonium concentrations
ranging from 0.001 to 0.528 pCi/g, with a mean value of 0.127 pCi/g. Active bedload
sediments in the Rio Grande near Otowi have produced a range of 0.002 to 0.065
pCi/g from a similar number of samples. The mean concentration in the sediments
from the Rio Grande was 0.011 pCi/g. A difference of means test shows that there is
a significantly higher level of plutonium in the Los Alamos Canyon stream than in the
main river. The main stream must quickly dillute the concentrations in sediments
contributed from Los Alamos, however, because Inean concentrations of plutonium in
sediments in Cochiti Reservoir (probably including bedload and suspended load from
the Rio Grande) are only 0.0134 pCi/g, similar to the sediments of the Rio Grande
without the infusions of plutonium frmn Los Alamos.

12.4 Buckman Reach

The 13ucknmn roach represents the portions of the Rio Grande that flow in
canyon sc?gmcnts with floors up to 1 km wide. The reach exlcnds about 5 km from
f3uckman Mesa, past th(! alluvial fan of Carlada Wash, to a bcxlrock restriction in White
flock Canyon (rigure 12,5, 12.8, and 12.9). The reach is Iocatcd about 5 km
dowrwtrcmn frcm] Ihc confluence of 1.os Al:lmos Canyon and the Rio Grandc, so that
s(!dinmrlls in IIIC []uckman area corl)birm inputs from [he main river, Los AlanlCJS
Cm Iyotl, ;NNI two rumrl)y trit )ularics. h] the vicinity of 13uckrrran, Cailada Wash (from
ttl~?soutl ~) al Id %r~(lio GUIyLIII (f I 0111 the r~c)rlh) CITIpIy Iiqc iw~c)unts of sandy

s(xlill]t!rlt into III(! IIlilirl !+tl(!illll. 1hc Ilicj ~r~n~c ctl;irlncl rofl(?cts the infllJcncu of thc?su

fill]!; I)y trill l:xYil.)illfJ il c(miflq course :munct [t I(!ir tXl!WS. [Wcklnm was a sawmill
Iowrl (!:;ti]l )li:;ll(!(l h~ l[![l(l or~ ;I I %’i!;!()(xmu I(!rrilcc on tlw SolJt~l(?Wl sick Of the

(Itlilllrl(!l “ II IiIt(’r :;(!IV(’( I ii:; il rililroil(l :;tol) Orl tlK! (21ili I ilw, tt K! llilrH.lW gi_UJfJC KNJIO

illoll(l tt 1(! 1110 (;lilll[ lo, Wllll If:; W(’11:;tl~)l )Iyifl(j Wilt(?r for st(!:ll Il cfl(lilw!s.f; 1he ilr(’fl is‘. .
II(1W Ilrlirlt];ll)lllv 1, 1)111illl il(:llV(’ W(’11 fi(’kt r(:f]l;utl:;, :;(q)~)lyirl[I ~) UlllpC!Cl wal(’r to S;lrllil
I [’

I II(’ 1110 ( ililll(ll! (’tlillllll’l Ill Itl(! VI[lII)IIY of Illl(;hlllilll tlil!; (;r)ll:;i!;l(!l Itly l)(!(X)lll(l

IIN)I(! IIi II I[)W F;IIIIVI ill I(I; II; I I!)l:J I II:, I(JIII;; II l)llolofjr;q)tiy” irl ltI[~ MI I:;(!IJITI (]1 N(!w

M(I)(K:[) ill !;;lr]lil I [! :;IN )Wg;ttl:lt I )[’foi[” 1!I;J(), III(! (:lliilll](!l w:l:; I“)r,wk?d iIf)(j :il):mn[!(j
Itl(’ () !) 11111V;llll’y flllol” Ilt)lll (1111!11’llil(~(! to II)(! f)tllf!r. !i(!(lilll(!i It:lhorl III tll(! ;11”(!;1
(’,111!;1’[1 lMtMll[’’;:ilVl’ ,11). 11)11 [)111111’111 ;111[1 fllllllfl of (ltlillllll.’l!; illl(l illlil(:tllllr’rll of I):m t(.)
(:11; 11111[’1 ll!lll l\’; Ill 111(1 1)( ’1)[1 01 till! IIV(!I ill 11(1( :11111 ;111, Itl(l llilll~ l!lo[l~; Cllillll]l!l WilS

IU; II(IIVI A lill[~(’ 1111(1 (~lliil]ll(’1 I)iil (I(!v(’I()[)(!(I III !lI() r(!iu:tl irl !11(! ll]i(l fiIKl k~t~ 1%X)!;

It]. d l) If Mhhst IIl Iwi) SIIII:IIIIII f:lh II It) I+; I)y :;l)llltlll(j ttw Iil;lill !; fIt I;Itll I tl(! !iollltl [’il!il[!rll

(: II CIIIIII’I 1111 111(” 1)111’ !1111’ Ill 1111’IH’1111,lll~Yt 10 llllf ’l\lllilll, (11’v[’lolll’(1 1111[) ;1 :;!:) 11!111, :1

1( ’l,lllvl’ly Illill’llvl’ (’II! II II II’I I’k(’l’1)1 fill 11(11)[1 [)l’1lO[ 1’; 1)111111!1 1111’ l~hl(] 1!1!)11 [)l’1l[ 1(1 [11[!
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slough gradually filled with sediment, and after the 1967 flood, slack water had filled it
completely with sediment. TFi~reafter, t~s Rio Grande had a single narrow channel
nofthwest of the bar, and the bend in the river’s single-thread course is now less
pronounced than it was previously.

Tree vegetation in the Buckman area consists mostly of scattered individuals of
cottonwood, russian olive, and juniper (Figure 12.8), but the ecological data from the
early 1980s did not show the extensive tamarisk revealed in the present work.7
Atthough tamarisk dominates (in percentage terms) the trees found on the two
mapping units representing the old bar and slough, the tree couni is radically different
between the two. One unit, the abandoned slough, has two to three times as many
trees as the bar area. The slough also has sediments with about twice as much fine
material as the bar.

Historical information, aerial photographic evidence, and field-derived data for
the vegetation and sediment permit mapping of distinct geomorphic features and
associated sediment deposits in the Buckman reach (Figure 12.9). The geomorphic
map outlines the slough and bar areas with sandy sediments from tributaries draped
over the older Rio Grande deposits. The slc’Jgh (unit 3B on Figure 12.9) is a primary
site to sample for plutonium storage because it is a short distance (6-7 km)
downstream from Los Alamos Canyon, and because its arrangement formed an ideal
trap for fine sediments d~ring periods when the river was likely to have been
transporting dutonium from Los Alamos and from fallout. The bar, with its coarser
sediments and earlier stabilization, is likely to store less plutonium.

Recent measurements of plutoni~,n concentrations confirm that the highest
concentration (0.01 7 pCi/g) occurs in a the slough area south of the tributary (3B in
Figure 12.9), This area stored materials during the early releases from Los Alamos
Canyon and from the period of maximum fallout. Mean concentrations of pk!tonium
are about 50 percent higher in the slough than in the bar area (26 in Figure 12.9).
Concentrations in presently active channel sediments (0.0027 pCi/g) are lower than
those in the historical deposits, while sediments from the tributary are lowest of all
(0.0008 pCi/g). Concentrations in the tributary sediments are one-fourth those in the
present Rio Grande and one-eighth those of historical sediments stored in the reach.

Sedimentary deposits of the Rio Grande can be distinguished from those
derived from local tributaries not influenced by Los Alamos on the basis of plutonium
concentrations. However, the data from deposits at Santa Clara (unaffected by 1.OS
Alamos) and Buckman (likely to have both Los Alamos and fallout contributions) .
not statistically different from each other. Thus, in this case fallout pollution and
laboratory pollution cannot be distinguished from each other on the basis of plutonium
concentrations alone. It is possible that isotopic ratios may servo this discrilninating
function. Data from Los Alamos Canyon indicates that the ratio of plutonium 239,740
to plutonium-236 in alluvium impacted by laboratory releases is abuut 100. l“hc same
isotopic ratio for global I;wout is Icss than 30. Thcrcforc, deposits ck?rivcd from fallout
might bo expcctcd to tmvo isotc)pic ralir)s that aro Iow(?r than riltins from dcpc)sils with
pure 1os Al;un(]s plllt(mitml or witt~ plutorli(Jr!l frc)ll] both sourc(?s, I)at a lrol]~ tl I(~ Silrlta
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Clara and Buckman deposits suggest that this expected trend occurs in the Rio
Grande. The mean plutoni!@n-239,240 to plutonium-238 ratio from Santa Clara is 4.3,
while at Buckman, impacted by infusions from Los Alamos, the ratio is 27.1, with one
sample showing a ratio of 72.3.

A spe~ial study of isotopic ratios using the geomorphic data generated by the
present work as a sampling guide, also shows that mixing of fallout and Los Alamos
plutonium is occurring in flood-plain sediments. D. B. Cu~is, R. E. Perrin, and D. W.
Efurd investigated the ratio of plutonium-240 to plutonium-239 from three flood-plain
deposits. In the flood plain at Santa Clara where presumably only fallout products
occur, the 240/239 ratio is 0.120, which compares favorably with the global fallout
value of 0.130. In a sample from Acid Canyon, a site directly impacted by inputs from
Los Alamos, the ratio was one tenth as much, 0.013, consistent with laboratory
records for material processed during the late 1940s to mid- 1950s period. III a sample
from the slough area at Buckman, presumably showing the mixing of plutonium from
both fallout and laboratory sources, the 240/239 ratio was 0.077, mid-way between the
values of samples affected by only one source. A reasonable conclusion is that
plutonium in flood plains downstream from Los Alamos Canyon in White Rock Canyon
include contributions from fallout and the laboratory.

12.5 Frljoles Canyon Reach

The Frijoles Canyon representative reach is typical of the confluences of large
tributaries with the Rio Grande in Wi Iite hock Canyon. It is also typical of narrow
canyon reaches and of those few junctions with relatively shorl tributaries draining
plateau and canyon country west of the main stream (Figures 12.10 and 12.11).
Frijoles Canyon contains a stream draining the southeastern flank of the Jemez
Mountains that flows through a defile cut into the Pajarito Plateau, Quarternary
Bandelier Tuff, particularly the rhyolitic Tshirege Member constitute the rocks of the
tributary canyon walls and contribute sandy sediments to the stream.a In terms of
their minerologv, these materials are distinctly different from ttw sediments of the Rio
Grdnde. The tribu~alj 1, lterials have accumulated in a large alluvial fan at the junction
of tho tributary and the n, I stream (Figure 12.11). The Rio Grande has a

“%ed by the resistant older basalt of the Santa Fesingle-thread channel largely c~,.
Group in the walls of White Rnck Canyon. Fluvial deposits are not voluminous along
the ctrannel, and consist only of scattered terrace remnants and limited active channel
deposits.

The Frijoles Canyon Reach also represents the upstream slack water area of
Cochiti Rosewoil. Although Cochiti Dam closed in 1973, high runoff periods and
operations of the dam did not produce a full reservoir until tho early and mid-1980s.
High la,.C !evels intrud~d into the Frijoles Canyon reach for extensive periods by 1985
and with water depths of about 15 m in the area, so that Rio Grande flows deposited
materials in the reach by Iacustrine processes. Scdimontatic)n during the high lake
watar periods draped 1.0- 1,5 m of lake sodirnent over the fluvial rna[erials from Ihe
main stream and tho alluvial fan of the tributary. In the loto 1980s, tlm lake Ievcl
dcclirwd and abandoned tho reach to channel procossos. The reactwatod Rio Grando
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channel eroded a course through the lake sediments and returned to its original
single-thread configuration. The channel margins exposed vertical sections of lake and
fluvial sediments in 1988.

Tho riparian vegetation in th~ Frijoles Canyon reach before inundation by Cochiti
Lake was mostly on the alluvial fan. The area included a cottonwood forest and
considerable tamarisk growth. The 1985 inundation was deep enough and lasted long
enough to kill all the trees on the fan, and by summer 1988 regrowth was minimal.
Vegetation elsewhere in the reach was mostly upland species that returned after the
recession of the lake waters. The distribution of riparian vegetation reflects the
arrangement of pre-lake sediments and is not informative for the Iacustrine materials that
now dominate the surfaces of the reach.

The sediments in the reach are of three groups: the materials of the active Rio
Grande channel, the sediments from the tributary, and the lake sediments. The main
stream has bed sediments that are relatively coarse with less than 5 percent of their bulk
as silt and clay. At the time of sample collection (summer 1!388), the channel in the
reach was still excavating its course into the underlying sediments, and its gradient was
steeper than normal as it cut its way through accumulated materials at the head of the
lake As a result, fine materials were transported fufihcr downstream, leaving more
cuarse sediments behind. The sediments from Frijoles Canyon in !he alluvial fan are also
relatively coarse (line Inatcrials about 7 percent). The lake sediments are very fine (40-50
percent silt and clay), rcprcscnting materials that were deposited from the suspended
load of the main stream as it entered the lake, The sediments from the two sources
have radic~llly dlffcrcnt appearances, especially where channel incision has produced
banks that expose them. l“he lake sediments fc)rm banks that are nearly vertical,
probably tx?m.m of thl!ir cohcsivc characteristics derived from the high contont of firm
partlcl~’s. ~ilrldy n]atcriill frum t_rijc]lcs Canyon, on the othor hand, dm?s not form vertical
bilrlks nl(]r~g tllc clmnnc!t of the Illo Grmde. l]ocauso the si~rdy matcrmls underlie the
fmc!r orws, (md(m:uttlrl{] 01 t)illlks is commc)n.



stand was therefore derived from runoff from the Los Alamos area.
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13.1 Pens Blanca

Downstream from White Rock Canyon and the reaches discussed in the
previous chapter, the Rio Grande takes on a different character because of the
presence of Cochiti Dam at the fewer end of the canyon, From that point
downstream, the river’s present appearance and behatior retlect the influence of the
dam which was closed in 1973. Although the channel has become more narrow
thorughout the length of the Rio Grande after the 1930s, the change is most
pronounced south of Cochiti Dam.

The Pef!a Blanca reach, a 5 km channel section, represents conditions
common along 40 km of the Northern Rio Grande between Cochiti Pueblo (site of
Cochiti Clam) and the confluence with the Jemez River. The river passes Pefla fNanca,
a settlement based on irrigated agriculture dating from the early nineteenth centu~.
The reach is typical c! the conditions in a portion of the river where the flood plain is
several times the width of the channel (Figures 13.2 and 13.3), and where the channel
has been exceedingly unstable, The reach is HISOinstructive concerning the results of
levee construction (in 1953) and dram closure (in 1973).

Chnnncl Lmhavior in the Pcfla Blnnc~l roach botweorl the tmrly 1940s and about
1990 has ccmsistcntly included locational mNnbility and progressive udjustmant horn a
broad braided corlfigurntion to a narrow, more s!raight olignmont. In tho 1940s, the
channcd was brund and unstablu, with numurous major and minor throuds, but gradual
roductinn irl wiltor yiuld and rwiic~l ruduclion in tho annual flood pooks rosultod in the
progrossivc isol~.ltwrlnrlci closuro of socondwy ctumrmls. CXrtainly thn installation of
Cochili I.)iirll uccx!lurnlod thasa dlilrlQOs, bill they wuro alrcndy w(III ostnl)lishod bofom
tho cfnmm 1ho product of tho chnngcs is o single rcmnining cllm IIuII with many
tibw Idul N.d CtlilrllldS ill Id tb)d plillrl Lt(!p(JSll% (311holh Sid(!s. f)rosollt vqjI :[,Ihm
pilttl!lllS nrcrc(mlplox rofloctirms of this LY)lll~)llCilt(!(t history (1iguro 13.3).

1tl(l rlli)!il CritiCill tllll(l ill ttll? Cflilllllo[ (Wdlti(]ll WilS ttMI bW fk)[)d ~1 id dX)lJt

l!J!)!J Wt Iidl (;illl!i[!(l ~tlll CIL)SLIIL: [Irl(j il~)ill l[~olllll(.ill! 1]f Illillly of Ill{) SOColl(liiry” CllilrNIUk

ill ttlu rL)ilCt1 (!;(!0 I “I!JIIIII 4.(; for Ov! fkllXl I]i:;lr)r y). Illlfll[dli ltf!ly W[l!it Of lhm:l Illilrl(;il,

fur (2X:11Ill)l(!, [1 !;11111011!; (!tlilflrl(!l ill I(i il!;!i[l{!iill(![l II(XI(I ~llillll (ki~)lily(l(l il prmlwmtlt
W[!:;twilrd lIN)~) (4A ill I I!Iurl I 1:!~1) Afhv 1!)!I!} ll~is I[)[IIJ Wil!i IK) 101I~](M il(XMi, iil~[l

wtdmrlk WIW!i fron) tllll il(;llV[? IIlilll 1 (:llillll I[!l MI(UI tt 1[1 II lil(:llV(l I(1( )~1 wifll flll{l !;(!( 11111(1111

%Illlllill WI( Iltl :i{!!jlll[~llt!; of ill )illl(loll!~(l I )1ill( 1(’(1 d]ilrlrl(d (ltX~lll ilk)llfj ill{) ‘.%lsill1111?;1[1[) (If

ttl[’ 111[’!;(’111 (:tl:lllll[’1 ftll[lllq~fl(llll Itl[’ fl’:lf!tl (;IA [)11~1(111111t:! :!)



31

.

.
. . . .
.. .“.”
. .

,,.

1.

r. .’ ~
—.. .

. . .
h

. Sk

.

., +111..1
.1, ..!

. .

. . . .
..

.,. ,

:

. .

%.
.1

;,
“.

“.,, ,,

,1

“/,,
,.’

,. I 4,

I
I

I

:



J{” ;
\ I

5B

.:,, ,

5A

I

,,1:

i!!,,
,,(.’,:,,,.

,,.,
1

‘ ,:
,.;

#,,
;.

. ,.

)i. l, “
,.

,. ,,
i‘*’.~vu

; f-.’.~,

‘i: ‘

●�
✎✌ 1+

1;
,.

.0..1 - .*. .

4“ 1’ ,
;,

); ll~,., ,” so-ad , 1.”.
,1, .. ’, ’.,.,.1

).
., ., mama

,1’

Figure 13.3 Goonlorphic nl~ipof tho Pofia Blancaroprasant~ltivo roach, See number
5in f-i{lure 12.2 fmlocutlcm. Lnbnlod nrmm on the map mo: 1A, 1982 active chnnnol;
111,1!M2 nctivo flood plnin; 1C, 1975. 19[KI(7) chmrnol; 2A, 1954- 19tii7 chmmol,
closod by l!M1/ flood; 213, 1954 l~9t31flood plnin; 3A, mid. lWIOs. 1955 chmmnl, 3B,
itwj I !340:; 1!l!j!i flood ~~l:iil~,4A, 1941.1 W)!j dli~llrid; 411,1!.)411955 flood pluin (Irdudos

f.lkhlr ilr(J:l cHh.Jft by (~ihrl m tt 10 ml!lt silk! d tt w Ch 111(1[!;yfit(llll), !jA, pm 1!140
ctmilrlfd; !d!, lm 1!14[1 Ilf)thl I}l:wl.

m-l



R@arian vegetation In the Pefia Blanca reach is primarily mttonwood (Figur~
13.2), The flood plains once associated with the abandoned channel areas are
distinctive because they contain significant amounts of tamarisk (up tc 74 percent of
the trees) which favors the fine grained soils on these forms. The wgetstion
communities and clear topographic expression of the abandoned channels as minor
troughs 1.0-1.5 m deep ~rmits field differentiation of channels and the planar surfaces
of flood ptains. Sediment characteristics of the two forms are highly variable. The
amount of fine sediments in the abandoned channels and flood plains that date from
the 1941-1955 period is similar, abaut 20-25 percent silt and clay, Pre-1940 flood-plain
sediments are much tiner with about 40-60 percent silt and clay.

Plutonium in the Pei’ia Blanca reach is likely to be associated with tibw ]doncd
tlood plains and channels that were active during the 1941.1967 period that W;W
coincidental with three of the four years of maximum plutonium discharge from 1(JS
Alamos Canyon (1951, 1952, and 1%7). l“twe features (3A, 3B, 4A, and 413on
Figure 13.3) are highly variable in terms of their content of fine mmcrialsl aIld furltwr
field sampling is required to define ttw Iocatiorw of concuntmted Iirm matonals. [ loud
plains that received ovcrtxmk flows and abandonod sloughs ttmt wore ac!ivo ciunl]g
the 1960s (such m the loop west of Pefia lllancn) art? Iik[!ly Iocalim w for fuhm!
exploratory sampling

13.2 Coronado

:’1[)
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The 1952 closure of Jemez Dam on the tributary contributed to the stability of
the reach by reducing flood magnitudes and sediment input to the main stream. The
Corps of Engineers installed an extensive series of Kellner jack systems in the braided
channel areas of the reach and established a narrow, relatively straight pilot channel
through the reach, The agency also completed an extensive levee on the east side of
the river in late 1961 that restricted channel mobility and isolated some of the flood
plain from active channel processes.

