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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 piutonium 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 1C
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 Alamos is
associated with relatively coarse sediment which often behaves as bedload in the Rio
Grande. Infusion of these materials into the main strecm were largest in 1951, 1952,
1957, and 1968. Because of the schedule of delivery of plutonium to Los Alamos for
experimantation 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 tour critical years it constituted 71-86 percent of the
plutonium in bedload 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 abandened channels,
and mid-channel bars. The deposits along the Rio Grande that were laid down in
1951, 1952, 1957, and 1968 are most likely to contain plutonium from Los Alamos.
Deposits laid down during the post-1943 period, mapped and dated using acrial
photography, field evidence, and vegetation data, are generally less than one meter
thick. The deposits along the Rio Grande likely to contain the most plutonium from
Los Alamos wre those between Otowi and Cochiti Reservoir. Preliminary investigations
of a flood plain at Buckman, 5 km downstream from the confluence of Los Alamos
Canyon and the Rio Grande, revealed plutonum with isotopic ratios consistent with
ratios expected from a combination of piutonium from the laboratory and from fallout.

Data frorn almost two decades of sampling ot the physical niverine environment
show that: lowest piutonium concentrations occur in water, greater concentrations
occur in bedload sediments and flood plan deposits, and highest concentrations
occur in suspended sediment and especially reservoir deposits. Plutonium
concentrations in sediments are related to particle size and organie content, while
concentrations in flood pican sediments are related to particle seee and date of
aepostion. Computer simulations of sediment and plutonm transport and storaqe in
the Rio Grande mdicate that concentrations of os Alamos denved phitonium in
sedimentiny diposits along the iver are ikely to bhe 100 1Ci/gm or less. Empineal
data rom imted samphng of flood plaoas mdicate concentrations of 1less than 50
1C1/gm

A pradent, retmed momitonmeg and survedlanee progeam for phatonim
sediments o the vicinty of Los Aliunos should bhe doven by o general phalosophy that
qunerlly stives to cecarately ascess the reconal plutonnnmy hodaget and the place
occtaedan that budget by platonim feom Eos Alimos National Laboratory Such o
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policy would emphasize knowledge about the inventory of plutonium in sediment in
Los Alamos Canyun, how that plutonium moves to the Rio Grande, how piutonium
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 plutenium in sediments outside the laboratory boundaries to assess
the laboratory contributions. Sediment samples for the analysis of plutonium content
should be collected at regional stream 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 intensitied
and regular sampling because it is likely that plutonium from the laboratory and from
fallout will continue to enter the reservoir for at leas. several hunared years.



ACKNOWLEDGEMENTS

The research into plutonium in the Northern Rio Grande reported on the
following pages is the combined product of the efforts of many supportive individuals.
| am deeply indebted to Leonard J. Lane, hydrologic engineer with the U.S.
Agricultural Research Service in Tucson, who first brought the issue of plutonium and
the Rio Grande to my attention. He has supplied important data and ideas during the
research, but more importantly, his encouragement during the several-year effort made
rough spots smoother. Thomas E. Hakonson, radioecologist in the Environmental
Studies Group at Los Alamos, provided information, encouragement, and an
enthusiasm for the research when one or more of those critical ingredients was in
short supply. Thomas E. Buhl, health physicist in the Envirurimental Surveillance
Group at Los Alamos, coordinated my early contacts with the laboratory, managed the
bureaucratic aspects early in the project, and provided professional and personal
support without which the work simply could not have been done. William D.
Purtymun, geologist, Steven MclLin, hydrologist, and Alan Stoker, radiation/materials
specialist, in the Environmental Surveillance Group at Los Alamos, shared their
knowledge and experience. Steve McLin was generous with his editorial time and
made substantial improvements in the final product. Stanley W. Trimble of the
Department of Geography, University of California, Los Angeles, provided valuable
historical documents that gave an important perspective on environmental changes
along the Rio Grande.

My graduate students in the Depertment of Geography at Arizona State
University made substantial contributions to this research effort. Judith K.
Haschenburger. Martin T. Kammerer, Ted Lehman, and Sandra Clark struggled with
the data and tracked down elusive but important pieces of information. Without thei
help, the project would still be unfinished. Barbara Trapdo, Cartographer of the
department, provided helpful advice and unmatched skills in generating the imaps and
diagranis that tell part of the story in the following pages.

Like fine wine and good art, scientific research s not cheap. Los Alamos
National Laboratory, through the Fnvironmental Surveillance Group, generously
supported the exploration of plutonmum n the Northern Rio Grande (Contract
9-X38-2880P 1). The Natonal Science Foundation, throvgh the Geography and
Regional Science Program, supported some of the theoretical development (Grant
SES 85 1842601).  Support from the Gladys Cole Memonal Award, Geological Society
of America, provided tor matial work in this ancd a related project. T am grateful to these
organizations for taking possible a challenging and exciting adventure to the
httle known borderiand that s the junction of geomorphology, radioecoloqgy, botany,
hydrology, and human tistory on the Northern Bio Grande



TABLE OF CONTENTS
Executive Summary il
Acknowledgements v
PART 1. INTRODUCTION
Chapter 1. Introduction 3
1.1 The Basic Issue 3
1.2 Specific Objectives 5
1.3 Related Research 7
Chapter 2. Plutonium and Los Alamos 17
2.1 History of Plutonium 17
2.2 Plutonium and Los Alamos 20
2.3 Nature of Plutonium 26
2.4 Units of Measure and Safe Limits 30
PART 2. THE NORTHERN RIO GRANDE FLUVIAL SYSTEM
Chapter 3. The Drainago Basin 35
3.1 Drainage Network 35
3.2 General Gsomorphology 39
3.3 Geology and Sediments 41
3.4 Climate 46
3.5 Vegstation 48