Cottonwood and willow are common on older flood plains of the reach, but the
dominant riparian vegetation in the area is tamarisk (Figure 13.4). Dense thickets of
tamarisk (up to 77 percent of the trees) now occupy the areas of braided channel
where the Kellner jacks stabilize the once active braided channel. Russian olive
outlines the margins of presently active channels and some i:tat were recently
abandoned. The present vegetation distribution strongly reflects the geomorphologic
changes, with vegetationI boundaries clearly outlining the abandoned channel system.
The abandoned braided channels have dense tamarisk growth, while the single-thread
channels have almost no tamarisk but substantial amounts of willow. In 1953 clearing
operations removed tarnarisk from extensive areas, but the species quickly
reestablished itself, and the clearing left no lasting impact on the vegetation
communities.

Sediments in the Coronado reach are not as variable as in some other reaches.
The active channel sediments contain about 36 percent silt and clay, a typical value for
most of the Northern Rio Grande. Abandoned braided channels (3B and 4B in Figure
13.5) have less fine material (about 22 percent silt and clay), a tendency observed on
the surface and at various depths below the surface down to 90 cm. Flood-plain
materials (26 in Figure 13.5) are different: at the surtace they contain more fines than
the channel (about 52 percent). Subsurface investigations show a typical “’fining
upward sequence” whereby the materials become progressively finer approaching the
surface. 1 In tho Coronado reach samples collected 90 crn belcw one example flood
plain surface contained only 5 percent silt and clay, while at the surface in the same
location, the fines were 44 percent of the bulk sample (see data in Appendix Cl).

The gcolrmrphologic map of the Coronado reach, constructed with evidence
from acrid photography and field data for vegotaticm, sediment, and surface forms,
shows an active channel of v lriabl~ width with a narrow strip of abandoncrd surfaces
on the snuthmwt sid~ WWI ~ IIILJCh widm zone of ah-mdoncd deposits on the
rmrtt lw(!sl sid(! (f I!]ur(’ 13 !)) lluImmJIn trmy occur if, tho ahanckmod ovodlow
cl]ill m(!l ll~ilt fon II(W a ICN)I)s[mtll of [hlrljilc)rl I Iill (4A on 1“iguru 13,5), because lhe
lr.x]~]w; I:; m;hvc diJrh~g II w Iiite 195(1s and cmly 1!3GOS. [t oxpc!rkmcod gradual
ck’1xwl!iorl nrld [ll~qgirlg willl smilnlr!nts tlmt muy have inclur.hd plutonium from fallcmt
illl[l Ir(]rll I OS Alil II I()!; , I k)w(!vor, s(’(lirll(!rlt from ttw J(!rlwz Ilivcr is Iihc?lyto llilv~

(Ihlt(!(l ~)lllt[)rmnll !:(]rl[;[!rltrilli(lll’; Irl II K! Ilmr} Str(’ilrll b(!(:illl!;[? of II)(? Iargo ammmls of
rl~ill(!rlill corMll)~Jt(!(J by fl~(! tril)(ll,lry

(111Itl(! :;[)lltll(I;l:;t :;1(1{’(If III(! Iw(’r, Iliul}(!(ii:ll(!ly rloiltl of ttl(! s(!ttl(!llwrll of
Il;ul(.tull), 1(’V(’(’ (:~)rr;lr(l(:ll(]ll 11~111(.;ll(’(1,1 Illi’; lll(h’r of il I)l; ll(l(!(i (:llilllil(!l i. WliV(! I)t!lwmvl



the mid-1940s and 1961. A porlion of the channel, an extension of 3A in Figure 13.5
north of Ranchito, now lies outside the levee and is isolated from presen; river
processes. The site contains presewed sediments that represent conditions in the late
1950s without subsequent interference from flood events.

13.3 Los Grlegos

The Los Griegos reach is representative of the state of the Northern Rio Grande
in the Albuquerque area (Figures 13.6 and 13.7). Los Griegos (Spanish for “the
Greeksmand named after an early family in the area) is a northern suburb of
Albuquerque. lhe 5 km representative reach is similar to the 25 km of river through
the city where levees on both sides constrain the atilve fluvial zone to a narrow strip
0.5 km or less in width. The reach is heavily engineered, with bridges, Kellner jack
fields, pilot channels, and designed levees. As a result, fluvial processes in the reach
produce features that are different from the other reaches.

From the early 1940s to the late 1980s, the channel has narrowed somewhat,
and has undergone a conversion from a broad, slightly braided channel to a single
thread version that exhibits a limited degree of meandering. The braided channel had
a meandering configuration, but the extensive engineering efforts completed in 1960
produced a partially designed channel with a relatively straight alignment. Subsequent
flood events altered the planned arrangement, however, and by the late 1980s the
single thread meandered in a course that crisscrossed previous paths and dr?posits.

The most common riparian vegetation in the Los Griegos reach is cottonwood
which grows in mature stands on flood plain areas (Figure 13.6). Abandoned
channels have less mature cottonwood with other species, including russian olive and
tamarisk. The distribution of the communities is directly related to the fluvial history of
the strip between tho two levees. On the east sick, Codh of the Alameda f3ridge, for
example, a narrow band of mature cottonwood forest (with cottonwood consistituting
66 percent of the trees; C2 on Figure 13.6) exactly outlines the remnant of a flood
plain several decades old. A zone of juvenile cottonwood, siberian elm, willow, and
tamarisk surrcmnds the older forest and occupies the surface of a braided channel

area that was active until 1960 (C-SE-CW6 on Figure 13.6). The species composition
of the communities varies dramatically from one surface type to another. One braided
channel active from the early 1940s until 1954 and another active until 1960 havo a
variety of species not found on the old flood plain (51 percent of the trees are
tamamisk, 11 percent ct~ttonwood, 11 percent willow, and 26 p:]rcont russian olivo).

Sodimonts reflect the diffmmtiation between flood plain and abandorwd braided
chanrwls in the reach. 1hc older flood plain surface materials havo about 30 pcrccnt
silt and clay, with a firlil~g upward scqucnco from a depth of Ml CIT1. 1ho braided
channel, akuu.lunod irl 19G0, tms Iligt ~lyvilri:d~lc :~moulltc of firw pilrticl[!s, with II w
moan value of 3“1 pc!rccnt rofk.wting ovcrbank dcpc)sillwl Irl tlm area after
abandonmon[ Tlm pro 1954 braidoci chanlwl nc]rtl IWCSIof th(? Akmmda 13ridgo did
not experionco overtxmk deposition, and it {?xhihits the rel:ltivn lack of fini! llli~l~riilki

[3.tl pcrccnt) typi~ill of i~ braided channel.
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The geomorphologic map of the Los Griegos reach (Figure 13.7) shows a suite
of Iandforms and deposits unlikely to contain large quantities of sediment or plutonium.
The Constriction of the river by Iwees reduced depositonal areas, and though
sedimentation has occurred in the area during the past several decades (resulting in
local flooding), the total quantity of material is limited. Fine materials, possibly
containing some plutonium, appear mostly on limited flood plains.

13.4 Los Lunas

The 5-km Los Lunas reach is representative of about 70 km of the Northern
Rio Grande in the transition from urban to rural Ianduse along the river from south
Albuquerque to Bernardo (Figures 13.8 and 13.9). Los Lunas is an agricultural
settlement south of Albuquerque named after the Luna family, prominent early
Hispanic settlers in RIO Grande Valley.2 In this general segment, engineering works on
both sides continue to restrict the course of the river, but the distance between the
levees is greater than in the urban area. In the Albuquerque area the levees have
alignments suited to the needs of the city, while downstream the levees conform to the
late 1950s arrangement of the channel. At that time, the channel was braided,
somewhat meandering, and included wide bends that still appear as the inherited
positions of the levees. Since the late 1950s, however, the channel has shrunk
because of irrigation withdrawals, decreased precipitation inputs, and the effects of
upstream dams. The present channel is more straight than its predecessor, so that it
crosses meandering deposits left by the earlier, more complex channel (Figure 13.9).

The consequences of this history appear nortleast of the Los Lunas Bridge that
carries New Mexico Route 49 across the Rio Grande, where the levee configuration
includes a prominent elbow-shaped area. This bulge in the plan shape of the levee
system accommodated a bend in the pre-1960 braided channel system. Subsequent
narrowing and simplification of the channel to a single thread has left the elbow as an
anomalous feature that then behaved as a sediment trap during floods (3A on Figure
13.9).

Mature cottonwood forest is common in the Los Lunas roach, occupying the
older flood plain surfaces and braided channels that wore abandoned bcfom about
1965. C)n those meandering segments of nbandoncd channel that are not part o! the
present active chanrml, spccics cmnpnsitinn differs from tho flood plains by incluciing
tamarisk and willow (Figure 13.8). Tho newer dcpcisils also havo less rlmturc!
community structures. WIIIOW is cl(xrrly tissociatod with finer mnlcrmls of filled

charmds, accounting for as much as 74 porcml of tho trcx?s in stJch aroiw.

The sodhnents in tho I us L.unas r~ach show variation vcrticnlly and Imrizonlally,
In abandonod braided channel zones, sndmwnts aro com’so with 5 pcrcwll or IWM as
silt and clay In atmndoncd flood plain zones, tho fines cmlstltl Jh?an nvw’m]u of !)0
porcont of ttm rnatcrinls. In the elbow mcn dcscribod almm, thcrsurf!ICC scdimwlts
am Imo (54 pcrcwlt M nmi clny) t)~!~il~is~ of III(! shlck wi~t(tr ov:!rt)wlh (Iq)():;ili()rl in
tl)o arm during floo(l” ~)(vlo(ki Irl Itl(! Iil!;l Xl y~ilr!i Sul )!iiirfim! :;;utll)k!!; , IIow(!v(!r,
Stl(lW ttl:lt ttl(?%[! flrl(? rll:lh!i lid!; :Ir(] 1(?$Sttlilrl 4!j (311 (l(!f!~l, l~(![:ill 15!! il :;; lrlq)lu 11”1)1114!)
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cm below the surface revealed materials with only 2 percent fines, sediments typical of
the original abandoned braided channel deposits.

The geomorphologic interpretation of the Los Lunas reach indicates that it is
unlikely to harbor significant quantities of plutonium though no direct measurements
are available. Fine materials deposited during the 1950s and early 1960s are relatively
scarce, occurring on a few small flood plain segments partly destroyed by the modern
channel. The fine deposits trapped in the elbow area northeast of the Los Lunas
Bridge date from the last 20 years, a period during which Cochiti Dam prevented
inputs of plutonium to the lower river from mountain fallout sources and from Los
Alamos, If any plutonium OCCUIs in the deposit, it is from reinobilized materials that
had been previously deposltcd elsewhere upstream and then entrained a second !Ime.
Mixing and dilution by tributary sediments has probably been extensive.
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14.1 San Geronlmo

Downstream from the Los Lunas representative reach (which ends at Bernardo
as described in the previous chapter), the character of the Rio Grande changes
radically. Immediately below Bernardo, the Rio Puerto joins the main river, bringing
with it a huge load of sediment. The Rio Grande Valley becomes much wider below
Bemardo, and the twentieth-century narrowing of the channel, aided by engineering
works, is even more pronounced than in upstream areas (Figure 14.1), while the
vegetation community is dominated by tamarisk. The final three representative
reaches outlined in this chapter share common features of grc?atvalley width, extensive
channd changes, and wide-spread impacts of engineering works.

Tho 5-km San Geronimo reach is similar to tho 25-km sc?gmentof the Northern
Rio Grande between the highway bridge at Bcrnmdo and San Acacia Diversion Dam
[Figures 14.2 and 14.3). The reach has a Ievcc and drain system on the east side,
VVtIilu the embankment of the Southern Pacific Rail Road strongly impacts the wust
side. San Goronimo was a stop on the railrond, but it is now abandoned. The
embankment constrains the Intornl movement of tho active channel and isolntcs a
bnchswarnp and kh nrcn on ttm west side. The flood plain nnd abandnnod chmmcl
aron is mm tlliirl 2.5 km wide iltld is bounded by stmrply chifincd Plrqistm:clm tcrraccs
of sand nnd grnvol.

It}(’ 1111,111,111 V[’![t’klll(lll Ill 1111’ !;;111 [il’r~lrllllul l[’il[mtl1’111[}1;l’l v,ulrdll[’ ,1’1II I!i Ill
r[’llllu”l IIIVIIIII.UII (1 iiIIllI’ 14 ;’ ) l),l~il illl(l In,,li)ri(’,11 Ill;,,),, 1111111.,11(,Il),lt 1,1111,111’~lfWil’~
,llllt,lli~ (“ll,ll~ll’ltll~ll Ill [1{111’1111111(”ll.I’I’. IIV 1111’rlml Iil:lll’i 1 ICIIIIIIIIIA r, Ily 1,11IIIIS Irllv.1
lv)lrulll~ll T.IUX III’., lIIIwlIIIfl[l II I IIIIIIIIIIIIIICI lllIItlII ‘111111”111’1[ iWIII Ill lillu~y .u~’.l.l
(:11,111(1(11,III 11111 I“lurlilnlilily ‘lllIiImlllliI, Illlwtwl’1, 11’111’1”1 11111 V,lll,lllllll Ill Illlltl’llyllll[
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deposits. Mature forest stands with canopies several tens of meters above the
surface are rare, but there is corisiderable variation in structures with vegetation
closer to the ground. Less dense growth occupies the younger deposits. Two
anomalies are the cottonwood forest growing along the abandoned 1940s channel
north of La Joya (C/CSl in Figure 14.2), and the willow lining the mcdern active
channel.

Unlike the vegetation, sediment composition in the San Geronimo reach is
distinctly variable from place to place and shows strong connections to fluvial history.
Sediments from an abandoned braided channel that was active between 1950 and
1987 (2A in Figure 14.3) have modest amounts of fine material (about 28 percent), but
abandoned flood plains active during the same period (2B in Figure 14.3) have
significantly more (45 percent). A pre-1940s flood-plain surface has similar high
contents of fine particles. Subsurface samples from depths down to 90 cm show a
fining upward sequence in all the features (data in Appendix Cl).

The geomorphic map shows the contrast between the winding course of
deposits of the river during the pre-1987 era contrasted with the straighter course of
the present channel. ‘The railroad embankment forms a resistant bounda~ on the
west side of the reach, and since the 1940s the channel has stored little material along
its length near San Geronimo, because the bend in the river forces flows against the
barrier. Agricultural activities have obscured the surfaces of the deposits southwest of
La Joys, but their forms and materials remain relatively undisturbed in the northern
portion of the rcprcscntativc reach,

The flood-plain deposits associated with the 1948-1967 channel systems are the
most Iikcly areas for plutonium storage, Those areas have fine-grained materials
deposited during tlm period of maximum plutonium input into the system from fallout
and Los Alarnos. Dilution of the plutonium concentrations is Iikcly, however, because
the San Gcronirno reach is immediately downstream from the conflucrwe with the Rio
Pucrco, l-he tr ihulary contributes hugo quantities of sedilncnt with low concentrations
of plutonium that mix with thoso of the main stream, reducing the concentrations of
tho contmnirr:mt cnrric!d by tllo [lio Granctc, rho influx of scdirm!nt also corltributos to
mm%iv[! floodplain dcpo!;it!i [?xt(!rl(lirl(~ LJI) t[] 3.5 kn] across ttm v;dluy in the reach,

14.2 Chamlzal
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engineering activities (2A and 2B in Figure 14.4).

A significant feature of the reach is the elbow in the vicinity of Chamizal.
Activities of the Middle Rio Grande Conservancy District in the 1920s produced the
Lemitar Riverside Drain and its levee on the outside edge of the elbow. During the
construction associated with the Middle Rio Grande Project, engineers installed a pilot
channel consisting of straight segments (shown on Figure 14.4). ?hey built a levee
that cut off the Chamizal bend in 1959, The Bureau of Reclamation christened the
newly isolated area between the old and new Ie..ees the ‘San Lorenzo Settling Basin”
because it trapped sediments from San Lorenzo Arroyo, a tributary to the main
channel,

Floods in the Chamizal reach result from activities of the Rio Grarrde, Rio
Puerto, and Rio Salado, wherein major flow events in 1967, 1972, and the early 19BOS
caused channel adjustments, Although the engineering works com~deted in 1959
produced a straight channel, this configuration did not represent an equilibrium
geometry. The subsequent channel adjustments reproduced the original channel
geometry of a gently meandering course, somewhat constrained by the west-side
levee.

Although previous workers did not map vegetation in detail in the Chamizal
reach (or the San Martial reach immediately downstream), field investigations in the
present project provide some useful data. Tamarisk is the most common riparian
species in the Chamizal reach. On the narrow strip that is the active flood plain, its
coverage approaches 100%, and in many places there are no other tree species, In
channel and flood -plair} areas abandoned by active processes after 1959, cottonwood
is beginning to be a recognizable component of the riparian community. In the San
Lorenzo Setlling Basin, cottonwood is flourwhing, but in those areas still subject to
overbank flows from the modern channel, tmmrisk maintains i!s dominance. Because
tamansk is so common and other species are nut especially variable from place to
plats, the riparian vegckdion is not a reliable indicator of the distribution of fluvial
forms and sediments in the reach.

Scdiflwrltilrv clmractcristics arc useful tools in dllferenliating deposits in tho
ChiIIIII/nl rc!id). I luod plilir~s have conslst~!r]tly finur Ilutcrinls than abandoned
clumrwls, ili]d flood I)lill[ls uf dlffwont mys have. diffurcn! wnc)urlls of firm scdirncnts.
Tl]c SP(JIIII(!IIIS u] tl](! rll;qor i~l)ilrl(k.)rl(!d briiidd d:i]r]rl~!l m tt]cl i]r(!il (2A irl f_iguru
14.4), (?xclll(llrl~j ttl(’ :;(IllhIIg I)i l:;m, h;iv(,? 1(’:;s ttl;~ll C)IW f)(!r(;(!rlt silt nr)(l (:liIy. Arl’)c)n~

IllC.? 11(-)[)(j ~)lillrl S(’(11111(.’lll!;, ttl(J rll(-)1~ rL!(Wllt ttl(! fUil!lJl (l. ~tlu rllol”o flllfj rll;lt~ri~l It

CorllilllW. “111[: lllo(l(’r r] il(:tlVU flowl @ilir) s(xlirll(!rlls IKIVL! LI rK?ilrl Of 53 pcrumt silt and
~lily, wIIIIL? !11[! 11[)[)(-i ~.)!i~lll ;ll)ilr)~~)rl(?Ll In ttl~ l,Itc 1 UM.)S (21{ u-r f i~wa 14.4) has do%

nr](l tl~(! (IIILI iil)illl(lor~(l(j !;())ll(?wl~iif (tildl(!r (;1[1 Irl I i~.~ijr(? Id.d) I]ils p~(%. AS is c) ft(]n tho

Cil!i(’ Wllll I)lill(l[ ’(1 !ill(!:llll [I(!l)()!ill!i, Itl(’l(! IS V(’l”ll[:;ll V;ll’lilllorl Irl ~)ill!l(;l[! si~(+b{!loW ttlC
qllrf;~(v’
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thread configuration. Given the location of the reach far downstream from plutonium
source areas (almost 250 km south of Espai’lola) and downstream from major
sediment sources (the Rio Puerto and Rio Salado), sediments in the reach are not
likely to contain high concentrations of plutonium from mountain fallout areas or from
Los Alamos. Sediments from depths below 30 cm probably re~ect the materials in
transport through the system in 1959. Comparisons with modern active sediments
would reveal any +emporal trends in plutonium loading of the stream, but there are no
radionuclide data presently available in the reach.