Chapter 4. Regional Hydrology 51

4.2 Water Yield and Annual Floods 55
4.3 Regional Streamtlows and Floods 64

4 1 Sources of Data 51

Chapter 5. Fluvial Sediment 69

Types and Sources of Data 69

Sediment Characteristics in the Rio Grande 70
Regional Sediment Budgots 75

Time Series for Sediment “ransport 79

Annual Variation in the Regional Sediment Budget 86

SROES)
W Ao —

oo
[S2 N0 SRSV

Vii



Chapter 6. Fluvial Geomorphology 89

6.1 Sources of Data 89

6.2 Channel Change, 1940s-1880s 90
6.3 Near-Channel Landforms 92

6.4 Near-Channel Deposits 93

6.5 Distribution of Flood Plains 95

6.6 Depth of Deposition, 1948-1985 96

Chapter 7. Engineering Works 103

7.1 General Impacts of Engineering Works 103
7.2 Channelization Works 106

7.3 Dams 107

7.4 Implications for Plutonium Mobility 112

Chapter 8. Riparian Vegetation 117
8.1 Riparian Vegetation Communities 117
8.2 Vegetation/Geomorphology Connection 119
8.3 Dating Deposits With Vegetation 124
8.4 Vegetation as a Radionuclide Reservoir 127

PART 3. THE NORTHERN RIO GRANDE PLUTONIUM SYSTEM

Chapter 9. Plutonium Sources in the Ric Grande System 131
9.1 Inputs hrom Fallout 131
9?2 Inputs from Los Alamos 137
9.3 Remaohilization from Storage 151
Chapter 10 Water, Sediment, and Plutonium Connections 155
101 Plutonum in River Water 155
102 Phitonium an River Sediments 159
103 Platonsnm in Reservor Deposits 161
104 Plitoniam in Los Alamos Canyon Sedunents 163
Chanter 11 Annual Plutoniam Budaet for the Rio Grande 169
111 Sources of Data 169
112 Methods of Calculation 171
113 Magnitude ot Error 172
P4 Annual Plutaonioem Buadgets 173
115 Belatonship Between T allont ana b os Aliunos Inputs 178

Vil



11.6 Particular Cases of Plutonium from Los Alamos

PART 4. SEDIMENT AND PLUTONIUM STORAGE

Chapter 12. Storage Above Cochiti Reservoir 185
12.1 Representative Reaches 185
12.2 Santa Clara 188
12.3 Otowi Bridge 192
12.4 Buckman 197
12.5 Frijoles Canyon 201
Chapter 13. Storage Near Albuquerque 207
13.1 Pefa Blanca 207
13.2 Coronado 210
13.3 Los Griegos 214
13.4 Los Lunas 217
Chapter 14. Storage South of the Rio Puerco 223
14.1 San Geronimo 223
14.2 Chamizal 226
14.3 San Marcial 229
14.4 Summary 231

PART 5. DYNAMICS OF PLUTONIUM IN RIO GRANDE SEDIMENTS

Chapter 15. Simulation Mode! 235
15.1 Objectives of the Model 235
15.2 Outline of the Model 237
15.3 Model Input 245
15.4 Model Output 248
Chapter 16. Results of Simulations 253
16.1 Introduction 253
16.2 Varying the Input Masses 253
16.3 Varying the Input Concentrations 256
16.4 The ttect of Time 256
16.5 Geographic Variation 259
16.6 Conclusions from Simulations 263

179



PART 6. CONCLUSIONS
Chapter 17. Conclusions 267
17.1 General Program Recommendaticns 267
17.2 Specific Procedural Recommendations 270
17.3 Control Sites 272
17.4 Summary 273
17.5 Probable Futures 275
APPENDICES
A. Units of Measure 279
A.1 Prefix Terms for Units of Measure 279
A.2 Units for Rates of Isotopic Decay 280

A3 Units for Concentrations and River Flow 281

B. Hydrologic and Sediment Transport Data 282

B.1 Watcr and Sediment Data, Regional Stream Gages 282

B.2 Water, Sediment, and Plutonium Data, Los Alamos Canyon
B.3 Summary Data and Correlations, Stream Gaging Data

B.4 Mass Budget Data for 1951 Near Los Alamos 290
B.5 Mass Budget Data for 1352 Near Los Alamos 291
B.6 Mass Budget Data for 1557 Near Los Alamos 292
B.7 Mass Budget Data for 1968 Near Los Alamos 293
B.8 Data Sources for Mass Budget Calculations 294

288
289

B.9 Yearly Calculations, Suspended Sediment, 1948-1985 295
B.10 Yearly Calculations for Bedload Sediment, 1948-1985 296

B.11 Yearly Calculations for Total Sedimient, 1948-1985 297

B.12 Sediment Budgets for Critical Years 298
C. Sediment Perticle Size Data 299
0. Geomorphologic Data 303
D.1 Partitions for Chanrel end Flood-Plain Areas 303
D 2 Channel and Flood-Flain Area Neasurements 304
. Plutonium Data 305

L1 Concentratiors in River *ater, Northe!n Rio Grande 305
.2 Concentrations in River Waters, Tributaries 306
t 3 Corcentrations in Bedload Sediments 307



E.4 Concentrations in Suspended Sediments 308

E.5 Concentrations in Reservoir Sediments 309
E.6 Concentrations in Los Alamos Canyon Sediments 310
F. Topographic Maps, Rio Grande, Espaiiola to San Marcial 312
G. Sources of Aerial Photography 313
H. Sources of Historical Giound Photography 314
I. Contact Persons for Rio Grande Data 316
J. Formulae Used in the RAT Simulation Program 317
NOTES 323

BIBLIOGRAPHY 349

X



1.1.
1.2.
2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.
3.1
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
4.1.
4.2
4.3.
4.4
4.5.
4.6.
4.7.
4.8.
4.9
4.10.
4.11.
5.1
5.2
5.3.
5.4.
55
5.6.
5.7
5.8.
59
5.10

5.1
6.1,
6.2
6.3
6.4
7

LIST OF ILLUSTRATIONS

Repeat historical photographs, Rio Grande north of Otowi Bridge. 2
Map, Colorado and New Mexico. 4

Repeat historical photographs, Ashley Pond area, Los Alamos. 16
Map, general location of Los Alamos. 22

Photograph, TA-1 area in Los Alamos, 1945. 23

Photograph, TA-1 area and Ashiey Pond in Los Alamos, 1855. 24
Diagram, formation scheme for plutonium. 27

Diagram, decay series for plutonium. 28

Diagram, equilibrium states for plutonium. 29

Repeat historical photographs, Rio Grande necr Creede, Colorado. 34
Map, drainage basin of the Northern Rio Grande. 36