14.3 San Martial

The 8 km San Martial reach represents channel conditions between the San
Antonio Bridge and the San Martial Bridge, site of a major U.S. Geological Survey
stream gage and the downstream end of the study area (Figure 14 5). San Martial
was founded as a mid- nineteenth centuf j trading town, and was destroyed by floods
in 1866 and 1929. Sedimentation within the reach has produced a flood plain that is
up to 4 kin wide, but the active channel is relatively narrow, less than 60 m wide,
because of transmission losses, irrigation withdrawals, and the maintenance of a
conveyance channel that diverts low flows into a canal separate from the natural
channel. The reach has some characteristics similar to the San Geronirno reach in
that the Southern Pacific Railroad embankment has isolated a pad of the previously
active flood plain from the active channel for more than century. This isolated area at
San Martial was a backswamp under natural conditions, and included %n Martial
Lake. Following the installation of the railroad, the lake filled with sediment and
organic debris, and it no kmgcr exists as a body of wcter.

ltl~’ iMv.i[ll(I lhr) (~r;ul(l(’ I’I()](v:I, (:(JII]I)I(IIIv1 Irl l!)!i], rf’:;(dt(’(1 III Itw
flt)illl[ ~ol’111(’llt of tt)(! W(!!,l I)l; lll(:tl illl(l II](! (~il:x:flotl of fl[)W:i 11110II](! (’;1!;1(’111 I)r; ulr:l]
I II(! l)loil(~ OVL!IIIOW” !;illlil(!(! l!; lloW f:;ol:lt(vf flolll ttl(! il(:tiVl! (41;11111(111)’j l(!V[!(~!;
Slll)!;(ql(’llt (’ll(Jll l(’(’llll!j I’fl[ll l!; (1( ’1111(’(i il 1(’l;lllV!’1~ ~illill(llll (~tlilllll(’1 [Ili!l (;111011 ~;(”lllll’
rll(!illlfl(! l!; :11[)11!1 Illl! !;lll! 111’ Itll[’il(l (!il~itl’111 (Rtlilllll[d ( Ill irl I I!jim! f4 !j),
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Figure 14,5 Goomorphlc map of the San Martial representative reach. See number
11 m Figure 12.2 for Iocatmn Labeled areas on the map are 1A, 1984 active channel;
1B, 1984 overflow channel; active channel during the 1970s and early 1980s; 1C, 1984

flood plain; active at Ioast horn the early 1970s to present; 2A, pre-mid- 194C)Sto 1960s
active channel; 2B pre. mid-l 940s to 1960s flood plain; 2C, pre-rnid- 1940s to 1960s
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overflowed In 1941 which estakhcd gcomoky; flood f!ow bifurcated with one split on
each valley side; 3A, pre-194 1 channel; 3E3,pre. 1941 flood plain; 3C, pre-1941
mld-chanrwl Island and channel side bar: 4A, pre-1941 lake and back swamp arm
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slta for mwn ctmrlrl{!l r~ultwlills nltw cnn:;trucmm of tho rmlrrxid.



test plot in the present study, the density of tamarisk is more than half a million plants
per sq km. The only truly diverse riparian community in the reach grows in the
1920s-1930s abandoned channel, where tamarisk shares available space with
cottonwood, russian olive, and willow (areas 3A, 36, and 3C in Figure 14.5). The
density of tamarisk in other areas apparently excludes competitors. Community
structure is a useful indicator of the distribution of some geomorphic and
sedimentologic features. The west branch of the 1941-1953 channel, for example, is
sparsely populated by trees and is easily defined in aerial photography and in the field.

The 1941-1953 west channel (2A in Figure 14.5) also has distinct sedimentary
characteristics, containing less than 3 percent silt and di]y. The flood plain that was
associated with the channel (2D in Figure 14.5) has sediments with an average of 35
percent fines. As in reaches fuflher upstream, age of deposit appears to be inversely
related to percent fine material. The flood plain of the 1920s and 1930s contains
about 25 percent silt and clay.

The geomorphic and sedimentolgic map of the reach that results from the
application of aerial photographic, field, vegetation, and sedmmnl ewdence shows that
the present channel arrangement bears little connectmn to the older channels and
their deposits. The reach preserves both channel and floc]cl plain dcpnslts from three
separate periods. 1920s-1930s, 1941 1!353, and post 1953 1he last scncs, tl~c nlost
likely to contain plutonium if it were avallat]le from upstrcmll sources, IS tlw rl~ost

limited in a geographic and volumc!nc sense. (liven ttus f;lct, alcmg with the dilution of
sedlmenls by tributary additions and the great dwtance frmn upstream sources (313
km from Es@lol~), it is unlikely that pll’tonlum occurs wlthlrl the reach m nmjur
concentrations.

14.4 Summary

ltlC forc!gul!lg rcvmw (Irl CJwptws 12, 13, and 14) of (1( ’tilll(!(l Ctlilllrl (’1 (;llilll~(!S

and r(!siJltlr\g fll.lvl:ll (11’~mslts arid furnw Irl (!k’v(’rl l’(!~)r(?!;(!lltfltlV(? r(!; l(:tll l:; (Jf ;Il(q
Norttmm I{lr) (hiul(h’ l) IrJd(J(’(’!; Ih(? k)lk)wlrlq g(vwr:ll (X)rl(:lu!;l(ll)s
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different particle size characteristics than a flood plain in a southern reach, but
in both cases they have finer sediments than nearby abandoned channels. The
post-1941 sediments are less tilan 1.5 m deep, and usually less than 1.0 m
deep.

5. Plutonium from mountain fallout zones and from Los Alamos is most likely to be
found in those reaches of the river upstream from Cochiti Dam and possibly in
the reaches between Cochiti Dam and the Jemez River, As downstream
distance increases from the cc nfluence with the Jemez River, the contribution of
plutonium to the system from Los Alamos is likely to become so small that it is
unrecognizable, though plutonium from fallout is likely to be present in small
quantities
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PART 5. DYNAMICS OF PLUTONIUM IN RIO GRANDE SEDIMENTS

CHAPTER 15. THE SIMUMTION MODEL

15.1 Objectives of the Model

The empirical data reviewed in the previous chapters indicate that plutonium
occurs in sediments of the Rio Grande system at low levels. It is not readily apparent
why the concentrations are low, given that concentrations in sediments of upper Los
Alamos Canyon are one to three orders of magnitude greater than those in the main
river. The explanation of observed concentrations probably lies in the complexities of
the water and sediment system Flash floods cm the tribulmy occasionally evacuate
some of the relatively plutonium-rich sediments into the Rio Grande, but when they
enter the main river, they are subject to two river processes that produce low
plutonium concentrations in sedimentary deFosits: mixing and dispersal. Dilution
through mixing occurs when the sedime[~ts from Los Alalnos Canyon combine with
sediments from the upper Rio Grande and from tributaries (Figure 15.1) containing
fewer contaminants. Dispersal at the scalo of ten:; of kilometers along the riv also

causes a general decline in concentrations, though as demonstrated previously, river

processes deposit the contaminated materials in spt!cific places rather than diffusing

thcm cnrnplotely throughout the river system.

f“LN tt l(!r UI ](l(!Wtiuldirlg of the conscqicncus of the river’s cofllpk!x contnnlhitcd

sectil Iwrlt pruccs:u?s nugl lt bc obtwncd fronl three swrcl?s: direct rlwws~Jremr2nt,

Idx)rnt[)ry exp(!I illi(!llls, Or rllilll~!ricd wrnulntion, bul ordy tll(! kwt ~lt[?rlliltivc is a

work~blu pc):isil]ility. 1 hu chrcct OIXWI V,diurl d Ilwsc n)ixing, dill(lsiwl, ilr~d (Icpc)sition

proc(?sscs irl the ~iO ~rwd(! Is inlpossihl(}, SC) tt lilt dctnilmi c1lq~irlcnl (lilti3 i d)out thmn

is urmvnilal,)k~. In cm.icr to tx! worlwblc, Iabornh)ry cxpcrinwrlts II ust dupllcatc IIw
signifi(:wlt comporwnts of the r~ill syst[?m using tlumcs, and physical nlr NI(!Is of tlw
systclll roqulro Charlg(:s U I 3(:;111! tt lilt rllily result in irmccurotn r(!pr(!!X!rlti Itirnns (If tt w

~lCt[lill Sy~jt(!lll S(xlinlc!l]t Ill ptly$i(:ill rllmluls fTIUSt Ix! SIliilll(!l tllilrl in IIl[!ir real
(:()(lllhupilll!i, for (! Xillll[ll(’, I)llt I)(!(:; UI!;(! Itlo W{lt(!l” Cilf”lflot M “SCill(!i~ (lOWII’” in III(J

11)0( 1(!1,III(} flll(l s(’lliltl(!lll Ill tll~! Iilllolilto!y” 1)1.!tlilV(.!S diffcrlvltly Irom II}(I m(m: c(mrsu
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reflection of the real system. A general model is useful, however, because its
operation obeys our best understanding of natural laws and it can render the complex
real system more understandable. The model also permits the user to predict the
course of future processes, assuming that the model is adequately calibrated to
previously observed conditions and that no new variables intewene in future
operations.

A numerical river simulation model is a computer program containing formulae
that describe the operation of the real-world river system. The numerical components
01 such models are usually relatively simple mathematical statements that mnnect
parameters describing various attributes of the river such as its dimensions, amounts
of water and sediment in transport, and variables related to energy and momentum in
the system. In a dynamic model that accounts for the passage of time, the numerical
components also perform simple accounting functions such as keeping track of the
total amounts of material that pass through the system or that are internally stored.
Simulations are activities that use the program to mimic the operation of the system,
including the changes that result from its own operation. Predictions result from
simulations that extend beyond the presently available data.

The objective of the numerical modcd for analyzing the concentrations of
plutonium in sediments of the t7io Grando is that it be a simple, dynamic, spatially
vari~lblc scdimwll transport anti storage rnodri based on the distribution of force and
resistm m in tl-m systcm.

I, Simple. I Im objcclivc is to construct a program Ihnt operates in a persorml
computor cnviiorlmwlt without ruwd fur Iargc machine support, with an
int(?rm:tivu dcsi{lrl so that the us[?r duos not rwcd to bo a sprmialist. Although
sc.mlc tlydri~lh~ nmd(?ls prcsonlly in use roquim clctailod surwy data, the
ol]joctivo is to IIKIIU! dala c.iwnands simplistic, without need for oxpensive data
rml t(mr](l irl prl!s(mtly avdiiblc daln basc)s such as strc.xun gnLIgo records nnd
il(!liill ~ltlot[l!]l{l[)tly

?, Dynamic I IK! Illo(k!l SIKNJI(I b(l Cil~)ill)l[! of Sill] (llillillg III(! p~lS!iil{]4J (If tirlm by

Lll)(li 11111!~ Iki(!lf, tilkirl~] il )10 ilc(::)iir]l Cl lilr KjCS to (;I Iill II 1(!1 g(ml]f ltry rcs~lltir 1{~ from

!;(xlill I(!nl:itiol] rlr oro:;i(m so ttl; lt th(! noxl tinm [n]il if] It II! Sill l(llilti(m nCCllriltrlly

il(:r.:[)(lllt!; 1!)1 ttl[! [)10( 1(1(’!S of pr(!violw ol)(!lilllorls” of Itw :;y:;t(vn.
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5. Force and Resistance. Because hydraulic force and resistance are the primary
physical explanations for river processes, the model should represent these
aspects of the system directly and should be able to assess the effects that
changes in these aspects have on contaminant mobility.

15.2 Outllne of the Model

The model (Ieveloped for exploring the dynamics of sediment-borne plutonium
in the Northern Rio Grande is the Riverine Accounting and Transport model, or RAT
(Figure 15.2). The RAT is a computer program written in IBM Advanced BASIC Iangua
ge consisting of about 13CKIstatements based on known, simple equations. In
Advanced BASIC, each statement performs only one action, so it is not as powerful as
PASCAL, FORTRAN, or some other languages. The advantages of ~lsing BASIC are
that it is automatically available on most l13M-compatible personal computers without
the need for additional compilers, and it is easily modified by users who wish to
enhance its calculations by inser!ing more sophisticated mathematical statements,

“1he gont?ral structure of the RAT is to define river processes in n series of
linked channel scgwwnts. In this case, the simulation is Iimitod to tl}c Northern Rio
Grando from Otowi to tho headwatcrs of Cochili ll?swvoir. Althmjgh it is Ihcorcticidly
possible to simulate the river ovor rm mh greater k?r~gths, tho calcukltions become
unwieldy. Simulatmns of prosont procosses and predictions of future proccsscs must
focus on the (Mwi Cochiti Reservoir roach, bncausc the reservoir is the tr:rn~irl;llion of
downstream scdilll~?nt transport. Each chwmol scglmmt has its own pt]ysicnl
clmractcristics such as Iongth, wicllhl depth, and gradient. “1ho program
nmthornalically pwscs wiltor, scdirlmnt, and contiurlinnr~ts ttm)llqh ttm scc~uor~cc of
sogrmmts, C[llCllliltillg ho forcu i.lVilililtdtI for transport, ttlo ro:;i:;tiu ,rm of Iho sogrm?nt,
and rcrs~dting [?rosic)n or reposition within mmh scgmcr}i.
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Reservoir, downstream from the confluence with the Rio de !OS Frijoles (Figures 15.3,
15,4), After the user selects the desired option, the program reads the data describing
the initial physical characteristics of each section (stored imernally in the program),
and establishes a geomorphological environmental matrix.

The environmental matrix has three dimensions: stream segment numbers,
characteristics of each segment, and time units (Figure 15.5). The segment
numbers range from 1 at Otowi Bridge to 22 at Cochiti Resewoir. The characteristics
recorded for each segment are segment number, downstream distance of the end
point of the segment from the beginning of the entire set of segments, the segment
length, the elevation of the segment end pcint, the mean channel gradient, mean
channel width, mean channel depth, hydraulic roughness of the channel, the
cumulative channel bed area from the beginning of the er~tire set to the end point of
the segment, a number to connect the segment to the passage of flood waves, and
the time unit number. For the sake of simplicity, the calculati~ms assume a rectangular
channel (Figure 15.6). Thcr channel segments are 200- 20G0 m long, with thnir
specific starting and ending points determined by geomorphic conditions along the
river. For example, narrow reaches for some segments while mhcr scgrncnls are
wider and contain some space for sodirnent storage. Genorai!y, wide and narrow
segments alternate with each other long the channel. The t;me units range from 1 day
to any maximum nurnbcr, but practical programrnir?g Iinlits the rwdistic maxirnurn
number of simulated days ta abollt 10.

Onto tho pr cg:arn establishes the initml gcornorphological environmental matrix,
the uscrr ir~puts dilily moan discharges thd untcrr at the upstr, :un bcgmning point of
the cwtirc set of st!gmcnts. Tho hput of discharge vah.m !Jy tt m user CWJSCSthcr
program to csti~l)ll!;h n sl?cond data mnlrix or array for hydraulic values witl;in each
stream sogrlmrlt. I ho hychmilic rniltrix, Iiko tho cmc fur It]o gn(llllclrphlc pnriulwturs,

has thrcro dir?mrwions suqrwnt rwm]bws, segment charactwk!ks, arid tinw units.
Agnin tlw s(’~llil(ir!l r}~nl}h[wi rilrlf]n horn 1 to 72 i~rld tlu! tirlll! units frorr~ 1 to abmlt 10
“1tit! Ilydrillllll l:tl,lr ili:t[!rl:;tl~S of tlw chilnrlal scgrllc!rlts :Irc s[!{~rllorlt nurliwr, ilr)
Llrlil(ljll:it(!(l IkX:[lIll{~C Vill(l(! (k!rlwd from ttlo input dillil, tll(! Iot;ll wilhirl III(J s(!grll(?rlt,

ilrl il(~j(J!;t(!Ll (Ii!; (:tliJr(JL~ Vill( I(I tllill i l(:(X)llrlt S for ttl(l trilrlfir llly~!; lorl k) SW!S, d(?ptll Clf fk)W,
w!lucity (If II[)W, strc!wu ~.x)w(!r ~l(!l unit W(!il of tt}l)CtlilrlrWl 1)(!(1, :Irl[l Qr[wlll I)flwur ill

tll(l (1[ )W1l’.illl!iilll (!IM1 of III(I cross !ifl(:tlol”l All I;IO I}y(irwllic (;ill(:lll,illol~s i{l}[i
:;~ll)!;[vlll(’r~l :;mllrri(’rlt ilrl[l l)lul(~rmllll tfilr)!;~)oll ~ill(XJliltiorl S (1:; (’ ttl{’ il(lji.l!i’( ’(1 (Il!;(:tlillfj(l

(;:ll[:i)l;ltll~fl:; h]r II I{,’ ~:orll~)f~rlr.!rll:;[d ltl(’ ~ly(llillJllC rlhllrlx 11!;0!ililll(ltlr(l, Wlll(’1~ il(:(’f ’lltt!(l
Iorrlliil;u” f’III~)l(Iy(’(1 I)y flI’OI]IOI~lllolof/I:il:i iiri(l Iiy(llii(ill(: (!r~f~rlli’or!; (Al)l)(!rwli~ ,1) 1

:):111



x. 7

?

..-..
10’ .S~OuKMAN

\
/\ ””,,

11
“;

12
)

13
:h
.*

Los Almnm showing tha ?2 rumk.mrod
!;mwlntiorl nmdrd.



:IY. I. l“’’!””: ‘“’’””’”’

ill

~:

B:
c1
-.
...
r
:.
:,

il~ 1,.1,

!1 ..

~~
I.il,l ,\l,lllll B. I“:lllwul

~ ‘: Id M1.11.l A1l.1

‘%.’,
I ●.
I lhII. hIII,i II [.,II I,MI, I AIIICII,I

●

‘m ‘ M1114,11111Ill I“,lllvlul
●

I ● ,

1
1

●
“’IJ’1111” ‘.’’ll~’”1

●
● a

●
●

I ●

“m

;
I nmtlr,l l.,lll\lul ,m

i
●

Ail, 11,1 I .III!,III

I
●

●
: .

I

●

1.1lplh
●

I.,lll\I,ll

:1 .,.1... 1...;. 1

1, .1

l’. I\\ll. llt’,llll lll”l ,11111’ [Ill)

1



f,

M(1. 1, 1)

MATRIX M

. . .~~
●☛I

,’1
.. -’l

1
I

,,; - - ;!
#1’

. . .
!;1 (;MI NI

U(l, c,n

.0
I I ,..“

I ,“
II #i..:..; ...”””
I/
k . . .;*’ “.. I

I
M(2, 1,1)..

7“
/

/$
..~”’l

d’

Fhure 15.5 Concwptuailzatkm of an exampls data motrix from the HAT simulation modnl.
Ths matrix is designated M, tam!each M! of data In tha mfltrix is Identlfiad by thma values,
ttw sogmsnt number, the time unit, amt ths type of data or chamcteristb.
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the simulation, and the time unit number.

Calculations in the sediment matrix address only bedload, because the suspended
load passes through the entire system without appreciable losses through storage or
additions through erosion. The stream segments occur in White Rock Canyon for the
most pan, and there are no extensive flood plains that might otherwise interact with the
suspended load. The program uses standard formulae for bedload transport that are
simplistic and that are derived from first principles rather than from empirical data
(Appendix J, Parts F, G, H, and l). It is also likely that contaminated sediment from Los
Alamos Canyon travels as bedload, because of the relatively cot ‘“se materials involved.
From a regulatory standpoint, bedload calculations are of greate~ interest, because the
infusions derived from Los Alamos are most likely to occur in coarse particles carried by
the main river as bedload.

The user informs the program about the input of plutonium to the system by
specifying the Iocatlon and timing of the input (by segment number and time unit
number), and by d~tailmg the total mas~ of sediments and plu!cmium concentration of the
input The system therefore simulates an instantaneous release of contaminated
sediment into the stream from an accidental spill, or the influx of contaminated sediment
introduced by a flash flood on a tributary stream. III the case of the Northern Rio Grande,
the simulations depict introduction of con~aminaied sediments from Los Alamos Canyon
which joins the stmmr. i in segment number 2. The program assumes that fallout-derived
plutonium m the systcrn occurs in scdirnont entering the segment series from upstream
m bcdload concentrations of abOIJt 0,0025 pCi/g.