Diagram, discharge of the Northern Rio Grande. 37

Map, landforms of the Northern Rio Grande Basin. 40

Map. erodible rock units exposed in the Northern Rio Grande Basin. 42
Ma., annual precipitation in the Northern Rio Grande Basin. 47

Map, natural vegetation in the Northern Rio Grande Basin. 49

Repeat historical photographs, Embudo gaging station on the Rio Grande. 50
Photograph, stream gage near Jemez Dam, Jemez River. 52

Map, location of stream gaaes, Northern Rio Grande Basin. 53
Photograph, destruction of a Rio Grande bridge during a flood. 56

Diagram, annual water yield of the Rio Grande at Otowi. 57
Diagram, annual water yield of the Ric Grande at San Marcial. 58
Diagram, annual flood series of the Rio Grande at Otowi. 60
Diagram, annual flood series of the Rio Grande at San Marcial. 61

Diagram. annual water yield in the Northern Rio Grande Basin. 63
Diagram, annual hydrologic drought index for northern New Mexico. 65
Diagram, annual flood scries in the Northern Rio Grande Basin. 66

Repeat historical photographs, Corrales Bridge. 68

Photograph, swimmers and gravel bars in the Rio Grande, 1938. 71

Diagram, particle sizc distribution in Rio Grande sediments. 74

Diagram, flow of suspended sediments in the Northern Rio Grande Basin. 77
Diagram, flow of bedload sediments in the Northern Rio Grande Basin. 78
Oiagram, annual discharge, suspended sediments, Rio Grande at Otowi. 80

Diagram, annual discharge, suspended sediments, Rio Grande at San Marcial. 81
Diagram, annual discharge, suspended sedirments ot Los Alamos Canynn. 82
Diagram, annual total sediment discharge, Rio Grande, Otowi-Albuquerque. 84
Diagram, annual total sediment discharge, Rio Grande. Albuquerque-San
Marciat. 85
Diagram, annual sediment budget trends for the Northern Rio Grande. 87
Repeat historical photographs, Jemez River near Jemez Dam. 88
Map, channel changes of the Rio Grande near Peia Blanca. 91
Diagram, channel cross section of the Rio Grande near Pefia Blanca. 94
Diagram, distribution of channel and flood plain arcas of the Rio Grande. 97
Repeat histoneal photographs, Cochiti Dam site 102

Xil



7.2. Map, segment of the National Resources Committee survey. 105

7.3. Photograph, mining the Rio Grande for sand and gravel,1950. 108

7.4. Map, completion dates, engineering worxs on the Northern Rio Grande. 109

7.5. Map, major dams on the Northern Rio Grande. 110

8.1. Repeat historical photographs, landscape near San Acacia Dam. 116

8.2. Photograph, flood-r 'ain vegetation near Santo Domingo Pueblo, 1989. 121

8.3. Photograph, abando.ied channel near Santo Domingo Pueblo, 1989. 122

8.4. Diagram, riparian vegetation communities and associated landforms. 126

8.5. Diagrarn, cottonwood tree ring ages and tree circumterences. 128

9.1. Repeat historical photographs, Los Alamos Canyon at Otowi. 130

9.2. Diagram, annual atmospheric detonations of nuclear weapons. 133

9.3. Diagram, annual atmospheric loading of strontium-80. 135

9.4. Map, acid sewer system at Los Alamos, late 1940s. 138

8.5. Map, Acid Canyon area, Los Alamos. 139

9.6. Photograph, acid sewer discharging into Acid Canyon, 1947. 140

9.7. Map, topographic map series, Los Alamos Canyon, Los Alamos to Otowi. 141

9.3. Diagram, annual plutonium releases to Acid Canyon, Los Alamos. 147

9.9. Diagram, annual plutonium discharges from Los Alamos Canyon to the Rio
Grande. 150

10.1. Repeat historical photographs, Rio Grande near Embudo. 153

10 2. Photograph, discharge of contaminated water into Acid-Pueblo Canyon,
1947. 156

10.3. Diagram, plutonium concentrations in sediments of Acid-Pueblo-Los Alamos
Canyons. 157

104 Diagram, plutonium concentrations in sediments of DP-Los Alamos
Canyons. 165

105 Diagram, downstream distribution of mean plutonium concentrations in
sediments of Acid, Pueblo, DP, and Los Alamos Canyons. 166

11.1. Repeat historical photographs. State Line Bridge, Rio Grande. 168

11.2. Diagram, plutonium flows in the Northern Rio Grande Basin. 174

11.3. agram, plutonium flows in bedload sediments in the Northern Rio
Grande Basin. 183

12.1. Repeat historical photographs, Rio Grande, Otowi to Black Mesa. 184

122 Map. locations of representative river reaches, Northern Rio Grande. 186
123  Map, npanan vegetation, Santa Clara reach. 190

124 Map, geomorphology. Santa Clara reach. 191

125 Aenal photograph, Rio Grande from Santa Clara to Buckman 193

126  Map, npanan vegetation, Otow! reach. 195

127 Map, geomorphology. Otow reach. 196

128 Nap. npanan vegetation, Buckman reach. 198

129 Map. geomorphology. Buckman reach 199

1210 Map, geomorphology, tryoles reach 202

131 Repeat histoncal photographs, Old Town Bridge, Albuquergue 206
132 Map npanan vegetation, Peia Blanca reach 208

133 Map. geornorphology, Peita Blanca reach 209

134 Map oparan vegetation, Coronado reach 211

XUl



13.5. Map, geomorphology, Coronado reach. 212

13.6. Map, riparian vegetation, Los Griegos reach. 215

13.7. Map, geomorphology, Los Griegos reach. 216

13.8. Map, riparian vegetation, Los Lunas reach. 218

13.9. Map, geomorphology, Los Lunas reach. 219

14.1. Repeat historical photographs, Rio Grande below San Acacia Dam. 222

14.2. Map, riparian vegetation, San Geronimo reach. 224

14.3. Map, gecmorphology, San Geronimo reach. 225

14.4. Map, geomorphology, Chamizal reach. 227

14.5. Map, geomorphology, San Marcial reach. 230

15.1. Repeat histcrical photographs, Jemez River. 234

15.2. Diagram, flow diagram for the RAT program. 238

15.3. Map, segments of the Rio Grande near Los Alamos. 240

15.4. Diagram, gradient of the Rio Grande near Los Alamos. 241

15.5. Diagram, data matrix for the RAT program. 242

15.6. Diagram, channel characteristics for the RAT program. 243

15.7. Diagram, annual flood series for the Rio Grande at Otowi. 246

16.1. Repeat Historical photographs, Rio Grande at Coronado. 252

16.2. Diagram, RAT simulation results with varying inputs. 254

16.3. Diagram, RAT simulation results with varying discharges. 257

16.4. Diagram, RAT simulation results with varying time elements, |. 258

16.5 Diagram, RAT simulation results with varying time elements, II. 260

16.6. Diagram, RAT simulation results with geographic variation. 262

16.7. Diagram, RAT simulation results extended over long time frames. 264

17.1. Repeat historical photographs, aerial views of the Rio Grande near
Coronado. 266

17.2. Sketch, Rio Grande in the early 1800s. 276

Appendices. Repeat historical photographs, Rio Grande near Embudo 278

Notes. Repeat histcrical photographs, Rio Grande near Manassa, Colorado. 322

References. Repeat historical photographs, Rio Grande, Albuquerque Bridge. 348

X1V



4.1.
5.1,
5.2
6.1.
7.1.
8.1.
9.1.
9.2
10.1.
10.2.
11.1.
11.2.
11.3.
11.4.
12.1.
15.1.
15.2.

LIST OF TABLES

Major stream gages in the Northern Rio Grande Basin. 54
Particle sizes in Rio Grande sediments. 72
Particle sizes in Los Alamos Canyon sediments. 76
Cacluations for depth of stored sediments along the Rio Grande. 99
Major dams in the Northern Rio Grande Basin. 11
Vegetation data from sarnple plots, Northern Rio Grande. 126
Plutonium and sediment discharges from large U.S. drainage basins. 136
Annual plutonium releases in to Los Alamos Canyon. 147
Plutonium concentrations in the northerri New Mexico fluvial system. 158
Plutonium concentrations in the Los Alamos Canyon fluvial system. 164
Sources of plutonium concentration data. 170
Calculations for the regional annual plutonium budget. 175
Comparison, composit annual and 1970-1979 plutonium budgets. 177
Bedload concentrations of plutonium for critical years. 182
Vegetation communities and structures, Northern Rio Grande. 189
Discharge regime of the Rio Grande at Otowi. 247
Tributary inputs for RAT simulations. 249

XV



figura 1.1 Tho changing envirotment o the o Grando s seen along tho stroim
immediately north of Otowi Bridge, New Mexico. Above, lookimg north o the east hank
of the rivor about 1910 (Photo 3700, Muscum of Now Mexico): below, sama view in 19491
showing a much narrown channel, hilling of the meander on the nght with sediment, and
much more dense gorwth of cottowood troes (W 1 Graf Phaoto 104 1/)



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
environmerit is ultimately attached to soil and sediment particles,’ the behavior of
natural transport systems such as water and sediment flows provide the key to
understanding the ultimate geographic disposition of the element.? The 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, geomorphology, and radioecology.

Between 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 nart 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 1952, the
laboratory released relatively small amounts of treated plutonium waste. The vertical
movement of plutonium through the alluvial materials has been largely limited to the
upper 10 m.* Horizontal movement of the contaminants involved much larger
dimensions. The plutonium was adsorbed onto sedimentary particles, so that the fate
of those sediments is also the fate of the plutonium.  Natural processes ot erosion
have resulted in substantial movement of contaminated sediments through the
canyons. Rescarch during the 1960s and early 1970s showed that surface flows
within the laboratory boundaries hac edistnbuted at least some of plutonium since the
war years.” Laboratory rescarchers later estimatod that fluvial (river related) processes
in Los Alamos Canyon had probably removed significant quantities from the laboratory
arca by carrying the plutonium into the Rio Grande.® They predicted that early in tho
twonty first contury, almost all of the plutonium would be emptied tfrom L os Alamos

sanyon into tho Rio Grande.

During the 199045, ncreasing national concern for environmental quality and a
more stringent reqgutatory system require the design and mamtenance of effective
motutoring and sutvellance programes to account tor environmental contaminants such
as platoruam. L os Alamos National aboratory has an extensive storo of data
collectod from o vinety of envitonments: but the processesan Los Aliimos Ganyon
and the Rio Coande mdicate a need tor enproved understandimg of the river systomes
that move and store the plutomium Present sacephing progeams aimed ot active niver
sedmments have not detectod platonmoan concentrations above thoso expected from
fallout alone * Theretore, ether the platonum rom the laboratory bas hoon disnor,
Dy nver processes o the sampling ettort has not yetdentihod tho storage sites tor



COLORADO

Al AMOSA

——
e

LOS AL AMOS

*SANIA 11

W

2 NEW

[L]

3 MEXICO

L1 PHANT
mnye
HESERvon

LOGONNN"

L]

(X1

Higure 1.2 Tho gonoral focation of the Rio Grande in Now Moxico and Golarado.

4



plutonium.

A major issue in designing an effective contaminant sampling program for river
systems is an understanding of the context 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 pregram.  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 landforms 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
explaining the dynamics of river systems that transport and store radionuclides.
Unfortunately, specific theoretical and applied work in these sciences for explanation
of the physical mobility ot radionuclides is poorly developed. While the biological
sciences have developed radioccology as a distinct body of knowledge pertaining to
the dynamice of radionuclides in life forms, hydrology and geomorphology have
spawned only an embryonic literature concerning the dynamics of radionuclides in
physical environments. Scientifically and legally defensible sampling programs and
explanations for their findings thercfore require reinterpretation of hydro-gc »morphic
principles in light of their radiological implications.