1he RA1 prof]rarrl completes IIS basic calculations by using these input di Ita to track

the Pldor]l.lrn WIII)II1 t!i]~h scgnwnt and to cC)nWUCt a fourth matrix or array, The
plutonium rlmtrlx hns III(: LJWJLII three chrncnw.ms of segments, charac!oristlcs, and time

units w’th the SIIII IC !.I.’c ranrys as before. The plutonium rmtrix charactcri:;tics arc
scgrlwnt numbur, rll;r;.; 01plutomum mpul, plutonurll corl(xmtrahorl of ttw input scdirncnt,
mass of Altcmlurll oulput, plutonium corlcxmtratlorl of tlw scdmwnt output, mass of
plutonwrr~ ~i[)r;~gr~m u:lch tlrno ur,d, total mw;s of plulorwm stored fror~~tho I;oginning
of lIw wrlml; Itlorl, corw[”!t Itriitlon cJtplutrmum m storod sc(illiwr]t, ar]cl hrrw ul~it. Thmm
c,dc(kltwr I:; illl~[tl IFIt!():; II II:)I(: nccc)urlhnq (App(mdix tJ, Parts .J imd K)

Afl(v (:urllpt(’:lllfl ltl(! C:ill(:\lliitlorls mld Irm!l’lillg thf.! rr-!stlhlrlCJv{lhJ(!S Irl ttlc? r(!sp(!ctlv(>
ilmlrl(:~)!;, II I(’ [{A I (1(11[’Irllll ](’:; wllr41] (’1or nc”dtl](! c:rlmkltlorl h-icorl)~)l(!t(?. II fll(! tJs(!r Ililri
!il)l’(;lfl(’d ~ti(! !ilrlllllil[l(Jr ~or (Jllly W}(’ (lily, th(! [)rofJri’11) l)r”()(X!(!f.l:i to pr(!~)ilrlrlg Itl(! (I;lt;l for
dl!;lkly If tllf’ I.j’;[’r h;~., ‘,~)(!(:lflr!(l rrmro ttliirl Orl(! SlrlllJlilt(!(J (~il~, tlm pr(xjrilril r(N(Jrrw 10

tll(! (’llvlrl)rll!il’111;11 Ill:ltllx ;irld ilrlp;t:~ ttlo Irlltlill cmldltmrl:; illl(l !i(!grIl(Nlt Ctlillil[:t(’rl!; ll(:S to

r[41(’(:f IIII! rr::;llll:i r)l II )(! pr(u!:i:,L’!; (II iflrl~~ tll{! flrsl (~ily, !tr(~ })ro( Irlllll ~ll:lllfl(!’. !i(~~JII~C!l~~s
.

Wlttl :itt)l(’[1 !if ’(~1111(’ld IJY rlli”lhlrlq tll(!lll 111111[’ rlillr’(JW ilr)(j !+tlilllo W, ilrl(l (Illilll~J1’S [’1(’Vfl~K)ll:i

Itl; d IIIIIIII;IIIIIV C;lll’w (:tl;ul[lfl!i :rl ~jriull(vit Ill(! l)roflrilll} rllilll l(’rlliltll.:illly (Il:itlll)lll(lt tll{!
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mathematically enlarges thu channel by removing sediment evenly in the long dimension.
Cross sectional changes during erosion are such that 80 percent of the sediment
removed comes from increasing the channel width and 20 percent from increasing the
channel depth. Thus, during erosion, bank erosion is most important. These deposition
and erosion scenarios reflect ttm obsewed changes that have historically occurred in the
channel.

During simulations of multiple days, the newly updated environmental matrix is the
starting point of a new round of calwlations for the hydraulic, sediment, and plutonium
matrices es described previously. Additional updates of the environmental matrix and
additional subsequent calculations ~ur until the program has simulated requested
number of days. At that point, the program prepares the resulting data for output. The
RAT displays data either on the screen or in hardcopy form through the printer. After
output processing, the program ends.

15.3 Model Input

User-supplied input for tho RAT includes the primary data concerning water
discharge in the main channel and the infusion of sediment and plutonium from Los
Afamos Canyon. Thu daiiy discharge values for the Rio Grande may be actual values
taken from the gauging record at Otowi so thiit the resulting simulation rcrprosonts an
interpretation of a known event. The discharge values might also come from
hydrologic simulations of past or anticipated future events, or they could Im
experimental vahms used to test the response of tho system to a variety of inputs,
Rcalislic values for discharge range from tens to hundreds of cubic meters pcr second
(Table 15.1, Figure 15.7). Slrcam gage mcmds show that over periods of tcn to
twenty days the dischm~o in RI10 17io Grandu varies by 15 purcunt or 11?ssundur tlm
cmdi”ions prcvailmg ill the timus of the major infusions from 1os Alwnc)s Cnnyon. At
other Iuncs, ctmngos of i’rn ordur of magrlitudo mo possiblu
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a single day, reasonably would be 5,000-15,CXXl Mg. The mri mtrations of plutoniu~m
during the four years of primary concern, 1951, 1952, 1957, al Id 1968 were probably
1.7~-3,~ pCi/g (Table 15,2), with lower quantities of sediment and lower
concentrations in other events. The amount of water mntributed to the main channel
by flash floods in Los Alamos Canyon is small compared to the amount in the main
channel, so the program does not take the tributary contribution into account.

15.4 Model Output

1 he program presents data resulting from the calculations as tables of numbers
extract~d from the various matrices or arrays within the program. Four types of data
aro available. In each case, tho data are organized by stream segment and time unit.

1. Geomorphologlc data ckscribe the chw mcl clmrncturistics such as width and
dcplh, and dc!rive from the environmrmlal matrix, 1Iwxw d~ila can rovcral the
rosponscs of the chrmnol to vmic)us inflows of watm and sodirncnt.

2. Hydraulic data Wscribc tho behavior of the wnh!r flow in tho d ]iillr}d sqlnmnts
and arf.r mostly ust:flJl Ior program c{nlculalinns. I tl[?y doscritm ttlo W11OLI1IIof
1mwcr mmikd)k! to trwwporl sodinl(!r~t thrmqjl~ IIm systum

3. Sediment data ck!sr;rihn Itm movwm:nl ai]d st[)rilg(} of b~~ll[]il[l :;mlii Iu!l ]t in the
w Ilil (! cl ulflrml syslwn :S(!glllt!rll by slxJlllwll. ~tli lll(J(!S irl SIl)filuo In H pilrtiCIJlilr
SCN]IIWIltIlwuuqtl Iill][! cim h(!lp t?xplnm ttm dyn:m~ir?s ol ~)llllorliunl in ttw.
Syfil(!m

4. Plutonium data, lll(:lll(lill~l iiw~vitoly iiIIIrI(JIll:; iII][l l:(lli(~[~[ltlilll[)il~ ill I)l!(II(xI(l wlltwl

Uil(:tl W!gjlllfglll, I(!l)l(!:i[!llt Itll! Illo!il iilq)(jftilllt ~)111~)111(d IIN) 1110(1(!1. I Il[! (lill~l Cilll

triuxs lllixlfl!l [111[1dllhl:;i(lll ~Jl[)(:[!!;:i(!:; frolll 1110 :;(!f]lll(!rlt wll[!l(! 1111! hlfll?il[Jll

()(:[:1111 [1(1
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from White Rock Canyon before late 1973, but after that year, it was deposited in
Cochiti Reservoir. Simulations of future system behavior must assume that the
reservoir will contain this “pass-through” amount. The program also calctilates the
probable concentration of plutonium in these downstream deposits.

At present there is insufficient empirical data to completely assess the accuracy
of the model predictions, though some comparisons between model predictions and
obsewed conditions are possible. For example, model predictions of the
concentration of plutonium in stored bedload sediments at Buckman (segment number
8) are the same order of magnitude EMthose actually found in the sediments by recent
sampling. Given that the amounts of plutonium are extremely small in relationship to
the amounts of sediment involved, prediction of concentrationt values within an order of
magnitude of actual values is probably the best that can be expected, even with more
sophisticated calculations. The inventories of stored plutonium are reasonably
accurate, because the problcm of prediction is actually an issue of distributing a
reasonably WCIIknown quantity of input material.

In summary, the RAT is a simple computer program that simulates river
processes that occur over a period of days within 22 river segments along the
Nmltmrn f7io Grar~de. The program allows the non-expert user to simulate past events
or to experiment with hypothoticai situations tlmt might develop in the future. The
pio~ri~r]] prc)duc(!s infol Irmtion about plutc)niuln conccntralic)ns and invcntc)rics tt mt are
accurah? nt I(!il!it to wilhin an orcl(!r of magnitiJci(; . Tho prirrlilry vnluc? of the simulations
IS tc~[k!t[wllirlc g(m{lrnpl lic arid temporal vilrint ions in c(mc(!r]lrations m invnnlnrios.

:)!)()





1,
I

1 ,, ., 1 II , i ,., ,,1 ,., ,,1: ,,. , : ..1 !,l,, .1,!

., II, Ii ,,. ,,!, l,. tl!l , ., I I ‘.’. 1111

... , ,;1 1, 11,111.” 1, ,1 ,! .I,. 1”.;.” .’ 1~.1, ,11.11111111

,1, , 11,.,1,.1,:. 1.:

F1 ,., ., ,1, ,
., . .

.Q .,, #

,. .
,. ,,.



CHAPTER 16. SIMULATION RESULTS
16.1 Introduction

Simulations using the RAT program outlined in the previou. haplcr provide
insi~ht to the magnitude and speed of mixing, dispersal, anti ccrumtration of
plutonium in the bcdload sediments of the Northern Ric] Grande, 1 lle model also can
accounl for simple channel adjustments (Figure 16.1). This chapter explc)res the
results of operating the model to dcfirm how plutonium concentrations in stcred
sc?dimenls aloi )g the [lo Grande respond to four major coi]trols: 1) variation in the
mass of input from 1C)SAlmnos Canyon, 2) variation in Ihc concentration of input, O)
the passage of Iirne and continuing opcrati(ms of river p! mx+is(!s ill ttm main ctmnncl,
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would have entered the river, mixed with other materials, and been deposited at some
point downstream. Remobilization, remixing, and fufiher dispersal probably results in
further reductions in plutonium concentrations. Therefore, we would expect that the
simulation resutts produce maximum probable values for plutonium concentration. In
actual measurements, we would expect to obsewe lesser concentrations than
predicted by the RAT program.

This decline in concentration is the product of mixing with the sediment moving
downstream through the main channel in quantities that are huge in comparison with
the amount of material introduced from Los Alamrx Canyon. Because the bedload
sediment decending the river from upstream contains only 2.5 fCi/g of plutoniu,n from
fallout, the mixing rapidly decreases the concentrations from the tributary. The mixing
process is powerful, because even if we consider input masses as large as 20,000 Mg
(a mass more than 50 percent greater than any actual input), the resulting
concentration of plutonium in stored bedload in segment number 2 increases only to
about 260 fCi/g. In other words, although the amount of sediment from Los Alamos
Canyon is increased by a factor of 4, the concwltrations in stored sediments in the
main channel increase only by a factor of 2, This arrangement is common in river
processes that are dominated by nonlinear mathematical relationships. 1

Those operations of the model show why plulonium concentrations are
relatively low in bc)dload deposits along the main channel. The simulation indicates
that using realistic values for the 1952 infusions from Los Alamos Canyon (original
cormentrations of about 3,000 fCi/g in about 6,000 Mg of input to the main river
flowing at about 6EJcubic rnatms pm second), concent{aticns c]f plutonium in stored
sodimont c-long tho Rio Grande would be about 190 fCi/g WU?r 10 days. f3ecause the
system probnbly oporatod for a Iongor period boforo the final deposition of these
sodimwlts, it is Iikoly that further mixing mxurrod nnd ttwt tho vnluo of 190 fCi/g is an
(lX~OCt(ld lllilXillllllT1.
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In the latter year, river discharge was twice as great as in the earlier example, nearly
compensating for the larger input mass by more vigorous mixing in the main river.

16.3 Varying ~he Input Concentration

The variation in plutonium concentration in releases from Los Alamos Canyon
also impacts the concentrations that ultimately occur in sedimentary deposits along
the main channel. Simulations with the RAT program show that concentrations of
plutonium in bedload decline by about 50 percent within a single day of their
introduction into the main channel (Figure 16.3). Dispersion of the sediments probably
explains this precipitous decline, with dilution by main-channel sediments with low
plutoniurrl concentrations also playing a role. Increasingly high discharges in the main
channel cause increasingly large decreases ill plutonium concentrations through
mixing even on a restricted time scale of one day. Discharge variation has a gl”eater
depressive effect on the higher concentrations as shown in Figure 16.3.

The range of discharge values that probably occurred during the actual
infusions of plutonium from Los Alamos Canyon irl the years 1951, 1952, 1957, and
1968 was about 15-120 cubic meters pcr second. The mass used in the simulations
shown ill Figure 163 was the amount trom the 1952 case when concentrations in the
tributary s(xlillwnts was close 103,000 fCi/g. Alter a single simulated day, the
colwc?r~lri~liurls in rl]i~hI d ]ilrlrld scdimcr]ls ill scgnmnt number 2 wore aboul 1,200
I(:i/g. sill.) s[w~u(’rlt (q )(! I iltlorls d the system rcsultml in further decrcnscs in plutonuJrn
(:[)r}c(!rltli~tlolls, iIII(l il(:lwsitic)rl c)f tho l]]ilt~lii~ls is IT(N Iihl!ly to have occurr(!d UIIIII at

k!ilSt !5(!V(’I ill (Iilys IiI!(’r Wt I(v] di!;(:t lilNJC% Ck?CfL!ilS(’(1.

16.4 TIM! Effect of Time

OII(XI Illill(’lliil:; flolll I ():; AI;IIII()!; (jilllyol] l.vll(!r tll~~ 111[)(;lilrl(l(!, ll]ixul~l ill)(!
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In that year, Los Alamos Canyon contributed by flash ffoad 5,730 Mg of bedload
sediment with 3,073 fCi/g of plutonium to the Rio Grande when the discharqe in the
main stream was abol’t 68 cubic meters per second. After 10 simulated days, the
plutonium concentrationI in bedload sediments in segment number 2 was about 200
fCi/g. Although this sc~nario is probably a simplification of actual events, it indicates
why the resulting depo-its along the main channel were likely to contain relatively low
concentrations of plutonium even though they began their journey in Los Alamos
Canyon with relatively high concentrations. All samples of sediment collected in the
field from near-channel deposits along the Rio Grande show plutonium concentrations
below this probable maximum vaiue.2

As in prwious simulations, increasingly high discharges result in decreasit ,g
plutoniun I concentrations in bedload sediments of the main channel. Irrespective of
the magnitude of discharge, however, the greatest mixing and dispersion (with
attending declines in plutonium concentrations) occurred during the first four to six
days (Figure 15.4). Thereafter, changes were n~ore gradual in all the discharge
examples. The slight increase in concentrations between days one and two for the
discharge of 10 cubic meters per second in t Igure 16.4 is an artifact of the cubic spine
curve used to rcpresenl the data rather than an actual increase.

1S,5 Gccgraphw Variation
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concentration = 3,073 fCi/g, input plutonium amount = 17.6 rnCi, and Rio Grande
discharge = 68 cubic meters per second). The calculations indicated the plutonium
invento~ for each of the 22 segments of the Rio Grande between Otowi and t!le
headwaiters of Cochiti Resewoir, as well as the inventory of plutonium exiting the
canyon and depositing in the reservoir sediments (Figure 16.6).

At a first level of analysis, there is an alternating pattern of segments that store
materials with those that do not. This gross pattern is the result of the geomorphology
of White Rock Canyon as described in Section 15.2 and as incorporated within the
model. In the field, these alternating seql nents are obvious, because those with
storage have shallow gradients, sediments along the channel edges, and sometimes
mid-channel bars at low-water pmiods, Tho segments without storage have steep
gradients, nc mid. channel bars, and canyon walls that ducend to the channel margins.

Several variables control the amounts of sediment and associated pl~:onium in
those sqmcnts with storage. Although the amounts of seclilrmnt moving downstream

exmt some impact on inventories, the geomorphic and hyc~raulic charactcxistics of the
storage seg~nents are also important. C)nc scglncnl rnily slorc iwgc quantities simply
because space has been available for the rnatcrid on tho cxmyon flcmr, as is the case
in segment nurnbor 2 at tl]e frmuth of Los Almms Cm~ycm or nlmbor 8 nc,nr lWckmm

(SCC k)C~liOnS Orl ~-l~lll(! 1 ~.~). ~lh(lr Sfl?QrTICrnlS, sIJc;I1 as rlllll)t)~r l&\ in thO ctc!pths Of
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thedischarge regime of the Rio Grande. Higher discharges will produce more rapid
movement. The trends established by simulations show that if dispersion and mixing
continue over relatively long time periods (approaching 100 days), the plutonium
concentrations will decline to values that approach levels resulting from fallout
contributions alone (Figure 16.7).

The concentrations of plutonium in the stored sediments depend on the
concentrations introduced from Los Alamos Canyon and the amount of stored
sediment. Simulations show that the concentrations are generally low, in many cases
approaching the range of less than 100 fCi/g after 20 simulated days of river
processes. The plutonium concentrations m sediments impactc?ci by a single event
vary by about 50 percent as a result of differential mixing, dcpusitm, and then
subsequent rcrnobilization. Therefore, the deposits resulting froll~ orm rclcasc from
Los Alamos Canyon and stored in several diffcront s(}gmcmts of the t7io Grmrde may
not all have the same plutonium cor~cer~tratifjrw.

16.6 Conclusions from Slmulatlons

1. Mixlr]g WIIII Iilrq[! [lIIi I: IIIII(I:i of s[!(lull[!rll 110111 tlu) Upp(!r III() (irilrdu bi~:;lr) ;lrd
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6. Of the plutonium released from Los Alamos Canyon in bedload, most is likely to
remain within the Whito Canyon segments of the Rio Grande. Before the
closure of Cochiti Dam in 1973, some sediments probably deposited in the
Cochiti Pueblo-Santo Domi~lgo Pueblo reaches, and after the closure of the
dam the materials were deposited in the reservoir,

7. Over a period of decades or centuries, it is likely t);ai almost all ot the plutonium
presently stored within White Rock Canyon and at the mouth of Los Alamos
Canyor, will move to deposition sites within the reservoir,

.11 .1.
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PART 6. CONCLUSIONS

CHAPTER 17. SUMMARY AND CONCLUSIONS

17.1 General Program Recommendations

Los Alamos National Laboratory operates under legal requirements that include
sampling and monitoring the environmerlt for potential effects of laboratory activities,
including the release of plutonium. The legal requirements include compliance with
more than 20 federal and state laws related to environmental quality, including the
federal Clean Water Act and Clean Air Act, The laboratory operates its surveillance
and monitoring according to specific U. S. Department of Energy Urders: rrumbor
5400.1, “General Environmental Protection Program,” ana number 5484,1,
“Environmental Protoclion, Safety, and Health Protection Information Reporting
Roquirwn]ents.” lhc gwrcral philosophy underlying these regulations and the
approach of thu lot]oratoq to meeting them is to provide da!a to docunwml
complinncc, identity twnporal trends, provide knowledge ICIthe public, aIN I tc) enhance
goncral und(;rstanchng of environmental processes. Docauso of pntwrli;ll Il:vmds to
hurlmrl honltt~, ttle program emphasizes salnpling c)t a!r, ~;ltor, soils, and fcmcis,

1Im Iabornh)ry efforts focus on three gcogral)t]ic arms. First, work.crs sample a
series of “rcgiorml” silos in nortlmrn New Mexico wilh tlm inlcntior~ of provl(lirlg
inforrnati(m fron] wwirollllmnts unaffected by Iaborilhjry (1I)(!rnti~)rui. S(xx)rl(l,
“purirnut cl’ :;itos within cd)out 4 km of It ][j labc)r~lloly I)mlr}(l;m(!s ~)rovi(k! (Iiitil or] ar”~i~s

potunli:dly ilff[!ct[?d by ttllllabor story arI(I tt lilt S(!f’Vl! il!i d “tr II) bw(!” to (.t(!t(!M w)y

sigrlificiult movcnmnt of contiullirmr Its fr (Irll ttl(! Iill)or:ll( ~ry I 11(’s(!sltc!s irl(:ludo arclui
frcrquerltly usual by ttm g(!rl(!ral ~)111)11[: I tlir~l, “m sit(!” !iilr I 1[ )Ic! k)(:iltior 15witt lirl ttlt!
Iabornh)r y tx)lir~(lilrl[:s ii!;! i[!!;S pot(’rltiillly ill}pwtc(i arc!as tl);lt ilr0 rmt (JC?rl(?rillly
il(X(!!i!;il )1(!to tt1(! Plll)llf’



150 mCi, but reasonably reliable estimates of yearly outputs from the canyon between
1944 and 1980 indicate that more than 150 mCi has already been eroded from the
canyo.1. Other data indicate large amounts of plutonium still in sediments of the
canyon, so that the 150 mCi estimate is clearly too low. It is not possible to design
wall-informed management programs if the magnitude of the contaminant loading
remains little known. Further studies of channel and flood-plain alluvium in Los
Alamos Canyon that includa a more dense sampling network to supplement data
already collwtcd and published may provide a useful assessment of the total amount
of plutonium in the systcm.