The study area for this work will be referred to in the following pages as the
"Northern Rio Grande," a term which includes the main stream and its tnibutaries from
Espano « (essentially the confluence with the Rio Chama) to San Marcial (the
headwaters ot tiephant Butte Rescrvorr south of Socorro)  Although there are no
formally accepted definitions of the terms, "Upper Rio Grande” as used by residents
and writers in New Moexico often refers to the river north of [ spadola, a usage adopted
m this work. This work does not use the term "Middle Rio Grande" (except where it is
part ot a proper name of an organization) because it has had a vanety of usages in
olicial government parlance, generally referring to some seqginent of the niver between
Gocehut and Han Maronl

1.2 Specitic Objectives

I an attempt to simultancously develop general principles and to contribute to
the practical aspects of ancnformed sampling program for the Northiern Rio Grandae,
this worke has the dollowing specihic objectives  The results of ey effort will bhe general
enough for usen other, smalar envitonments by usmg the Rio Grande i northern
New Mexaco as acrepresentative exqunple  The speaific objectives are as follows

1 Bncetly ovthoe the phyacal enviconmental context of the Noithiorm Bio Grande The
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river channel precesses affecting plutonium mobility operate within a particular
matrix of landforms, 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 system. Although the water transports 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.

Define and explain the major changes in system operation for the Northern Rio
Grande from the 1940s to the 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 landforms, and deposits reflect these changes and are potential
storage sites for plutonium.

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 from year to year. The mapping and dating methods rely on
connections between the hydro-geomorphic systems and riparian vegetation.

Explore eleven limited but representative reaches of the Northern Rio Grande to
understand the nature of sedin.c.at storage in the system and to identity useful
sampling environments. Because the length of river possibly of interest is more
than 300 km, detailled analysis of a limited number of relatively short reaches
replaces costly investigation at great detall of the entire length.

Use the water and sediment mass budgets with previously collected radiological
data to construct a regional budget tor plutonium in the surface environment.
Because of the quality of radiological data, this eftort is only a first
approximation, but itis usetul in outlining the relative roles of laboratory and
fallout contributions and provides an order of magnitude picture of the
plutonium system.

Use the geographic analysis of the distnibution of sediment storage to make
estimates of thoe distnibution of plutonium in storage in the river system: A
distributional analysis 1s tho foundation of an effective, rational samplhng
program

Dosign a simple, effective, inexpensive, defensible saampling program based on the
preceding ports. Such a program consists of a senes of guidelines usetol for
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radiological professionals but unde:standable to the educated layperson.

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

1.3 Related Research

Although most radioecological literature viaws "soils and sediments” as a general
catchall term, from a geomorphologic perspective the terms connote specific
environmentai 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 situ as the resi it of weathering of
bedrock. Sediments are unconsolidated suv.face materials that have been transported
and Jeposited. The difference is significant from a radioecological standpoint because
soils may receive contaminants either from atmospheric fallout or from direct surface
additions. Alternatively, sediments might also receive such inputs, but they also may
contain contaminants collected elsewhera that have been cubsequently transpcrted
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 on the finest
particles, the natural variability of sediments is reflected in variability of cortamins-t
concentrations. Heavy metals and radionuclides also have an affinity for urganic
materials which may be a significant component nf 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 and 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 have emerged. The review includes heavy metals
and radionuclides for two reasons. First, if only radionuclides are considered, the
literature is so limited that few well defined throads have yot emorged. A clearer
picture is available if heavy metals are included. Second, heavy metals and
radionuclides are likely to behave in a similar manner in rivers bocause most
radionuclides important for long-term environmental quality are heavy motals.

Surtace materials, whether soil or sediment, are the major reservoir of heavy
metals and radionuclides in the natural environment. Of all the various orgaric and
inorganic compartiments in the natural environment, sediments almost always contain
the largost quantities of heavy metals® In river systems, water quality is *he most
mmeaediato concern bocause of its use for human consumption, but river sediment
cenerally contiuns concentrations of hoavy metal pollutants sevoral ordors of
magnitude higher than water ¥ Radionuclides havers a similar distribution, and
researchors have often concluded that soils and sodiments are the major repository
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for piutonium.'® 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 30il and surface sediments."' The biotic comgonents cf the systems
contain less than one percent. The compartmentalization of other heavy metals in
rivers is similar: a global survey has shown that more than 90 percent of most heavy
metals in the river systems is carried in the sedimant load.'?  Variability of plutonium
concentrations in soils and sediments is greater than in the biotic compartments,"’ S0
that small sample volumes or numbers are problematic.'® Radionuclides that find their
way into biotic systems usually do so frorn soils and sediments. '

Of all the actinides, plutonium is the most-studiec element in terms of its
behavior in the natural environment. Much of the previous work has focused on
chemical characteristics and has shown that at pH values of most natural soils and
sediments, plutonium may be chemically unstable until it is adsorbed onto soil
particles. Thereafter the element becomes generally stable in chemical terms. Reviews
of the chemical properties of plutonium indicate that fallout and industrial plutonium
behave similarly, anc that the most important soil properties affecting plutonium
chemical mobilitv are pH, together with clay, calcium carbonate, manganese, iron, and
organic content.'®

In highly acidic conditions (1 < pH < 2) most of the soluble plutonium occurs
in ionic form." In alkaline conditions (pH > B), plutonium becomes relatively
unextractable.'® The fixation of plutonium in soils and sediments is most strongly
developed with clay particles, and high cation exchange capacity results in rapid
adsorption onto soil particles when clay is present.' Calcium bentonite rapidly fixes a
variety of forms of plutonium,”® and the fixing properties of calcium are especially
pronounced in near-neutral or siightly akaline pH conditions, those most commonly
encountered in the natural environment.*' Organic material alsc accelerates the
tixation of plutonium, and in soils with greater tnan about three percent organic
content, the impact of organics on plutonium binding dominates other
considerations.?? In aquatic cnvironments. manganese and occasionally iron behave
as scavanging agents ior plutonium.”! In some coastal sediments, more than 85
percent of the plutonium is associated with iron or manganese coatings on particles.”*
Whatever the process of fixation, however, most chemical studies indicate that
plutonium adsorbed ontce soil particles 1 generally unavailable to plants: only up to
about 10 percent imay become involved with organic processes.””

The overall effect of these chemical activities resulting in rapid and secure
fixation in most natural settings is to produce a distinct vertical ristribution of plutonium
in soils and sediments. Fallout plitonium ana plutonium released onto soils surfaces
by industrial processes are highly concentrated naar the surtace  In the Savannah
River area, for example, 84 percent of the soil plutonium is within 5 cm of the surface,
and 90 percent is within 15 cm.”™  Concentration of fallout plutonium in Japanese soils
declines exponentially with depth. and more than 80 percent of the plutonium 239,
240 is within 10 cm of the surface

In soils some plutonium moves vertically, partly because of physica! movement
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of small particles with adsorbed plutonium. The rate of moviement depends on soil
particle-size distributions. In German soils vertical movement is 0.8 - 1.0 cm per
year.? In dryland conditions near Trinity Site, New Mexico (site of the first nuclear
detonation), 20 years after the initial release, about 50% of the soil plutonium had
moved from the 0 - 5 cm layer to the 5 - 20 cm layer.® At 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 sampiing or menitoring programs, explanation of observed
distributions of contaminants, and predictions of future distributions because the
sediments that contair most of the contaminants are highly mobile, especially on time
scales of several decades. In just one storm event at Los Alamos, surface water
runoff traniported one to two percent of the entire sediment-bound inventory of
plutonium.™ The geomorphic literature related to radionuclides and heavy metals has
developed five distinct avenues of inquiry and explanation for these processes: 1)
slope processes, 2) drainage basin processes, 3) char.nel 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 tracer for erosion
studies. Cesium-137, produced primarily during atmospheric detonations of nuclear
weapons, occurred as globai atmospheric fallout, with peak rates of deposition in the
northern hemisphere in 1957-1959. 1962-1964 (major peak), and 1974.°' Because the
cesium strongly adsorbed onto soil particles (especially the clay),*? and because it was
rarely taken up by vegetation, the element concentrates in the upper soil layer.
GCverland 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. *® The difference between cesium added to the
soil (usually directiy related to annual precipitation in the United States) and the
concentrations measured at a later date (adjusted for radioactive decay) is an
indication of the magnitude of erosion.**

Numerous case studies using this cesium method have refined understanding
of soil loss rates.™  Luss rates can be mepped using cesium to define regions and
locations of maximum erosion rates.® Cesium occurrence in the vertical profile of
sedimentary deposits and the destination of soil materials eroded from slopes have
aiso provided insight into sedimentation rates along footslopes and stream courses.®’
Despite ihese advances using cesium as an indicator of erosion processes, there are
no basin-wide studies that use an understanding of the processes tc explair the
distribution of cesium. No cesium mass budgets have been publishe in the readily
accessible literature, although that literature may be extensive and detaited enough to
perinit the develop of such budgets. The major value of the cesium-erosion literature
tor the present work is that it demonstrates how slope processes deliver fallout
radionuchides to rivers for fur her transport.

Once radionuchdes attached to sediment particles enter stream channels, their
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fate becomes intertwined with channel processes. A large scale effort at exploring the
connection betweer channel processes and radionuclide transport was a research
project coordinated among several workers by the U.S. Geological Survey during the
early 1960s. The two primary topics in this work were investigations of dispersion of
radionuclides suspended in flowing water, and processes related to bed materials.
Controlled experiments in flumes,® in a wide range of natural streams,* and in the
Clinch River, Tennessee showed that if the contaminants were released at a point,
dowstream processes would disperse the suspended materials.*® As distance
increased away from the point of injection, conceitrations of contaminants declined
exponentially *

The U.S. Geological Survey work also explored bedicad 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 ** The bottom sediments of
the Clinch River emergad as a significant component of the radionuclide storage in the
river system.*® Bedload transport macdels therefore became impoitant in predicting the
movement of the contaminants, and reseaich in the Clinch River as weil as in the
North Loup River of Nebraska, u.ing marked tracer sediment, improved understanding
of the bedload transport process.* The Survey also conducted some research using
radioactive tracers in sediment in conveyance channel of the Rio Grande near
Bernalillo, but the results apparently never appeared in formal publication:.*

Studies of radionuclides and heavy metals in transit through river channels
languished after the U.S. Geological Survey projects. Radioecologists, however,
correctly identified the importance of fluvial sediment transport for contaminants.
Research by biologic and geoscientists at Los Alamcs has highlighted the importance
of runoff in transporting plutonium in the surface environment,*® and has demonstrated
the importance of physica' transport of plutonium in making the element availabie to
life forms.*” Evidence collected in investigations of plutoniurn and cesium-137 in Los
Alamos Canyon have shown that stream sediments were the major reservoir of
radioactivity from waste disposal activities of Los Alamos National Laboratory, and that
runoff processes were moving the sediments downstream.® In a more general sense,
radioecologists have indicated that "the distribution of transuranic elements from point
sources at nuclear facilities typically produces decreasing concentrations with distance
from the source."™

While applicable to short term atmosphernic and suspended river sadiment
processes in highly controlled conditions, this statement is probably not aue tor most
natural river systems. Becauge contaminants preferentially adhere to the fine
sediments that are sorted by fluvial processes,™ most streams operate to produce
unequal geographic distributions of contaminants. 1. J Lane and T. ¥ Hakonson
offered an ennchiment ratio, borrowed from agricultural researchers.” to account for
the resulting variations in concentrations ™ They and their associates then used
enginecring based models of hydraulic processes to further ifuminate the probable
mechanisms of transport i smail to medim channels and predicted the movement of
contaminated sediments through L os Alainos Canyon
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A geomorphological approach to the contaminant-sediment transport problem
complements engineering-baged interpretations. The distribution of thorium-230
downstream from an accidenial spill in the Puerco River, New Mexico, does not
decrease with distance from the source as might be predicted by the standard
diffusion models.>** On the time scale of several weeks, 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.®* 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.*

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 upor an understanding of 1)
characteristics »f the sedimentary environments along the cnanriels, 2) physical
properties of the contaminated sediments that influencec' their transport, and 3) mixing
of contaminated and uncontaminated materials.®” Researchers argued thai
environmental managers and planners could take these generalizations into account in
a general if not in a precise, quantitative way.>®

Although little published research is available pertaining to fluvial transport of
radionuclides, more information appears in the literature 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,* all the
elements in the periodic table beyond actinium (that is, the actinide series which
includes uranium and plutoniumy) are "heavy metals." The significance of this definition
IS that all heavy metals behave similarly from the perspective of physical transport in
rivers. Allhough the metals may exhibit a variety of chemical mobility characteristics,
they all adsorb onto sedimentary particles,®® and those particles are likely to be
distribuied by physical processes into depositional patterns that result from sorting by
weiaht.