2. An accurate understanding of the temporal trends In the movement of
plutonlum Into the IWO Grande. The movement of plutonium into the Rio Grandl ~is
an irrcgulilr puccss that has beer] estimated using the r,mthods established by lane
ot al. (1WI!)). “I”hismodel should be solved each year and the predicted outputs of
plutcwiu’II stmu!d bc! periochcally collated and published. Otherwise, the significance of
tho plljttmium invontmy in tho cxmyon arid IIS impact on the main river and Cochi~i
Hcswvoil canlmt be assussnd.

3. An itccuratc understanding of the geography of plutonlum In sediments near
Ihc lab, watery, Including detailed mapping of sedimt?nts and their plutonlum
conlcnt In 1os Alnmos Canyon and along the RIO Grande bctwccn O!owl and
Cochih Rcscrvolr. I IN I ri’’;iIlI!~ (I! Itu’ l)los(!r~t w(llk i~l(lll~ilt[! Itl;lt plutcmium in
!; IKIIIII{II}l!i I!; llh(ll~ to lit’ !;l~~IIIiIllY vlllliil)l(!. Mwit [)1 :11(: rl~olllt:)rlr]~l (! ffurts c)I the

Iill)l )I”illl )IV t ll’1l’ 1(11011”11.IVI! l(~(:il!;l!ll [)11 t(!lll~lorill Vilriilt)illly !r~ Itw CilSC3 of plutc)niurn in

:;l!LIHI1( ‘r 1!:;, It ill )~l;!i It:; [t 1,11 tt I(S ~lC!LIUI il~)lll(:i]l I(xntil)rl of tt 11! (l(!l]@t (co[l]~irl~d with its

ilil[’) Is tl 1(’ rho!; t 11111)01Iilrlt lw(’lli~lwl) tilCltor lr] ilSS(?!iSill~ IIS I )otL?llllill fcw plutonium

fxllltl’l)l:; 1 I )(! :il 1(111II(I[ ]l:t ir ) I (t:; Alillllos tjill~y~rl shokd(l tll(!r~:loi~ tJ(? s;~ln~)lt!~ iln~

Illill)l)(’1 I ;It ;1 !;(.; 11(’ 111,11I,:fl(’(st$i ttllS VillliltlOll, rilltl(’r ttlilll Ill(!ll!ly Sillllplirl~ ‘H chilrlrlcl

ill [’cl” illl(l “il 11(1(1(1~)lillll ;11(’;1 “ I t11’ I )r(!:;(!rll work 111[Il(:i It(!s It 1-II d(!tnih!(l niapping with
})iq II }(li{: III )( 1,11(I:; WOLII( I I)[B1)1il[hil II Ior It 11! 111‘I)()!llll()llill illl!ilS 1)[4W(!(!11 Itl[? conllucrlcu
[Ii [ [v, Al,UIIiII, (;,Ni~[)[I ;IIIII 11111 llK~ (h; IINh! iil~(l (hl(:t~lll Ih!:;(’rww

4. An accliriilc nsscssmcn! nf Ihc distribution of sediments and plutonlum In
Cochlti Ihvjorvolr. AII ,11.vIiI,IttI 1111(II 111[4,111[)11of lIILIh)IIIIIIIl (:[]f](:[![ltriill[)rl:; irl

!,[vlillltItItI, 1111111 (: I 11.11111 lhI:lIIi VI m 1:1 [It)t ~lI):mI.ll)lI! !llvlvl J)lt::;full rll(lluh)lul(l I?l(’ltlo(k:
111(’tfI’,1’lv(lll 11,1.i,1[’lll)ll)li’~ [11’; lllllllllllll (d [ll’ltlll(: :111(1 111’1’~1 vu;lliv ‘N!(lllll(!lll:i Itlill

r(vii,lllv; IiIIl\II~twIi, ,11111Itli’ IIlllin(’ [11 ttiIIIII~ (hq NI:iIII. ., Ildlllt’ll(:[’!l 1111’ Irlf(lnllilli[lrl

ilVllll, lllll’ 111)111:;, II II I}II” I III(’ :.,1111111[’1;11111!,111[’ (:tl,ll ll(.ll’ll:~ ’(l il(!(’(~llllll!~ 10 tt]l~ir

1111111“.’i 111’.tlllll”l (’,111 II II’, [11.11,1, II II I) II IIIV (.11111’111(1[’l)(!!ill, illl(~ !11’1’1I w,If~Ii IIINI (l(!~m:;il)

,11111 1111’1 1“.1’ 1111 ”,1111111 1111 1111’ 11’. d’lvllll 1111111 1,1111 [’1 111;111 1111’ 11’1~ il I,IIU’1 ‘,(l[ .11 ,1’, “iil}lll’r,”

.’IIIII II lit I .“I II ‘.11}W[q I I’.,, Ilvl )11 “ A’, 111[’ lWI’lllk III:-! (’[’l llllly Illll~ill,l(”ll[’!; illl(l 1111111’

[11111111111111111[1111 1111’ Lllllll,ll!lly t’1111’l’, 1111’ .II’1llllll’ 111‘Sy.lll’1 11, 11.1’ l[’’.(”IWIII Will 1:1’(:0111[!

,111 111111”.1 .Illllly 1111111111,1111 !Illlllltlulllll !,lllp’1, Iliq”,lll’,[i II [[~1)11’’,[~lll’, [11[1 (Illllllill[! l(v;hrn~

,11,11 1’ 111 ,111 illlll,ll lllll,lll”. Ill 1111’ ‘11’llillll’11~ ‘Iv’ltl’111 III UIW’ IIN’ [111111 1(1 1111’llill(’ fill Itll!i
~ Iql, llll[y, 1111111’’ d’lvlul ‘,l’1llllll’1 ~1,11:1 :11 [Nlll”l”’,’,1”, ,11111 lll’~)[)’lll’. !:1111111[1111’ 111.1[)11[’[1 Ill

Ih’1,111 ,11111 1111111111111’11 1111111 ,1 ‘.1’{ 111111’ Ihll(llp ,11111’1..[ll’t.llvl’ ,1’. W1’11,1’, 11[1111,1 I,lllll)l{)(p:lll
11111’



5. A two-pafi approach to the above points that includes engineering-modeling
actlvltles and emplrlcal-scientific verification of the conclusions. Two primary
approaches to explanation for the envircmmental processes wit~ which a monitoring
and surveillance program must deal are those based on engirmering-models and
those based on empirical-scientific methods. Both approaches are required.
Engineering models such as the computer models by tho t lydraulic Enginccrillg
Center for estimating water surface profiles, sedimentation, and scour (known by [tmr
acronyms HEC2 and HEC6) provide useful and detailud predictions l“hcir major
weaknesses are that they incl!ldc many assumptions not tdcqmtcly met in a I
unstable channel envirwwnc!nt, nnd they rcq’~ire kvgc! mlmuf~ts of high-resolution input
Scientific mclcicls b:wed on cml~lfkid diltfi (such as ttm ~mw!nt work) prcvictc morn

convincing conclusions bccausc the d:~ta [Ire “rcil!” rattler than gcnrmtcd, but the
emplricol approach is sc?vcrcly Ihl]ited by lack o! d~ltti from criliml locations 13(.)th
appranctms suflcr from the requirement to sornctirnes make weakening assumpticms
such as strrliorlilrity for tnnc m s~xatifllsmics. As a rmrlt, Iollg t(wrll avcragos

SlltXilltlJh? for Vilrlilbh? diltil, [Irl(f [X)tt?llliillly Illlpl”)ftarll ~utilll:l iWC! I[l%t f“l)r tli[v;l:

N’ilsolls, ~ collll )Illidioll 1)1 tt 10 IW() il~);)l oild 11’S is rl ‘it Iitu!ly 1[1 !;lq)ply 11!;[!1111

(! Xl)lilrliltKlll!; f(ll tt 1[! mov(mwnt nll(l :;t(ll ilfJL? 01 !:(’( h I(ult Ix)lrlt! ldllhlflum~

6. The dt?vclOpm@nt of simple computer-based mocicls that accept as input the
annual survc!ilkmcc data and that produce as outputs annual assessments of
pluto:lium IIIIw and storage in the 01, site and pcrimctcr stream systems. It N‘
[!xldluhlhlu~ 111:;lwlllllt’rlt illlll Sl!illlllt’rll I](urw ~dllhlrmlrll Illtddily illltl :;llll {1(1(’ 1’,111 Ills

Illo!it {’tfl’(’tlV[! k)r il IIl(lrlih)lillf] [II}(I !;illll~lllllfj I)lofllillll if ttl[’ l’kl~lllllllll(ll? r~’’;[ili:; Ill il

!illllllll’ fj(’ll(q,ll Ill(](h’1 I’:;I,II)II:,II[’[1 h}r 11:1’l~y Iltlll :il][’(:lilll:,l’, Itli’ 1110(1(’1 !;IK)III(I IN’

:;lllIllh I, I)(!(:illl!;(’ [h’t; llh’(1 !;~”J(’(:III[:iIIIO Ii!; f( II Itll’ l’rlvlrurllll(’l II (d ii:; ill)l)ll(milll[ lrl ,Ir L! Iih(’ly
to 1)1!Ill,lltl’[1 I (11 (’)(:11111)1(’, Wlllh! 111,11)!: Wlttl (x)rlh)in” Iril(’lvth (d 11’:;!; tthlll 1 ll~f’li’r lllil~

(mi:;t for I (W Aliill]():i (t;uly[]rl, 111(’y ill[’ 1111ilVilllill)l(! Ior III(’ 1!11) {ililll(l~’ 1)(’tW(’l’11 OIIIWI
;Ifld (%)(:lutl 1{[’:xvv( )ir 111(!rllilirll[’rllllllm[’ {)1 !:LI(:I1Illill)!i Wlllhl IN’ Illtdulullv[’ly
lvqllvu;wu Ill my 1’,1’11’l)(’(.llll’:l’ III(! (:(lllllf 1(11 illloll L)l III(’ (“I LIIIII( II (II Itl[! rw(’r l:tl;lrlfl(’:;

wiltl [’il(!tl ‘11,11111 IIIM III 111( ’1l’f(ll l’, .1 Ill(l(l(’l 111,11 1111”11111[”1 !;lllll}lll~llll I ;l’,’; 111111111011:; :111(1

tliill rll,lh[’i; [.iill 111,11111111,I(II 11~(’illl (“l)rlihlil)lv; Iilllii’1 Illtlll 1,1NI(”III(: IIV(IIIII; I:, rll[)’;l hli(’ly

h) 1)[’ [’il[’(’llvl’ !;111’11 II 11111(11’1Wl!lllll iuml 1’111 ;1’; Ill[JIll 1111111111,1111)11110111 :,111~,1111(1,11111111

!\lt?’!; 1111Willi’1 ,11111‘; I’1111111’111(11’i[’tl,ll~](”i ii!. LV(’11 ,1’. 1111’ ~)l{tfhll”l’t !1! 111(’ OIIII(WI(I

I 11(11[111111111“.Illllldulll [’111111’: Ill!’ llll~lh’1 ‘ill[ndil 1)1’ wluh,lldl’ u] ,111ullf~i,u’tw(’ ~)l(}IIr,ull
[11’’ .111111’(1 11’1 ‘It.11111.1111, Illw ..’kI”! 111’1!!1111,11 [Xllllllllll’1 :il) Itl.11 II (“,111 11(’ il’i!”[i Ilv

rl[}ll :.l II II V, II I”il’; , 1111! 1-III 11!’ I’qll.lllllvllll llll:lll’1 ’tllll:”,ll I Illlpllllp’ Ill Il”lllll,lll)i’. ,11111 1111’

~lllldi(.

/. I tll? W{;lb!!ShrllO!li d il rC~lOllill C(’)lltL’Xt IlliIt lll(:!Ll(fC?S ~)Ull(J[!tS ~Or ill! tll(?

fuajc]r txmlnm~rmrlls l(~r Wlllctl itl(! till) oliltol~” t’il!i il mf)nitc)ring rwipoil:dl]rlNy Ill
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storages. The geographic locations of storage sites should be included in the context
because of the radical variability and discontinuous nature of distribution of
contaminants in sediments. On a Iongor term basis, the laboratory should consider
the development of national sediment quality standards for plutonium and other
contaminants.

8. The development of a prqram to assess Isotopic ratios In order to
dlscrlmlnate plutonium contributions of fallout from those derived from Los
Alamos. The present budget analysis and computer modelling show that
contributions of plutonium from fallout and from Los Alamos are within an order of
magnitude of each other in the general system. In specific bedload deposits for
particular years immediately belcw Otowi, the contribution of Los Alarnos may be
larger, while in other deposits the contribution of fallout may dominate. Contributions
to Cochiti Reservoir, whatever their origin, are higher than in other reservoirs in the
area. An improved monitoring program requires the ability to discriminate between the
two sources for plutonium in sediment storage. For worldwide fallout, the ratio
between plutonium-238 and pluto~ium-239,240 is about 21, while for plutoniu”.1
released from Los Alamos, the ratio is much higher. Plutonium isotopic rti[los for
sediments in 1os Alamos Canyon are significantly different from those for fallout, so
that it may I IfI I I(lssible to use the ra!ios as Iabcls for plutonium found in flood +ain or
reservoir scdilm!rlts. [3ecaus0 of Ihe relatively high Ievcls of plutonum in C, ~ ;
Flcscrvoir, establishing the origin of the material will prc)vide improved understanding of
the pluturliurl~ budget. A similm nppronch using lc~~ci/zinc/(:c)\)pcr ratios has proven
workable in a nrykmd slrcam in Arizcma (Graf et al., 1991). Erol ot al. (1991) have
SU(J~C%t(Kj t~it! S{1111(? striltcgy for l(!il(~/Cilljlllilllll rdtlcls irl ;1 Sil?rrn NuIJadn strcilm.

17,2 Specific Procedural Recommendations

“1I}(! sp(!cifi(: pr(m(!dur(!s for collc(:tq s(xliin(mt siIIllfll(!$ ill ttw fl(?l(l f(lr

pllJtorliulll iuuilyi;i:i C:ilrl t)l! ill]~)l(w:vl fl(llll il {](~(llllol-~)llol( l{jl(:ill” p(wq][!ctivc wittl lIN?
adopti(]l 1 01 t t I(! f[)lluwvl{] polllls.

1. Sample site selection for dyn ~mlc lnterprctatlons. Wtl(?l(’v[!r ~XU::;ltJl(!, !;illlll)l(ls

for tt 1(! illl,lly::l:; lJf ~llllt[llll(llll (:(111~(’1 i ‘ Ml rw(!r OcLllllll:rlt:; :;tll)lll(f tJi* Coll[.’ct(!(l ilt utr(!wrr

f~il[j(~ sihv; (1)11(’(:llflrl !;tl(l(.11 I Irlf.ll(l(! (I!.; }l(!ll(l(vi :;~’(lllil(’r}ts ilrl(l I)(xllo;l[l :.[xlirlwrlls al
[~tlilrllllil [111ttl(’ lh(~ [nthlrll;l, I rrltlil (h) ilrl(~ (III)WI (III tt:(!lh(l(hilrl(h),ald ;lt g;l(lirl{l

:;N1!!; III I [)s Alillll(]!i ilil(l ~ rllok’:; (:;lrly[lr l:; I lnI:l(! (:[]11(:[.tlorl :;II(!:; Ilrovlll(! fll(!
flilrlll.!Wl )Ih f(ll llil(l(!r !itilll(llll(~ t~l(! rlloV(!rlN’rl[ illl(j ~toril{](l Uf tot;ll ilrll(lllrll!+ (If ~)hltc)rlllllll

III tll(! !x’(hll(’rll’; r)(’ilr I (I!; Al;ull(vi At (N~)wl, 1110Iocilti[)n Of ttl(! !;ilrl]~)l(~ :;II(! I:;

(’!~l)(’(!lillly (:rlll(:ill, 1)( ’1: lll’;f ’ !i(’[hrlll’llt fol ilrlilly!,l:; lllll!;r [1(! tilh[vl ilt III(’ fj;l~l(! !:11[! [)1

Irlllll(’(lllitt’ly lll)’.ltri’;lill If II l’; Iill\(’11 (“/(’11 ii I(!W Ill(’t (’l!, (lo W1l’ltll’illll 11’.)111 tll(! !Iilf][l

I()(:; II II MI, 11)(’“,;ull~hv; lll;iy Irl(:l(] ({(’lllt~l(vlid fll)ll~ 10:; AI;uII()!.; (:, II IV(II1, tl~ll!; l)J(lVl(~lrl~lil
fill!,(’ lllq~r[’:;!;l(irl 01 111(’;Irll(]lll;l:; Irl tl;ul:;lt Ill 111(’Illo (il,lll(h’ 1~(’li)l(’ It :[’;l(.l~fv; ttlll
(xulll(l(vi(’(! WIIII til(~ tlllutt, uy

2. Smnplc collcv:tiwl from Imttl suspcwltxi and hcdlwdd mnlcrinls. I’I(WII J!,

;Ill; n}’:. ”i tl~ ttlft I llVll[U ):llI’lli,ll !;l JIVi’111,1111”1’ (h(lllll (V, II II NI’; VI’, II!;) tl,l’i ‘,tl(lWrl ttl,lt ttl(’



plutonium conteni of suspended sediment is greater than the content of bedload
sediment. rhe present work shows that the difference is critical in understanding the
regional dynamics of plutonium as it moves through the river system. Futiher, inputs
from Los Alamos are likely to emphasize bedload. Therefore, both types d sediment
should be sampled from e~ 5 collection site on the river. The majority of “river
sediment” samples assessed for plutonium content in the past have been bedload
samples drawn from the margin of the active channel. Plutor’ium content of these
samples is useful information, but it should be supplemented with data concerning the
sediments in slwpension which have a different size distribution and different
plutonium concentrations. Having data for both types of sediment will make
interpretation of reservoir data more informative. For example, it should be expected
that sediments cm the f!oor of Cochiti Reservoir (derived mostly from suspended
seciments) have a different plutonium content than what have been referred to as
“river sediment” samples (heretofore mostly bedload) collected in White Rock Canyon.

3. Particle size data for sedimel~t and soil samples. The inturpretaticm of
plutonium concentratimr dnta for suspcnd(!d scdirl )crlt, bedload sedirn(?nt, and soil
sarnplos is severely Iimitcd in the absence of ir~folmation cm sediment particle sizes.
The reporting process shuLIld include for each snrllple some if~dicatioll of the particle
size distributmn. 1Iw sllnl)k:st approw;h is an assussnwnt of the percent fine rnatcrin!
in the s:m]plc. ttw pcrcurlt t)y w[!ight of the Sillll~)l[? rx)ril~.)oscxj c)f ~)iwti~l(!s Srllnllor
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sample site at each location will enhance the monitoring effort and the utility of the
data it produces. Flood plains within the canyon, though small, are critical unsampled
locations under present procedures.

6. Specific Identification of SOII sample sites. Each sample drawn for assessment
of plutonium in soil should be reported along with a statement on the geomorphic
origin of the soil material. Hillslope materials are likely to contain less plutonium than
materials found at the foot of the same slope because of erosion and deposition of
shallow materials carrying fallout. Soil samples from flood plains, as shown by the
present work, may contain variable amounts of plutonium depending on the date of
emplacement. Soils on flood-plain surfaces established during the 1950s or 1960s, for
example, might reasonably be expected to contain more plutonium than surfaces
established in other decades.

17.3 Control Sites

Data for plutonium in the environment of Los Alamos can he useful in
monitoring the laboratory contribution to the system only if sufficient background
information is available for comparative purposes. Previous sampling efforts for river
sediments have not adequately addressed the need for control sites that are clearly
unaffected by laboratory. The regional reservoir sampling program, in tiffect sinca
1979, has produced valuable information and should be continued. The focus of the
program should be on Gochiti flcscrvoir as the primary recipient of inputs from Los
Alamos and fallout plutor~ium. The major control sile for the reservoir program should
continue to be Abiquiu F70scrvoir, because it is located upstream from 11w laboratory,
but [lio Grandc 17cscrvoir, in the hcadwaters of the system, should also be regularly
included. 1hc fallout plutofliuln entering the llitl Grande }Icsc!rvuir is a useful
comparative vnltJc for Cochiti I-x?causc the mountain reservoir ~~~b~i;JIy represents tho

mil)(i[l~lJll] Iuadir)g to I)(?expcctcd without Inbdoiy corltributkms. Abiquiu represents

Imml crm)clitions now I os Alilrll~s, but bemuse thww are two rmjc)r rrxwrvnirs

u~?slrcnlll from d 011 th(! I {k) Ch:ui }a, Abiquiu is not Iikcly to rc!ccive much of the fallout
plutcr~i(ll] I crc)dcd frulll tt w tm]tl elevation portions of tho wat(?rst ](!d where it was
~)rolxd)ly dlq)():;ll(!(l irl tl 1(!gr(::lt(!:;l qunnlilics.