The ge.  aphic and geomorphologic implications ¢f high density for heavy
metals are connecteu ' the shear stress required to move the particles with adsorbed
metals. Particles of common quartz, tor example, have a density of 2.65 g per cu cm,
while those of plutonium dioxide have a density of 11.46 g per cu cm.®' Standard,
widely accepted hydravlic principles provide the means of outlining the relationship
between flowing water and sedimentary particles,® and their application indicates
particles of plutonium dioxide require 6 times more shear stress for inital motion than
quartz particles of similar size.

At alarger scale, the movement of sediments and attached metals through
stream systems creates a particular geography of concentrations downstream from
sources. K. b Carpenter, a fisheries iologist, first recognized the signiticance ot river
channel processes in metal transport®' Her work in the Welsh lead and 2ine mining
districts led to [nter studies in the same region that indicated some materials woere
temporarly depested betfore remobilization, indicating that internal storage along and
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near channels was a source of poliutants.® Further analyses in a variety of streams in
Europe. Great Britain, and the United States showed that, within channels, the
downstream decline in concentrations could be modeled using simple distance decay
functions.®® In active sediments. this phenomenon is partly the product of mixing and
dilution with uncontaminated sediments %

Heavy metal concentrations are usually highest in the finest stream sediments,®’
and in most nvers the finest matenals accumulate in flood plains. As a result, much
research by fiuvial geomorpholog:sts interected in metals has focused on flood plains
as repositories for the metals--wherein each layer of sedments and associated metals
are often the products of individual fiood events ®  As sediments accumulate and bury
previous deposits, a vertical stratigraphy develops with varying amounts of metals in
each layer. Metal content can indicate the date of emnlacement of individual strata if
the date of introduction of the pcliutant in the system is known ®® Channel and flood
plain studies have been concerned with a variety of common heavy metals, usually
copper, zinc, lead, and cadmium, but the conclusions are probably applicable to those
chem,. ally ctable elements of the actinide series. particularly some forms of plutonium
and amencium  Unlke humid-region rivers where tiood plains are the focus of
storage. in some dryland rivers tighest metai concentrations may occur in active
channels where frequent additions by flows inject metals more often than in overbank
areas ’

Sediments and attached heavy metals and radwonuchdes that onginate from
erosion of hillslopes or waste sites therefore do not simply enter niver systems and
move directly 1o seds, oceans, or reservoirs  Consideraole internal storage n channel
sedments and on flood plains reduces the amount of output from the system
However. attempts to construct mass tudgets of heavy metals or radionuchdes for
entire nver systems have been uncominmor, partly because of lack of data Such
budgets require information on the water and sediment fluxes over large areas,
because the movement of these matenals deternines the movement of the
contaminants  \Water and sediment data are exper sive 1o collect and are not generally
available in the same locations or reqgions tor whictk relable metal or radionuchde data
are avalable  There are however at least four regional budaet Stadics dealing with
heavy metals  In b urope investigators deoved aspatial Dudgets (those with
compartments for vanoas caomponente of the enwronment withog acanraphne aentity)
torlead. copper mine mickel chiomuamand cadmiom for the 4848 sg kan b of
the Rube River A mone general geographucally cotrect budaget tor mercury 1,
available for the Upper Coiorado River Basin i the 279 500 s km drami ge area
ahove L ake Powellin the western Unted States, 7 Inthe Netherlands © odiment and
soll sampling has produced acspatiil bu dgets for lead copper anc, and cadonum for
the River Gev! a 350 sq km watershed " An mvestaation of lead and srsenic along a
121 ki study reach of the Belie Fourche Faver g South Dabkota teveaied that flood
plans have stored one thied o one balt of the metals entenng the yatens hrom mae
tinhings

Reqonal budgets for radionus hdes areenot g acbable for e - tome ool
budaet studies tor parts ot e envitonment Boave e instod oo ntimental
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approaches. Estimates of the yield of fallout plutonium from hillslope erosion into
rivers suggest that less than 10 percent probably exited the rivers to the oceans.”
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.”® 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 {crmal 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 established
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 sedimentary particles. most metal contaminants
(including plutonium) remain relatively stable, especially in environments with
high pH conditions

3. Contaminants are more dense than most natural sedimentary particles and
therefore fluvial processes are likely to preferentially sort and deposit them.

4  River systems store large quantities of sediments and associated
contaminants in flood plains and along channels, especially in those systems
undergomg aggradation.

5 Contaminants exist in most nver systems either as a result of erosion of
waste disposal sies or by the additon of global atmosphenc tallout,

6 There s considerable geographic vanation in the concentration of
contammants in nver systems as a result of geographically and/or temporally
discontinuaons sedimentation and vanable transport riatesy

Important unresolved ssues include the following

t 1t not clear whether channel sediments or flood plam sediments contan
tagher concentrations of contiyvminants (the tlood plian matenals are generally
finer but the channel matenals may expenence more contaminant inpuot)

S The ditubotion o contammants an flood plams s not clear for those nvers
undergomg radical channel change especially channel shnnkage with lateral
accretion rather than sunple vertical flood plam aceamulition
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3. The relative importance of industrial versus atmospheric inputs for
radionuclides over distances greater than a few km is rot 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 concentraion
and redistribut.on”.”® Environmental geochemists recognize the same need: "studies
of geomorphology...are basic to a deep understanding of the geochemistry of
landscapes".”® For plutonium, an international review of research showed that
"physical transport mechanisms become significant when compared with chemical
transport mechanisms."® A summary review of heavy metals in general concluded "A
proper understanding of the dynamics (erosion, transportation, sedirnentation) i1s not
only essential within most sedimentological contexts but additionally tor the prediction
of the fate of sediment-bound contaminants **'  Geomorphologists, however, have yet
to explore the subje :t ot heavy metal or radionuclide dynamics to any signiticant
degree. While geochemists have developed technigques using stream sediments as
indicators of ore body locations,"™ process specialists have generated only a few
studies of the subject.