I rip)l(!!; (~ilr~yof~ ir] Ikul(l(!li(’r N;l:l[)rml Morlurlu!llt :;lmldd IJC snrllpkvi {]r}r~ll:dly for
pluhlrli(nll If] !;luq )(’rl( I(I!I :;(’(lilll(vll:; all(l irl t)(!(lloil[l rllilt(!riil15. I rijol(!s (;ilrlyorl prx)vidcs
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has had a history of channel changes in the Santa Clara Pueblo area that is similar to
changes downstream, and the reach can provide sediment samples whose plutonium
content can serve as a standard for samples taken below Los Alamos Canyon to
assess the impact of the laborato~ contributions.

17.4 Summary

Thk work began with the statement of two general objectives: to define general
hydro-geomorphic principles for the dynamics of plutonium in a representative dryland
drainage basin and to contribute to the specific development of an increasingly
effective sampling and monitoring program for Los Alamos National Laboratory. The
work has shown that plutonium yield from the 71,740 sq km system above Elephant
Butte Resewoir is about 23-80 mCi per year. Monitoring data and budget information
show that almost all of the plutonium dynamics in the system are related to sediment
transport, Temporal data show that the processes of transport and storage are
episodic for both fallout and industrial plutonium. Geographic data show ttmt the
processes o’ transport and storage are discontinuous and highly variable from one
place to another, but storage is in predictable locations: flood plains, abandoned
channels, and channel side bars. Valley width determines the general locations of
these storage areas.

This chapter contains specific recommendations for enhancement of the
sampling and monitoring effort by 1os Alarnns National Laborato~. In general, these
recommendations emphasize more accurate reporting nf the location of samples,
inclusion of sediment size characteristics in data collcctcd, and rnc)re attentmv to flood
plain reservoir sites in areas close to Los Alamos and to suspended smlimcnts.

This work also began wilh a series of eight spcc:ific objectives. “Ihc following
paragraphs su,nmarizcr tho cori~ldsic)ns rc~arding their IXNI][s.

The Environmental Context. 1ho pilysical (mviror~mcntnl col~tcxt of tlw Inl,)orwtory
includes a variety of process rcgiorw. “l”he tnou171ain arms ccmlributc most of the
water in ttm systcrn, smnc of thu sr?dim(ml, nncl significant amounts of ttm pl(ltt)ni(ml
bccaus(?. of fiillout. Ermlil)lo sc]ik$arc s(:iltl(}r(!d tl]rc)uglmlll tlm Norllwrrl I lio Gri~r~(k!

IMsin, but tt Icy nr(: (I:;l)(:(:iillly ~)rt)ll lit l(!rlt irl [tw (:(!rltrill all(l Iow(!r h:wil 1.

Water and Sedlmcnt Rudgots. Itw II HI:;:; IJ(J(I{I(:I!; for w:ll(’r :NUI :;[vlill](ml ill It](!
Nc)rttwrn Hir] (jri]r)d~ :;IN)w It)ilt (Ic]wru;tr[wlll Irmll (Nowi, Itw i~rl)()~lr]l (II w.ltr’r ;w;likll)l(!
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clcgged channels, expanded bars, and the conversion of the braided channel of the
1930s to the single thread channel of the 1990s. These expanded deposition areas
are so large that despite the large amounts of sediment added to them, the mean
depth of accumulation since the 1940s is less than one meter. Engineering works
have generally enhanced the deposition, except for channel erosion below Cochiti
Dam.

Mapping Techniques. The near-channel deposits resufting from the deposition of
sediments can be identified and mapped using historical aerial photography,
vegetation associations, and field reconnaissance. Standard U.S. Geological Su~ey
maps are useful base maps that can be modified to show the distributions of deposits
of various ages.

Representative Reaches. The detailed analysis of eleven representative reaches
along the Northern Rio Grande shows a variety of forms and dates of deposition, but
deposits in the vicinity of Otowi and Buckman are the most likely to contain plutonium
from Los Alamos. Many deposits along the river are Iikeiy to contain plutonium from
fallout. The plutonium content varies from one deposit to another as a function of the
date of deposition, origin of sediments, and sediment size characteristics.

Plutonlum Budget. The regional plutonium budget shows that fallout contributes
about 90 percent of the total plutonium moving through the system in any given year.
Los Alamos contributes the remaining 10 percent. Because of the removal of
plutonium from Los Alamos Canyon by natural erosion and its deposition in the Rio
Grancle, and because sediment in the canyon has relatively high percentages of
coarse material carried in bedload, the laboratory contribution to the total budget is
most significant for bedload materials. Because discharges from Los Alamos Canyon
to the main river were prominent only during 1951, 1952, 1957, and 1967, bedload
deposits from those years represent the major impact of the laboratory releases.
Concentrations in such d[!posits, howcvor, are below hazardous levels,

Geography of Storage. The importance of bedload transport and the likelihood of
early deposition of such materials below the conflucmcm of Los Alamos Canyon and
the Rio Grand~ moan that the geographic distribution of plutonium from the laboratory
in the system is Iilnitod. Plutonium from Los Alamos is likely to occur in deposits near
otowi and nom f3uckmmr. [30fore the closure of Cochiti Dnm in 1973, it may have
trnvolccl as far south 0s I’c!fla 13kmca. 1ransport of Iabcmlc)ry mntmials in identifiable
(~lJiN}[lhi bulow [)(!ll,l []li]l]fjil is urdikoly, arid dihltmll wittl H?dilm!llts fl”olll (Jtll(!r
:;mmms ~)rol)al )Iy nwkc:; r(!(;(l[lrlitiorl c)f Iilt)mntcwy cm Ilril)utions t)(?k)w t~orlp 131i.lrl(X
illy)os:;ihlo. Afl(:r 19K3, illl]lo~t illl plulc)niufll in Ilw fluviill smiillwl Its nuw 1.OSAlmnos
l)ilv(~ l)(![!I] ~tor(!( I ii!; I (!:;r!i voir smlilnor~ls l)ct)ind Cocl~ili [Iiltl).
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mapped, marked sites associated with stream gages where possible. Control sites
enhance the utility of reported values from primary n]onitoring sites.

Data Bank. The appendices of this report provide a compilation of the available data
mncerning the fluvial properties of the Northern Rio Grande. The data are empirical
and are not generated by model operations. However, the data provide the input for
the operation of a computer program designed to model the movement and storage of
sediment and associated plutonium in the system. The model will be completed
shortly.

17.5 Probable Futures

The general nature of the Rio Grande is unlikely to ever again be as it once was
(Figure 17.2). Changes in the system are uncertain., but some aspects of the future
operation of the Northern Rio Grande are virtual certainties. The present wo:k shows
that the erosion and transportation of fallout plutonium through the system is occurring
at a rate that is not likely to exhaust the total inventory for more thm 2,000 years, If
the rates of erosion and transporl in Los Alamos Canyon observed over the past 40
years prevail, the canyon will contribute plutonium from Los Alamos for 100-6C!0 years,
depending on the magnitude of the original inventory, Rates of transfer of sediment
and plutonium to the Rio Grande will continue to be a sporadic process, with radical
variation in the magnitude of the contribution to the main stream, For th~ next several
hundred years, Cochiti Resewoir will continue to store sediments and plutoniuln in
increasing amounts from upstream sources. Over the same time period, the nature of
the channel of the Rio Grande is likely to continue in a depositional mode with
aggravation, but it is unlikely that upstream dams will completely eliminate large floods
and associated channel adjustments.

Chanrml changes with the establishment of a braided system followed by a
gradual return to the present gconmtry are possible within a Icw hunclrcd years.
Sediment nlld plutoniuln storml in flood plains, atxmdorwl clmnncls, and char Irwl sido
bars am Iikoly to bc rwlmbilizccl during tho chnngcs, rcsur~lirlg ttmir rnmmrncnt
dowr~strcnm, The result will bc tmn~~orarily hcronsw.1 rat(!s of dcpositicm Irl Cm3~iti
Rcsrlrvoir.

111(’ Ililtllr,ll (’lwll(]lnll(’rll 01 11)1! rlv(!r :;y:;tl’111 l., 1111:;1;11)1(’ ow!l k)rvl 11111(!l)[’1 1(1(1:;,
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but so is the regulato~ environment within which Los Alamos National Laboratory
must operate. Over the past 30 years, environmental regulations related to rivers have
become progressively more restrictive, reflecting a national culture that has become
increasingly conscious of environmentti: quality. It seems reasonable that this trend
will continue. Part of any regulatory program is the assignment of responsibility, with
producers of potential pollutants accountable for their individual contributions to the
environment. It seems likely that Los Alamos National Laboratory will someday have
to define what part of the total plutonium loading in Cochiti Reservoir derives from the
laboratory. Refinements of the isotopic ratio method of identifying the source of
plutonium are wise investments in anticipation of more rigorous legal and licensing
requirements likely to appear in the near future. The present work defining the
regional plutonium 5udget indicates that the likely outcome of such efforts will be
two-fold. First, the contribution of Los Alamos to the total regional plutonium system is
a small fraction of the ccmtridution by fallout products. Second, the contribution of Los
Alamos to plutonium in some specific bedload deposits is likely to be definable.
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APPENDIcIS

APPENDIx A. W[TS W MEASIRE

A. 1 PREFIX lERHS F~ UNITS W KASIRE

—___ ——— . —_ .._——

Term Pobrer of 10 Symbol
————— ..._ —_ —________ ___ _. ,, ,.

exa -

peta -

tera -

g)ga-

meqa

kl lo-

hecto.

rieca

(IPC 1

cent!

mllli

mlcru

11,1110

~)lc(l

flmlo

611(1

H(II 1,

10”

10”

10”

1o“

lo*

lb’

10’

10’

10 ‘

10 ‘

10 ‘

10’

10”

,:1 1#

10 “

10 ‘“

I 11.11 UITrI..l ( I’IHII, 1, I l’dl)

E

P

T

G

M

k

h

da

d

c

m

II

n

p

f

a



Ai?. WITS ff KL9QE F~ ISOTWIC IWAT RATES

Medium Pico-Curies Comnon Useage International Systrsn

.—— — — —.

Air 10 ‘z uCi/ml 1 pCi/m’ 0.037 Bqfm’

10 ‘* uCi/ml 0.001 pCi/m’ 0.000037 Bq/m’

10 ‘m UC i /ml 10-6 pCi/m’ 3.7 x 1O-I3 Bq/m*

liqulds 10’ uCi/ml 1 pCi/1 37 Bq/m’

10 “ uCi/ml 0.001 pCi/1 0.037 Bq/m’

Solids 1 pCi Jg 1 pcllg 37 Bq/kg

1 fCi/g 0,001 pCi/g 0.037 Bq/kg
.-—--- ----- —.—.—- —--—-—--—- .-——.-. . - —--....-——— -———.--—



A3. CONCENTRATE1~ ANDRIVER FLW CONVERST 10NS

—-

Metric Units English Units

—— .

Concentrations 1 rq/i, 1 qlm’ 1 ppll

lug/1, 1 mg/m’ 1 ppb

River Flows 1 m’ 0.00084 ah ft

1,220 m’ 1 ac ft, 43,560 ft’

1 1/s, 1 chl’/s 15.9 gal/mihl, 0,0353 ft’/s

1 m’ls 35,3 ft’Js, ?.?0 x i07 gal/d

0.028 m’ls 1 ft’/s



APPENDIX B. UATER ANDSEDIKllT TIWISPmT DATA

B1. MATER ANDSEDIMENT DATA FIW STREAW 6AGES

Year Wter Flood Sediment Year U~ter
(ac ft)

F1ood Sediment
(Cfs) (tons) (ac ft) (Cfs) (tons)

Gage 27C5, RIO SRANDEAT EHBUOO 1934 282100

1890 1030000
1891 1280000
1892 1040000
1093 633000
1894 529oOO
1895 867000
1096 495000
1097 992oOO
1898 969oOO
1899 348000
1900 540000
1901 542oOO
1902 306000
1903 1020000
1904 250000
1905 ‘500000
1906 1200000
1907 2000000
1908 670000
1909 1300(-)00
1910 890000
1911 1100000
1912 1500000
1913 479000
1914 953000
1915 962400
1916 99s000
1917 1220000
1910 405000
1919 975000
1920 1430000
1921 11700!30
1922 911000
1923 77?600
1924 1221000
192s 430400
1926 814100
1977 871700
11J2H 673:{00
1929 /~5boo
llj~o y)?;]oo

1’3:!1 367000
l’):)i’ 90,’000
11)”!:1 44:lnoo

6070
B550
6660
5100

5010
2980
0740
4700
1620
5410
7400
2500

15900

2000
7190
7330

.9600
3580
7280

12700
144U0

7500
4640
B780
15130
5500
9500
5:80

7?40
l/40
Ililo
4:100

1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
194R
1949
1950
1951
1952
1953
1954
i955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
I 968
1969
1970
1971

197?
1973
1914
19/5
llJ/fj
lqft

1911
10/()

6433oO
522900
892500
790400
522100
316600

1341000
1503000

4:8500
955000
674700
308300
474300
993700
859600
341?00
246600
777300
373300
267600
783400
242000
753400
860500
253900
427900
408200
599300
280800
226?00
719?00
5?7600
366300
561800
590500
5F13900
391100
324HO0
879)00
379000
615900
S03600
7?:+100
,17,!700

I 170000

832
5900
363o
669o
5440
2410
199i

12000
10800

2220
0770
53,90

1950
4000

10200
9990
1470

710
87?0
2000
186(I
2200
1020
5000
6840
2760
2320
2340
3980

966
925

52OO
1950
3550
3?70
3140
7250
Iwlo
1090
66?0
i050
3!00
?790
?4H0
] 41.J()

{)000

282



Veer Uetmr Flwd Sndirnnt
(ac ft) (Cfs) (tons)

19eo 762300 5ot30
1981 2523M 2930
1982 61 .00 5010
1903 861700 5660
1984 734500 6010
1985 1297000 0420

GAGE 2900, RIO CHAHAAT CHAHITA

1913
1914
1915
1916
1917
1918
191S
1920
1921
19?2
1923
1924
1925
19?6
1927
19i!a
1929
1930
1931
193?
1933
191,4
19i5
lm~~
It.11
191B
1919
1940
1941
1947
194”j
1944
1945
1946
1941
1948
IY4V

! ,,,,1
.,,,.

I..,,,
;al’,,i
I91,4
1~’)’l
11’)[,
1’)’11
l’ljfl
~1)1,1,

; ill
“II. I
I ‘Jh.“
1,)1,I
1.i(,4
],1~.1,

250oOO
469000
666000
645000
526000
25000

602000
710000
384700
329300
409000
547700
255400
408400
bc4600
33720!7
420000
3B1600
195(loG
n70009
!?loo.
115600
3>4100
505700
16970C
44(,600
3?1100
?.!;”RX3
tll’lw!o
U51WJ0
?L7Y600
.J?I1OO
4I61OIY
144?;0
?60100
l~~fjoc
4/Hl;IJU
1.~41fjrJ
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4 I I 11(!()
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]4/ 1(11!
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5980
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4600
2630
5500

15000
2850
3310

6180
S300

10400

51/0

3810
, ,jO

5040

160u

7100

5’J1O
(J61O
3360
3600
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9910
@ ]1)11

k 1!1(:

“{l’lb
r,~,,.

?.!(!;
?6/(!
,, ,,, ,,,.,
,. ,:H,,

! I rm
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Wllll
I 1 II)
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1~ 11]

,9 IUil
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Year Mater F1 ood 5ed I nmt
(ac ft) (Cfs) (tons)

—

1966 305700
1967 209100
1968 27~900
1969 416700
1970 265300
1971 188200
1912 170000
1973 437900
19?4 3~7600

1975 409100
1976 385500
1977 199200
1970 343800
J979 471300
1980 66?500
1981 2ti3600
1982 481500
1903 569200
1984 533700
1985 536?00

3590 2227056
8150 3016743
2170 ?013011

10000 9841eo
2270 677590
3000 373022
2350 319352
3310 668771
1180 283163
2790
2210
38Elo
315G
3410
4330
2220
3730
4140
4040
39?0

GAG[ 3130, RIO GRANO1Al OTWI

1095
1896 777000
1891 l150f700
lf)!lb 1260000
I 099 5(,7000
1900 ]39000

;901 848000
1902 456000
1903 16+0000
1904 360000
190’! ?190mG
190fl
!9(-)1
Iqoll
1909
1’?10 1370c!rN)
!,l. , I (,1)0000
;i:. 71’moo
,(113 INN-ml
1’114 14.!0000
191’1 Il!t?f..d]
:./If , ,~(1
! .1: “ ,“l)lj~,o

1’):’! f wool]
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111;”.. f !i/(1:1
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I u,~’1 I ,“‘ :1110
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/1/00
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Yea r Mater Flood Sedi mant
(ac ft) (Cfs) (tons)

year Uater Flood Sedi~nt
(ac ft) (Cfs) (tons)

1934 414000
1935 1015000
1936 1062000
1937 1703000
1938 1264000
1939 888700
1940 554400
1941 2311000
1942 2405000
1943 717300
1944 1287000
1945 1140000
1946 456000
1947 730300
1948 1362000
1949 1304000
1950 663400
105] 395400
1952 1378000
1953 548GO13
1954 450600
1955 4:!?000
1956 377100
1951 129100(l
19s8 1!1?600
l~r,g I,(jqnoo

1960 R21OOO
]lJ6i bl’lfloo
19(,7 104OOIJO
iYF.3 4’)91100
1964 183100
1’)65 1178000
lWiti 944hoo
196/ 5FI0’JOO
1’1(,(! H’]5100
lVh’J 10311000
19J0 90ilr100
IOJ! W“lro
iv// 41 Iwo
1’1/1 1)’140(10
1’1/4 flH14fl17
]’1/’, ]()(,1,0()0
1’1/1, 1).1(140(1
1’1/1 4,! ’!’4)(1
I’1/Fi /[)(’/(1(1
1’1/’1 1/011[1(00
1’1110 14U[IIIO0

. ‘,1,011)[)
111,’ 11,’(,(111(1

: .!!! 1411,’[)(,(!
1,111.1 I 14; [1110
1’10’, I’11’,ld,ll

3100
13220
9350

10800
7740
5770
2330

25000
16400

7100
10400
10400
2610
5740

12400
10700
4590
3440
3700
3300
3100
5]40
1850
6650

11000
7!60
411’JO
Nloll
/400
?670
?7?0
76IiO
.1600
9570
~~lJO

(11I1O
who
Iwo
3440
11.!’10
I /(10
1!(}/()
44110
?(1/0
40:0
‘1?0!)
fl)fo
;l,~~[)
1,41,[1
11/1,[1
ati/alll

I ,’411[)

4306000
36IS1OOO
1733000
900743

447340?
732109

1329497
?430691

714319
4557340
156?178
14?4491
7o147Fll
191113!J!I
:{?5?9/5

EIMOY3
346606

J311818
77551i45
?6’)0907
?5fMi94
ln7.!fJ.35
[q.~yo4:j

110”1071
14M4M
JfJy/ I ]~

tli’”!.1411
I’17’,’,14
Ill 11)1111;’
n’)11’124

I 1/[11{1I
?’!l)111)114
I’INI17$
a 11,41,1!

I ‘,/!! ;JLl)
14111,1;1
:41111’114
;’/,’/ 140

GAGE3190, R1O GRANOEAT SAN FELIPE

1926 1387000
1927 1648000
1928 1154000
1929 1274000
1930 1077000
1931 613000
1932 1720000
1933 047000
1934 409300
1935 1051000
1936 1102IOOO
1937 1844000
1938 1194000
1939 005700
1940 569000
1941 2463000
1942 2456(’00
1943 705500
1944 1317000
1945 120EIOO0
1946 466500
1747 719900
1948 1343000
1949 l?n5000
1950 663000
1951 363900
1!)52 1350000
1953 527400
1954 427900
1955 447300
19!)6 366300
1951 1716000
Iq$fj 14,)1)0(30
1fJ$9 490500
I !)(IO RO”!400
II)(,I 61O’JOO
I’J67 100/000
1,Jfi:j 543400
II)(,4 .Jh4’luo
I’ll,’, 114300(1
I 1](,(, 1J7/400
I ‘)fl/ mM,41)o
I ‘ml Hl)l)~ofJ

IWt Io)’)flll!l
Ivlo 1140000”
l(t/1 [,1 I 111)[)
11)/J 504200
1’1/,1 14.1;’000

14000
11000
22600

5040
10500
14200
6200
2260

22000
10900
27300
12500
6650
3880

22600
18900
10600
11600
11200
4830
55B0

12500
10500
39s0
3?10

11500
10700
4660

17400
Ilfoo

17000
10700
4400
44!10
!440
l:lno
:1/.10
?:1’10

10’JW
101)00
13/00
4’140
w..o
.Wl$o
(144[1
112;’0
It?/n



Year Water Flood Sedimnt
(ac ft) (Cfs) (tons)

1974 656500 1810
1975 1010000 4710
1976 86270d 3130
1977 395900 2720
1978 651300 3640
1979 1666000 7550
1980 1450000 7130
1981 520400 8850
IYB2 10WVO 51@o
138? 1516000 7100
19E14 1315000 9?20
1985 1755000 B290

GAG23290, JEM[Z RIVER BtLOVJEHLZ OAM

1943
1944 45910
1945 75360
1946 13540
1941 ?0180
1948 4?220
1949 54930
1950 10?10
1951 13840
195? 330?0
1953 7640
19!14 70180
1955 19?30
1956 13?no
1957 35050
1958 111000
1959 ?mo
1960 41830
1961 53010
1967 4:hMo
1ml 70!JI0
I 964 Iwlo
19G’I 3n,llo
1qfifi ?98/ o
1lJti/ :11.110
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1’1),1 1?’1000
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I qlia, 1[1:;’()(,
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2420
1360
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3510
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1300
6430
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1?30
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1990
71?

1190
1630
606
’130
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1340
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1)/0
1 11)()
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?/f]
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I .1111}
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: Ilm

502000
255600
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61695
6909/0
?m?!ln
2? E141VI
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!,Alil 1!1)0, 11[[1 IFIIANIII fll AI I!IIIJIIIHOIII

I 114; ;’4’1’,[111[) ;’,110[1

__—

Yedr Water Flood Sediment
(ac ft) (Cfs) (tons)

1943 540100
1944 1183000
1945 1065000
1946 202900
1947 549900
1948 1229000
1949 1206000
1950 490400
1951 241400
1952 1269000
1953 375200
1954 2?8400
1955 2Bi3000
1956 24?600
1957 1199000
195n 1585000
1959 368600
1960 37?100
1961 559200
1962 9i!3600
1963 431100
1964 2 I0800
1965 1049000
1965 nl?noc
19(3I 4:19900
]y[,g Ifilfloo
ll)fiy %!8/00
:IJIO Illl:loo

1’311 500700
191? :lH.1000
It))? 14~loofJ
llJ/4 ‘;?4/00
19/5 Vm?oo
]IJ)fi 144400
llJ/) 7’)/100
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19/’l Ili:lnooo
I’llli 1417tlm
I’lfll 4,11100”
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Iw.1 1.1110000
1’1114 111,/(100
Iw’, 11,1,11)111)

4490
11400
11700
4700
6460

I31OO
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8940
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7920
5720
7960
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Ft7ao
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2070
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6?10
65?0
24B0
I!)?o
87?0
6650
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4:lb0
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7nHo 1045303
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?Iqo 4q I no’)
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Mm-l 114’1111:1
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11.1/(1 1441141
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—... ..—- . .... ...--.--— -—. — . .

Year Uater IIOLNI Sedimni
(ac FL) (Cfs) (tons)

------- ------ .. . ... .. . .. . . ..

1956
195?
1950
1959
1960
1961
196?
1903
1964
1!!6+
Ig[,fi

196/
lYIIH
19fiY
l~to
lY/1
lq17
191:i
19/4
11)/\
lg/fi
Inlll
I’JIH
111/q

1’1110
IWI
IW,’
I’lrll
IW4
I’IJIU

12?80
E15960
44150
21470
17560
?2150
101$0
19890
18590
30410
19?fio
ttlno
7 /1,.!0
7(1710
7Llll@

9130
6I51O
60310

6100
:~1)1ho

IWO
?4040

Jl)f,o

?4/0(1
IHh’11)
I Mm
1: Inl)
1/11(1
;’ [1%41)
.Id’lw-l

5200 3423769
5680 lao5486a
5340 ao7?030
40?0 503aRa4
3flB0 415650?
2410 454000B

900 144E%J?
1210 30?6?/1
?640 ?911346
:!710 lno/91n
I Boo 3!IHNI.1’J
Illho I?7’IIY19
,!470 4!J40’I’11
.1580 4Y1’J.!4n
W40 7R77.~?(l
I .100 I Hnntltil
IJ7?0 9490.!7!
3’J70 i’MfI:lil
?I)llfj 1141.188
3’1/0 (IR7’1451
77H0 1144453
hJlo 4v15/on
1.!.!0 4111’l?b
1Illlo “14’11,41,4
74’111 lnlll/411
I 11;’0 ;Uw!(lWI
!41,() .141Mul”hl
I ‘Ml 111/11111111
I 1,81[1 ,%lH1,14

I 4nfl I Iw’dll

I,AI,I 1’,40, H 1[1 l,AI AIM} NI AH ‘IAN hl Al IS
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,., ...
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Wu,
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41{{
1,’111,”

/1111
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411,1
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11 :’.,
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I 01111
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!111111

I f !,UI
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!, 4,..1 . . .
1,.,~, ,,

I I \,lnn
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, 1.111’,,

I .11111.,1

. . . . . . . .. ..... .. . .. . . .

Wer Vat-r t Id Sedimmt
(m rt) (Cfs] (Lore)

------ .. .. . . . .. .——..
19?7 11914 165950
1910 316 703
1979 501 562
1900 9494 ?20100
1901 2054 31200
1911? 1?319 3?0000
19BJ 095
1904 ?130

(Wii %.I$R4AND 358!I, RIO ORANIIIAl
~~ P~r IAl

181J$

Iti!Ib 51WIO0
IW)I I \4nooo
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Iqor’ 740:100
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1110/ 7?7/000
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— —--— ..-. —- ...._..—.—

Ve4 r Ualcr F 1 ood Sediment
(ac fl) (Cfsl (tons]

———. ...--— — ..— ----

1946 224900
194? 419200
1948 1036000
1949 1031000
1950 364100
1951 132900
195? 9b7000
1953 286800
1954 190500
1955 ?5?900
1956 174000
1957 97?300
1958 1391000
1959 341900
1960 56:1400
1961 437ioo
196? I4FJ1OO
1963 405$00
1964 164700
Iwl ?Y41ioo
19f16 4n90
i~fil Fllolo
1YM ?Ollioo
I 9f,Y Ih.woo
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Yedr

1943
1944
1945
1946
~94]

194n
194!I
,U1.g

19!11
1%?
19’,3
19’14
195$
19+b
Iwd
19’in
lql,lJ
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11, .,lllqll,, I ,11 I ,11,1, 1’,11! ,IIM,l,m .!11,11!1.1b1.1 [ Iwll.) , I’1111

1,1111II,,!., I,,,,, 1’,,,I ,1%,1.,.1 ,,1 11.l,l! I ,,. !,,., ,Illlrmrlll

I l., Illnl 111,,.., 1111.I Im,lhll 11111II , 1.1 1111.Ihll 11.1!,, ..1, 1..l.,

Il,lb1,,.-11



B3. -Y MIA - ~lAl lmS FM -1- SIATl~S

(Vilues In Englieh llnlls wilh Metric (hIILs in Parenlbbes)

..... .... . —.-. . . ------ . .

Anmml I&n (Slamldrd Oevlalion) COrrwlallcm Coeff Icienl
Stat im . . ..- . . . . . . . . . . . . . . . . . . .

Uatw Yield I load Sachmnt UI1/Fl udt/hi 11/Sed
... . . ....- ..—..- .. ..-. .. .. . . . . . . .

390.623
!In4,96fi]

/1/,154
(3W ,no? )

1,0$9,49.4
($4.!,611J)

Kl
9n

1,011,4C9
(4ng, rho)

4?. MW
i:lo, tlni;

M4 , w.!
[’.l;~ ,4?4 )

.!7 , /.1’1
(? ’1,.1’11)

Ill, 1’11
[11,11.1)

n:l,, Iw
[ flwl , /1111;

4,451
(7,s91)

5,044
(3..11?)

n, 5?6
(49.!0)

161,

(?3.1)

?,44.1
(.1,014)

I .I’.LI
[4,1[1/)

4 ,1’,;
(1,1,1/1

1,513,500 0.56 0.64
(l,?O1 ,135)

O.an

7, 16.!,m19fl O.nl o ?q

(1,431, ~?(l)

7,?41 () I)() () qfl

(.1,’1//)

o h;

4r17,011 o ?0 fl :i4
(7’11,%4!)

I ,’1 !11,’111I n j; o :11
(l,n4’1,111/)

‘1,114,1114 ,! /# [1 ‘Ill

(4, illl, ulll)

\ ,Wll , /’J1 II l“. [1 1,1

[ !,/111!,4’1/)

0.4.1

0 ml

(1 11”1

0 Jll

1) Ill

() Ill

.

f. 1!I

N,,II,I. 1111ILIII1

● Ill,. Ill t II Irlll ILll,l



M. MSS -l MT~ SWY MM LOS #MMIS .- 19S1

(Values In English Units and Metric Units In Parentlwses)

-. —.- -..—... ..—-. ..---—-— —-———— .— _ ___ —. —-— .—— —-- . ..____ .—.

?. RIn GI IIUJ al [mlmlla

I HI(I (iranilu dt tll IIw I HrIIIIp.

4 I II\ h I fins)s bII yun

11 H III Griuwlr III WI III RIK k (:rIIIyIIII

Udtl?r

Yield

(ac ft)

and

(10” m’)
..-

144,500
(17 fl, ?Llo)

?46,600
(300 n’,?)

-JI)l, , 4(JO

(4?8,:17VI)

?M
(o.mn)

Y1’1,4i,lr)
(4117 11/11)

Max

Flood

(ft’ 6 ‘)

dnd

(m’ s ‘)

1,400
(m,?)

710
(19.9)

3,440
(90.3)

GBI
(19.7

3,440
(w, ,i)

Suspended

Sediment

(t)

and

(Mg]

.- -----

500,201
(5?6,358)

900,743
(n17,1!14)

9,814
(il,90.!)

!lIo,’)’li
(n)h, o’lll

Bedl odd

Sedimnt

(t)

and

(Ml)

9?,03?
(04,711)

51,281
(46, !)?8)

144,11!I
(130,/4$)

9,814
(tl , 1)0.!\

Total

Plutonlm

(nCl)

0.14

1.28

1 4?

lfi. (JO

IH :17

:)!](]



B5. MS BIRMT MIA SIHAUY KAU LOSAl- -- 195Z

(values in English Unitsand Metric Units in Parentkses)

—-.———. ...——— —-— — .— —--—-— .—— —— .-.. . . ---- ---- - .- ——.

Water

5tation Yield

(flc ft)

and

(10’ m’)

. ..... —..- . . . . . . . . . . . . . . . .. . . . . ..-—....

1. Rio Chama near Chamlla 566,500
(691.130)

? RIO Grmde n~ar 1mt)udo II I,3MJ
(94n :!06)

3. RIO Grandc at Olowl Brltlq[! I.lln, ooo
(I, {HI, IWI)

4. lox Alhnwf (hnyon ?:\(,

(0,7HII)

5 RIO (irmdr III Uhllct Rm, k [“anYuII I ,.1/n,7.~h
:1, (IHI 4411)

Max

F I ood

(ft’ s’)

and

[m’ s’)

. ... . . . . .

5,880
(164.6)

B,7?0
(744,?)

!), /00
?tl, fl)

(In \
(1’J ?)

U,luo
?/1 (1)

Suspended

Sedlmsnt

(t)

and

(w)
,. . ..- .-. = .

3,390,906
(3,0)6,230)

1 ,06? ,496
(9n?, c40)

4,4 J3,40?
(4,0’,11,7?0)

‘),814
(R,llo.))

4,4111,;’ 11,
(4,011/,1/4)

Bedl oad

Sedirmnt

(t)

and

(Hq)

.

54?,545
(49?,19?)

113,1YJ
(1’)l,l?ti)

/1!),144
(Ii49,.12.1)

9.tl14
(H, !iol)

I? ’1,$’lH
(I! ’all,?;’l!)

Total

Plutonlun

(MCl )

0.B7

6,74

I 06

1(1.!)0

?4 [,/

?!)1



(Values In English Units and Wetric Units in Pwenthases)

—.. .—— _ .——. —— .—

Mater Ham Suspended Bedl nad Tntal

Station Yield Flood Sed!wnt Sedi~nt Plutoniun

(ac ft) (ft’ s ‘) (t) (t) (*I)

and and ●nd and

(10’ m’) (m’ s ‘) (Ml) (*)

-.. .- .—. .—------ ..— — .-.. ..-— ___ . .. ... -------- . .. . ___ .— -- ,_______________..._____ .—

1. Rio Chmra near Chmlta 522,900 4,280 3,344,250 f3!l ,080 0.81
(637.938) (119.8) (3,033,904) (435,425)

?. Rio tirandw nuar Ffiudo 753,400 5,000 1,?13,090

(919.148)

194,096 6.39

(140.0) (I,1OO,5I5) (176,0E14)

3 Rio G~ande al Otoul Bridge 1,?97 ,000 6,650 4,557,340 729,1/6 /.19
(1, +8?.340) (196.?) (4,134,4?6) (661 ,!IOfl)

4, I os Al nnms Canyon 433 649 16,4?0 16,4)0 43.95
(0.5?B) (10.?) (14,941) (14, ~41)

! H In Grtimh, l!; Uhl lC Rock Ctin~nrl 1,?91 ,433 li,6’~0 4,5/3, tl18 /4!], b46 51,14
( I ,’,87 Ml) (111(1.7) (4,149,368] (fi.l(i,4!lll)



B7. MASS BIKIGET MTA S-Y KM LOS M~S -- 19M

(Values in English Units and Metric Units in Piirentheses)

——— .-— ———

Water

Station Yield

(ac Ft)

and

(10’ m’)

Rio ~hama near Chamita 278,900

(340,258)

R i o C dm!e near Emburlo 366,300
(446,886)

RIO Gr.andc tit Otowi Bridye 85s,720
(1,043, Y!14)

Los Almms Canyon ;~;

(o :1’)o)

R!o bran[l~ II] Uh!i(, Ru~k (I~TIYorI 8’,5,981
(1,044 ‘!04)

Ha x

Fload

(ft’ s’)

and

(m’ s ‘)

. ..—. —

2,170
(60,8)

3,550
(99.4)

4,490
(1?5,7)

9?4
(?’)(4)

4,41)0

(i~’h (l)

Suspended Bedl oad Total

Sedimnt Sediment Plutonium

(t) (t) (nfi)

and and

(Mg) (Mg)

———. — .—. —— ____

2,013,011 322,0B2 0.49
(1, B26,203) (292.193)

L150,6L?3 B9,709 3.58
(50 El,652) (sl,3n4)

?,5?3 ,694 411,791 4,06
(2,334,055) (373,577)

ltl, i?’i 14,120 ?l .07
(l?, clo~ (17,810)

?,’la/, HI: 4?’1,!)11 ?!,. HH
(?,3.1/,lifl’1) ( {Hcl,:{flf,)



M. ASS_l~ ~ MTA -S ~ ~S ~ CMUIAT1~

Drainaga Ymhrs Annual PMn
---------------------------------------- ------- ------- -.-..--

Stntiml Al-ah of Uatw Flood Suapti Bmdl~d Plutwltm

(km’) Record flo’ m’) (m’-‘) (w) (w) (At )

1. Rio C*

2. Ednxb

3. Otwi

4, Los Al-s

5. San Falipm

6. J-z Pivar

7, Al buquerqua

8. Rio Puerto

9. Rio Salati

1

1

1

2

1

1

1

1

1

I

1

1

3

1

1

1

I

1

1

1

1

3

1

1

1

1

1

1

I

1

3

1

I

1

I

1

1

1

1

3

1

I

1

1

4

5

4

6

6

4

7

6

10, San

... . . .

Smrces:

Mdrcial 1 1 1 1 I 4 9

------ .. . ..—. .-— . ..— ..-— ——-— ___ _-. .—.—.- _____ -----

1. U.S. GNIloqical Survey data, UAISTm[ and [arthlnfo Inc.

2. kasured by digltizinq U.S. &olujIc~l Surkcy ~1.~raphic mpm.

3, Odta fra L. J, lane, UMUI In preparation of Lana, Purt~n, ●ti Beci.er (1985).

4, Calculated as 14% cf total load (16% of sunpendnd Iomd): Garde ●nd Raju (1985), p. 62,

5 (~nlcula~.ed as tk III f Iercncc belwcn RIo C& and OLWi stat ionn.

6. CtIlcul atod as Imlload cqun I LO susprm+d load,

?, CalLUlaleIi an 11% of LoLal 10ad (41% of suapenkf 10sd): S\~nS et ●! . (1981), p. ~,

8, (.~lcul~led by wl(iplylnq conl:pntratlonq il~s NSS for suspnrkrl sadlrmnt ●nd bdload

And ,,~lnq fnr Inlal ; !.u-monl rntit,ns c~lculiled as m~n values publ ishl by Ion

AlamIs Hal Ion+l I .iInlralol} ,n various wrvri I lance rel)orls.

1) (’fll I. IIlal Pil ak III Ml U.., IIII tldla In, RIn lirnmb nl krnal IIIIJ

10 Kalt:IIlal IHl af III tR IJSII1[I Mld lo! I rl,lolpl L4nflm, lho sm%l nlmllnr c1 vilw=nt for

Whll.11 Ihllll Fml?l



B9. AMML -1 CALCUATlWS F@ SUWEMKD SE~ilEW, 194+1985

(ton6 per ymr)

Storage
-------- ------------------

Year Otowi Al aags Jmaz Al buquer PuercO lhrcial Oto-Alb AIL khrc Ot~ Marc

.— ——— ————.

I940
1949
1950
1951
19L.’
1953
1954
1955
1956
19s?
195,9
195’3
1960
i JGI
1952
1963
l’, fi4
1965
1966
1967
196a
1969
1970
1971
197?
1973
1974
1975
!9)6
1!1/7
19:9
1$/,)

19ao
19a]
1987
19f13
1984
lYLM

(irnnd

4306000
36alooo
1733000
900743

4473402
)32109

13?3497
24~0691

714319
455734a
7562;7b
1424491
2074261
1971a99
2252975

U62093
946606

33]7a70
2255645
265096?
2573694
!a2~y35

19J9043
l!05~21

14!,4464
3w~33a

a2334c
15255J4
la399a2
a959z4

1170013
?595:J6~
IL381Z5
431MM

15787i~9
14GG723
146t15/4
?/?:140

61
61
77

9814
6316

12
1006
27a3

o
16470

2062
532
I 54
443
138

2772
0

3163
165

4!97
!4:?0
?499

o
247

0
3955

I 29
99
77

a
319a

4?6
la~

!it Oraqo ,

514537 4364260 1634000 4295000 456338 1703260 2159598
502800 3538210 576900u 4462000 645651 4II3G21O 5481861
255600 1961020 2753000 1211OOC 27647 3503030 3530677
790239 3492734 4613496 1045075 -1791938 7061155 5269217
515327 3057970 2953332 !.A~5922 1937175 565280 2502455

61695 3031635 6953247 lMi7315 -22371319 8117567 5679748
690970 22907Z5 14778779 3016557 -269252 14052947 13783695
768258 3103649 18315560 4135?440 9EIOE1316561769 16659Ei52
228489 2007069 3423/LY 1113186 -1064261 4317652 3253391
3194a8 2804035 :8054868 11636118 ?06>271 9?227d5 11312056
fiE7843 39L136M aO:J“PW lEl137Z43 42621395 -60131525 -1813130
!47031 896440 503W34 2052034 975614 3aa3290 4a5a904
450960 la921W 4150507 372361W 63 1S2 2325012 2958194
471793 24a9954 454000a 229aoa2 . 45a19 4739aao 4694061
466325 2158715 1448532 2454975 15S0733 I15227Z 2713005
397709 10U42.65 3026271 136447 257709 3894695 4152404
3a553i 54b4?n Z917346 69596 3136719 3793176 4179895
429616 2130COW 3t30791B 5939886 979a53 748t336 i67E1689
445454 2279116 3528635 21i3992 4270M 5543819 5$65907
4493a6 49567P1 17257979 2ti331H9 -185?156 14580891 1? ’28735
471369 1475209 4940551 6661067 1583974 -?45307 1330667
qa1511 2134i49 49i334a 2aa88~4 1741S6 4164633 433M~!9
501599 3444903 2822326 1843799 - 100d2bl 4423430 341916!I
3a6979 25444a9 laaa661 34691 ~~105164i! 4398459 3346817
40930a 24?t3Zl? 949032? 1400686 -554440 1Ml )853 9963413
654953 8017443 79f83)l 10561149 3361 1’!‘ 5414GG5 2053468
381365 1045303 lld1313t3 410605 159539 17/6086 19356?5
541266 N307Wll 6879451 779119? /406aa IIX”A46 1105I!JFI
3773?7 IF121401 1734453 iO14487 !Y9WII!I 1341361 193765?
3?4Y44 491805 4355/08 4460?01 ?tloi7/1 38/1!? l1673a!
4?717? 114449 4ta!i?6 lw51i31 aztJ6f14 34;208 404476
63/6?9 10461?6 34q(,566 l~Ll!)fIOO 13E1/L19:! 31/6910 lJB901/
4nb!l!Jo /59 ldLi 1.9]C/M 5El13066 l?6491c’ ~30?374 203f467
390;91 ?q. ‘/3 ?09:iOf10 J116!IF14 433?13rl ??9131 ?03555
441433 l149fl13 440H094 ! 0)60893 1lfI’lnnO 5!JW9H6 4333106
564fIo9 ]375704 181600R ?tl138U57 /LJ%l?13 :Illrlt(l lo]Y?nn
456?94 11’~/oWl M/n574 14873%1 /?/1/0 :39:!:!?] 3171091
Wio47rl 144.IJ’1:1 3: WH’lRI :IW3:!67 1441713 I 54H’1/n .u!17111

(lluwl to illllulp,f :1111,. 1? ,.m ,.llfi

$loI’aw, AllIIIquPI’quc 10 !imn Miirtlnl . 130, ?4/, W’I

Slul’aql!. (i Lhlwl Ill !;.111M,lrl:lnl 141, rll/, oll

1;1111, ‘1101 .Iql’ I 0! 01 II Ill 11 rl 111.11IIvrl”l”il Imdllltl 11111’ I II l’lulfl’+~ 11111111111.1.111!11.II’:. I ~1.11

l~%lllndllhi VJ]II(,!, for All) 11.1111’ Ihll 11111 YOil I’. WIIIW Ii,llfl W1’11’ 11111 llllil!ltl’li

795



B1O. AaHUAL

(calculated tons per year)

Storage

Ytar Otoui Al enms htez Al buquer Puerto Mercial Oto-Alb Al b-Wrc Oto+nrc

194il 6S8960
1949 588960
1950 2772.50
1951 i44118. B
1952 l1574d.3
1953 117137,4
1954 212719 5
1955 3EM91U.s
1956 114291.0
1957 729175. ~
195B 1209941
1959 22791B,5
1960 331881.7
1961 315503, B
196? 520476
1963 137934,8
1964 151456.9
1965 L40460.4
1966 360903. ?
1967 474153.9
1968 4!17U1. O
1969 2911J7Y.6
1970 :Ilu?fib.e
1971 1JWJ9 :1
1912 23431 I.?
19/3 6395/4.0
:9/4 13173!l. fi
19?!) 2440H5.4
19/6 294.Wl. i
1:1/J 143’JOI.B
[!,)~ ]f)/jJo, o

I’IJ”J 415.{ ’,.1.7

i 9R0 ?41!100
191J1Cl%i.1’lw
I!IH7 7’1?’./1 ,6
I’JH.{ ?Jdfil’; h
lyl~~ ~,!fil)/1 ~

Iwl’, .111,:147 4

61
61
?7

9814
6316

12
1006
2703

0
16470

2062
532
154
443
13B

1772
0

3163
165

411J7
14120
2099

0
247

0
I!l!l!l

1:>9
IjIJ

II

J]t);

4?6
1n:!

o
0
@
o
0

514537 69022+1.6 669940 687200 505276.4 681021.6 118629B
502800 566113.6 2361600 713920 525707.4 2213793. 2739501
255600 31376d.8 1128730 193760219192.2 1240734. 1467927
790239 556837.4 1891533. 167212 385334.4 2203158. 2668493.
515327 489259.2 1210866. 871347n5 748120.1 020777s0 1576905

61695485061.6 2b50831. 298770.4 -306217. 3037122. 2730905.
690970 366516 6059299. 4F12649.1 538179.5 5943166. 6481345.
760250 496583.0 7509379, 777190.4 663367.7 7220773. 789L140.
228609 321:31.0 1403745. 170109.7 21649 1546766. 1568415.
319488448645.6 7402495. IMl 778. 616488.0 59B9362 . 6605850.
6B7B43 637390.93309532. 2901950. 1262463. 1044963. 2307426.
447031 143430.4 2065942. 328325.4 532051.1 1081017. ?413098.
450960302750.8 1704167. 595190. O 40024d. B 1411128. 1891373.
471793 390392.6 lbii46213. 367693. I 309347.2 1895382. 2204730
466335345394.4 593890.1 392796 641554.6 546496.5 11BB051 .
397709 160770,4 1240773. 21831.5? 377637.4 1379720. 1751357.
3B5539 151268.1 1196111. 11135.36 385727.8 1336244 177191.:.
429616 460928.6 15612~3. 950381.7 512310.8 1071793. 15bllC4
445454 304668.1 1446740. 42238.72 441054.0 17bY169. 2?1L023. ,
449386 793012.1 5025771. 421406,2 84664.16 5397431. $482:0?. .
411369 ?360.!3.4 2025625. 1065770. 661246.6 1195[38. 1E57135.
481511 :141463.8 2016937. 462218.2 434/75.7 18961 ~8, ?330954.
50159S 551184.4 1157153. ?95007.8 260661.4 1413330, 1673991.
3HW79 d0711u 2 17435 :.0 55S0.56 15700 /.1 117591P 133297S
409:!08 38851.3.9 3I3Y1034 . 774109,1 255108.3 405543F 4310546.
f#’J53 1787/90. 3?6293?. loW/tJ3, 15691.7 78559.:’). :811b30
,Ifll:!l,’] 16/748.4 467969,0 fJ!111~6.ti 34’)9B1 .2 569570. / ‘,15501 ,9
1,.4I )!,fi 449? 13.9 ?800074 1?46590. 336?36, 5 700?6!78 . ?338934 .
:1//K’/ ?59424,1 111125.7 3?731/ 9 412676.9 648231,9 10fi090fl.

l’.~d /H61J8.8 1713!d140. 71363?.1 439/71.0 l150mJ15, 1590 WI.
“’, ”’J 173911 .fj 196195,6 ?55?29.2 493/MJ.2 64tJ7F1.i’7 11’MIII.4

1):1, , . W$:!ao. I 143:!!191 . 1363136 758029.0 3658:4+. 4 11731’64.
?,ll,’. ”,0 I/, ,“ 1 /4?405 8 939690,!) 611?41 .6 /+69:1.:! 5.! ’)f4H.3
,!{IO!IIJ1 fj.IOfI:I, IIH fl$~lfi? 8 4346+3.4 391422.i! 45(i!113 .0 Bn:!(J3’).7
44143:1 l:! ’J’J/o. o IBO)J18. l/71! 4?. ‘15PJI14.5 771’14’1. / //!J’130. ?
5L4001J 71;1117 .(1 /F#JIKl, ? 4WOM.3 ‘)8/1/7.0 \l!Jlll/, fI 1100:159,
4r,(,~g~ I!I]5:J1),[) lo911?l:,, 73/1 /(1, 1 4Y!)130. I 10’17’1/4 15’,? 10’).
MOfi7fi ?.l OtJ:io.4 I,!(J 1470. W%lJ:!I .9 )(MI:! I ,11 I (VJ)410, IP(I.{741

29G



--. -—. ———---- .-. -. —— --- ..- . . ..-— ----

Stamgc
.. .. .. . . . .. .

Vtnr ntO Alb Alb Uirc StO Marc

‘ n, 1.1141 II . II 1,1,11 Ill Ip 1 ,’,’9[,1,,’ 1,4,. 4

?!)/



012. SUSP2-D, U&, ~ TOIM LW 5EDIKBl ml ~f.

~ITICM TWS

(ml

— .. . .—

Slat Ion 1951 1952 1957 19W
.— . --- ———— ..— .. ——— —--— —

SI,SPEHMD S[ DIH[ W :

Otml 01/,1%4

10S Almms 0.903

-Z 116,905

Rlo Puerto 4mlB5,364

% HdlCld8 94n , L!w

%u~pmkd $Loraqp 4. 7R0, 7.14

BIDIC!AD $II)IW MI.

DfIm I !lO. /41,

I II% AltiI\ nine!

CIlmmv /l fl, qo5

nln rlwrlu l,~l~,qqq

/*n MAIIIAI I’ll .!1’1$

Nrdl 11.111 51111 l!qu 7m4?11.nlll

I[)i Al “III IMINI !Imll

[11.lml 1141,nw

I II{ Al mmI,, I \ ,mm

,,,m. . I,41!, HII!

Pi,, 11,,,.1,,1 ,,,wl , Ih 1

‘,Al, M,ll I ,,11 \,[lq,l,,N/
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E2. PIUT~IIH _HTRATItiS IN RIVER UATER (@l/l),

IRIWTMIIS IN M VICINITY W LM Al.-

.—— — .—— —. ——-.—-—————

Plutonim-23t3 Plutonlm-239.2?0

Sa~la S1 Le ---------------------

maan St. dev. #

—-.—- ..- -. ——-— ----

1971-1988:

Los Almscm Reservol r 0,0047 0,0215 16

(i.I.” Ie Canyon i n Upper Area 0.0005 0.020B 15

lrijules Canyon al Park Hll 0.0126 0.0:40 17

}rijnles Canynn al Outlet 0,0013 00137 8

Pajdrito (hnym al Outlet 0.0035 0,0176 n

------------- . . . . . . ..-
sman St. dev. I

——— . _.-—

0.0116 0.0228 16

0.0101 0.0171 15

0.014? 0.0249 17

0,00?1 o.oo9\ 0

O.oo!il O.olo!l a

Arwhu CmIymI a~ Out let 0.0051 0.0130 9 0.00/9 0.0107 9

All !iIlr!i O,oo’1.1 O.ol!li /1 0.0990 O.nlln 73



E3. PLlll~IIJl ~WIRAIl~S Ill K~W SEDIKmTS (Ki/g) ,

~TtIRm R1O ~

—..-—— — —- -------- ..--—

Plutonlm-238 Plutontw-239,240

Samle site ------- . ..-. ------ --- ---------------- -----
nmn St. dev. 8 man SL. dev. #

1974-1986:

Rio

Rio

Rio

Rio

Rio

Rlo

R1o

RIO

Rio

Chm at Chemi la 0.0001

Grande tit Etiurb 0.0003

Grande at O~wi 0,0003

Grande al Sandi a Canyon -0.0011

Ganrle at Pajari to Canyon .0.0007

Grande at Ancho Canyon -0.0614

Grande at f rl joles Canyon 0.0010

Grande al (hchi t I .0, 00?4

tirmulr al Hcrnd 1 I I I o 0.0004

0.000’)

0,000:

0.0008

0.0011

0.0014

0.002?

0.0024

0.0026

0. 00!J6

o.oolY

0.0014

O,oolli

0.000i

15 0.0015

16 0.0033

16 0.0106

8 0.00?1

7 0.00?3

n 0.0069

6 0.007s

J 0. 00’)?

14 0 00’,0

Is o 0040

11:1 0 O04H

0.0029

0.0025

0 0171

0 007?

0.0031

0.0065

0.0040

0.0149

0 004 I

0.0044

0 OOR(I

N,It IIm,Il I Aur,jlury, Pul)l I %hml hy Purl vmm (’l ,1I , I’ll])

15

16

16

8

1

8

6

I

14

15

11.1



E4. PLUTmllH CWCENTRATI~ In FL~PIAIN SEUIKkTS (pCl/g) ,

~TtERll B1O -

.— .-

Plutoniua-23B Plutoni~-239,240

S~le Site ------ ------ ------ --- ---------------- -----

*I.. . at. dav. # mm St. dew. #

--- . —— —.

Active Bed Sadinsmtg O.oole 2,3759 ~ 0.0027 0.0003 2

Levee, Bar, Siint~ Clara Flood Plai II 0.0006 0.0010 s 0. ao4~ 0.0041 5

Slough, Santa Clara Aband, Channal 0.0013 0.0017 3 0.0097 0,0118 3

Tributary Channel Across Flood Plaln 0.0002 1 0.0006 - 1

Mean “Flood Plain” (7nd h 3rd above) 0.0009 : IJl)lz B q :!L67 0,0075 8

.——____ . .——.— ------ ------- ________ ...— — — ————. _____



E5. PLUT(WLH -EuTRATIMs IN RESERVOIR SEDIIKfITS (K1 /g).

KMlfmu Plo 6RAIIK

Plutonllan-238 Plutoni M-239,240

Re$ervoi r Year ---------- ..---------- ------------- .---.---

nean St. dev. # mean St. dev. M

—— ——-. ——. — -—— —.——— —— ..—

0.0009 0 0011

0.0007
0.0005
0.0003
0.0005

0.0006
0.0001
0.000:
0.0003

0.0003
0.0004
0.000!
o 0001
0.0001
0. 00’!?
0.0003

0.0004
0.0011
0.0006
0.000’,
0 Goill
0.0071
0.0013

0 000/

3 0.0177 0.0104

0.0122
0.0155
0.0064
0.0114

0.007?
0. 007?
0.0005
0.00+1

0.0048
0.0063
0,0009
0.001/
0.0031
0. 00?(1
0.0031

0.00/7
0.0140
L . 00/:!
0. 00(11
O. OI:IH
0, 007!1
o, ofw

0.00/.1

0.0134
0.0093
0.0112
0.0114

Neron I gO~
1984
19B5

19132-19f35

0.0006
0.0005
0.0005
0.0005

3
3
3
9

E I Vado 1979
198?
1904
1905

19117 19e5

a.0003
0.0004
0.0003
0 000:1

7
.

3
3
9

0.0095
0.0047
o.oo7a
O.oo1.1

nbll:lllu 198?
1304
1985
I ‘Jnfl
lY!jY
1911F

19Fl? 1913FI

o 0005
0.0001
0.0001
0.000.3
0.000?
o. cool
0.0004

o.o@9t
0,01?.
0,0088
0.00/5
0. owe
0.00/4
O,oofll

lYn7
1904
! 90’)
1(J()(,

i ‘Jnl
] Ilf)n

I’w’ . WI

o. boo9
o 000)
0.00:()
o,ool~
o 000R
o 0011
0 0011

O.ollff
o 019?
0.0?41
0,0?1?
5. LIII!I
0.01?1
o,oln’~

o, om t O.ol)f



E6. PLIJNMIIH ~MRATIWS III FLUVIM SEDIKUTS (K1 /g).

LOS AL- CMWM

Plutoni M-238 Plutonim-239,240

Smle site ---------- . ---------- -----------------------

man St. dew. # wan It. dev. #

Act d Canyon’

Acid Uier (16,400)

DP Canyon’

DPs-1 site (13,980)

DPS-4 Site (13,680)

Pueblo Canyon”

Hamilton Spring Bend (12, B50)

Pueblo Site 1 (15,900)

PuctIlo SiLe 2 (14,150)

Pueblo Site 3 (10, OM))

Near Ml 4 (1,650)

Ios AlanvJ% Canyon

Rnsnrwulr S11O (l!l,f100)

Hridqr !iitr (iii, fiOO)

IAII I !lI1l. (17, HOO)

[;$ 1 Sill! (11,(100)

IA{) :1 5111, (Ii, wn)

IA(1 d ‘) $Ilr (H.000)

IA[) 4 $llt~ (1.’IUU)

Nral’ \P 4 (/,;’’1[1)

I(llilvl (.1.111)())

0111*1 (40[))

ILIW rmlvllll’

HIWI ‘,11 4 (l,’1 00)

1,11,1111( .Illyllll’

Hlvll ‘Ill 4 [;’ ,401))

o. 1?93

1.0203

0.121B

0.0035

0.0066

0.01?/

0. Oon(i

0.003/

0.000/

00010

0 oloiJ

o 01,??

o 0711’1

0, 10.1,1

U. U/’lil

o (MM

o nl.11

o 0[1(1!

o 0111’1

(1 0(1(111

0.1780

1.4054

0.05?6

0.0034

0.015B

0.0094

0.0171

0.0046

0. 000’)

0.0014

0.016/

O.n’11’l

o 0?/.1

0,0(1?1

u u4;mb

o 0.!’,’1

o OIIA

~nl)l~

o ml)

o [11)14

12

23

17

14

11

II

1?

16

:!

1?

II

16

III

10

h

I ‘1

I ‘1

I t,

, ;,

13.3491

2.1574

0.4797

0,4994

0.0639

1.0049

? 0B36

0.6581

O,oc(io

o 00?1

o ti; li.i

o .1.;/>

O :’,HI

o 4olltl

o 1.11,1

0 74113

u /;’lfl

u 1;/1

0 1101’1

0 [)(),’,1

7.1115

2.402)1

o.2/ol

0,3947

0!1665

1.6?05

4.d:l?l

0.10??

n 01)11

o [11)11)

12

23

17

14

11

11

1?

16

3

17

II

Ifl

I(1

10

L

I ‘1

1$

15

, ;,

NIII,.., ““,11 4“ 11111.1,. III ,11,1 NI.W MI.. I,, ‘, 1,11 II HIIIII II 4

310



‘ Sadllcmyom ■ Itn waste disposal 51!=>

r ConnectsAcid Canyon to Los Almos Canyon.

‘ Canyons not directly ●ffecled t~y ●asle s!tes Ihat are trlbular~ to Los Aldm>

Lbnyon

311
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WPIHDIX J. SASIC 10llHIHU IJSID IN Ill’ Ml PR(NiRM—. .

A. Equtlon of ConllnuKy

Q= WDV

where: Q : crdglrrelunadjustedcllschsrge(mzs‘)

W - channelwidth (m)

D chennoldepth (m)

v vd~ny (ms’ )

H. TrsnsmlsslonLotaeo

Q, H(ljU!itlNi (Ikllilr{)l! (Ill ‘ :, ‘)

Cl orif\lllill uniuljwilfd ~li:llwwgo (In’ S ‘)

la Irilll%llll!.!lk)ll1{)%!.1,11(1(Ill’ S ‘ Ill “)

1,11 clhImud sit(~I,MNll Iuilul)ilr

& (:llillllll!l I)W1 ilritil Ill !i(’(jlll(?lll 1) (111:)

C, Voloclly of Flow

v II I f,!.”/!,.1 ‘,’



1), HydraullcRadius

where: R =“

w“

D

E. Deplh Of Flow

Wt)ore: D

Q

w

v

R= WD

(2D+ W)

hydrwlk redlus (m)

chmmslwidth (m)

channd depth (m)

dcplh (II flow (III)

cllsctmrgo(m’ s‘)

Wldttl of flow (lIi)

v(llor:ll y (d flow (m S ‘)

( )
1) .f,

/) () [~

(k hr;:li~)

Wlllv(l h SII; IIW ~XllilllM4J!l (1 () Itw Illf)iifl, Sllilllf)W (Ytliilllll!l$. . I () h)r
olllw!i)

F. Urill Slronm Powm

t,I 111111:itttl~llllI)twtv (N tll ‘ s ‘ IN W III ‘)

[Il!lv,lly of 11111Illllli (1 IJ 1“111‘)

{j .11”[Idlv,lllllll 111 \Jlilvlly (’1 [11 Ill %:)

1) IIlqlltl Ill Illlw (Ill)

v VIII(1( Ily 111 Ill)w (Ill !i ‘)

:{ 1}{



S = flowgradient

G. StraamPowar

n= pgDWVS=p@=u W

where: Cl :. stream power (N s‘ or W)

p - density of the fluld (1 g cm”’)

g accelcrallon of gravity (9.131 m 52)

D depth 01 flow (m)

W wldlh of flow (m)

v voloclly d flow (111s ‘)

S flow gradiol~l

Q dlsciwr~cr (1117s‘)

w ufdl strcnm ~)owr?r (ddlIMKiahovo;N m ‘ s‘ or W n: 2,

H. Sadlment Trunspofi Capacity

(
f>

im 1. I (),(11 “
t ,11111 v fJN)

Iilll fl I’t)llflll:llllll Ill fll(:lltlll (ill) ll(ll I 0 11)1 IMMII(), II1 1):1111{:11’!,)
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