Analysis of the distribution of plutorium in the Northern Rio Grande system thus
takes place with a background of some general knowledge, but with significant
theoretical gaps. In some previous work, information from the contaminants has
provided clues about goomorphic change, as in the case of the cesium 137 approach
to quantifying hillslope erosion  In the case of nivers such as the Rio Grande,
however, theoretical structures ana empincal data are stronger tor the geomotphic
system than for the plutonium system - Theretore, the present research attempts to
dehine and explan geomorphue processes tnct, and then uses that understanding ta
unravel the hkely fate of the contamimant
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CHAPTER 2. PLUTONIUM AND LOS ALAMOS
2.1 History of Plutonium

The plutonium in the Northern Rio Grande is entirely artificial. Small amounts of
plutonium may have formed in exceptionally rich uranium deposits in south-central
Africa, but for practical purposes until its manufacture in 1339 the element did not
occur in the earth environment. Although the detailed story of the origins of plutonium
are beyond the scope of the present work, an outline of that history aids in
understanding issues surrounding plutcnium in the Northern Rio Grande in the late
twentieth century. The purposes of this chapter are to review the origins of plutonium
and to brietly examine the nature of the element.’

Modern nuciear physis, which would ultimately lead to the production of
plutonium, began with the publication of the discovery of X-rays by Wilhelln Conrad
Rontgen in 1896. His work showed that the physical world was much more
complicated than previously thought, and that energy could be emitted from
substances  In the same year Henn Becquerel of Paris showed that uranium emitted
radiation, and soon thereafter Marie and Pierre Cune coined tho term “radioactivity” to
descnbe the enussions they recorded from two newly discovered elements, radium
(niamed atter s radiative properties) and polomum  (niuned after Marie Curio's homo
country of Poland) * Between 1898 and 1902, t mest Rutherford of Cambridge
Umiversity and later MeGill Universaty, explored processes of radioactive decay that
genetited free electrons (beti radiaticn) and bursts ot energy (gamma radintion),
discovenng that some elements changed ther basic properties dunng the emission.
He termed these changes “transmutation,” and Lud the philosophical toundations for
understanding atonne steacture !

Fhe transmuotation of elements wie sagniicant, beoanee knowledge about the
number and types of elements an the nataral world was expandicyg tapidly in the lato
nneteeoth contury . Between 1894 and 1900 Williun Ramsey enlavged the penodic
table with an entite iy of elements that were inert gases, and by 19080 more than a
dosen radioactve elements were known - In 1903 18 wass obvious that the decay
process explamed many obaerved cwemental changes Amencans Bertram 83
Boltwood and Herbert N MeCoy showed that radiom descendod trom aamuam and
Olto Habn connected soveral types of thonam Ruthetford moved hes resequeh to the
Univeraty of Manchesteran 1907, and there along with Hanes Gewger, he began to
e the catessof cinecaon and decay procesaes Geger iter developed the now
famulac merament that hears by noone foe the parpose ol counting enneaons

Nl Hehu jomed Rutherford and together they developed a comproehentive
theory to descnbwe and exploam the stractore of atomes ™ Between 1908 and 1920 the
omthne of the theory evolved toanclude: alphoeiadation o consasting of particles that
were helumy atone o well e the detintion of protans and neattons An asocite of
e cpoup. Fredenck Soddy atrodeced the teom "vaotope” to desenbe the ditferont

Alome vaneties ot the oame element thot bod the soume chemedey bt dhifterent oo
wihte, !



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 protons could be accelerated to high energy levels, leading to the development
of several schemes to increase the efficiency of the "atom smashers." One of the
more successful efforts was by Ernest O. Lawrence and M. Stanley Livingston of the
University of California at Berkeley. Their system, based nn the precept of
accelerating ions around a curved track using magnets, resulted in the production of
several cyclotrons, or particle accelerators, during the 1930s.

After about 1932, several research groups experimented with bombarding
elemental targets with alpha particles, protons, positrons (positively charged
slectrons), and neutrons. The result was a prolific industry in the production of new
isotopes, previously unseen varieties of many common elements. Among the most
active groups were those in Parns (Irene Curie and Frederick Joliot), in Rome (directed
by Enrico Fermi), and in Berlin (Otto Hahn, Lisa Meitner, and f ntz Strassmann). The
ARome group systematically explored 'he periodic table and found that the heavy
elements captured and retained neutrons most readily while emitting a beta particle.
As a result, tho clement moved one step up In the periodic table. The discovery was
significant because it moeant that transmutation couid occur 1ot only down the table
with the loss of encrgy as discovered earlier, but it could also occur up the tible with
the addition of encrgy

The Borlin group worked with the heaviest elements, and found that they could
create an entiro new tamily of elements not previously known  They bombarded
uramum with neutrons and created several tansuranic eloments (elements higher than
uraniuman tho periodic table)  The chenucal midare resulting from the expenmentss
wias so complex, however, that thoy were unable 1o sort out the various compongents
In 1935, Hans Bethe, BE Backer, and M Stanley Livingston undoentook i massive
roview and summary of tho research to that pomt — They developed the theory of
Tusion” o explam the creation of the new elements whorem the nucler of vanous
atoms tused togethar to form the new element In 1938, the Pane and Berhne groops
oxpliined some of ther new products as the result of “tesion” whereby the nocle
divided or split to create two new daaghter products ™

The procesaes ot tomaon and bsson released huge quantiess of energy, and
researchers beagan to consider the rlitary imphications of then worke By the Tate
19304, a globab wiv of propodtions not proviously contempated bedgan to seom
mevitable  The posaatelity of controlling the encrgy in fosaon and besion proce:sees,
became a shiatege conradetation The power of weapons manuafactured to ke
advantaqge ol the encrgy hecame even more awoesome to contemplate when the
possabnbty of cham reaction appearedan 1939 As foaon might coanne aoraim atom
to relecee a neutron, that neatron naght tgoer fesaon o anothier nearby oranioim
Ao, makang the explotive release of enetqy selt sustoutmeg Teo Salad, an
Aassocate ob Ferm along with Albert Eotem, pettioned Presadent Roosevelt to
support exploration of the new developmenton noclear physaes toe nulitny
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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 Chicago, Fermi and his group successfully generated a chain reaction on
December 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 much 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 desirable, and transuranic
elements offered possible substitutes for weapons materials. In 1940, Philip Abelson
and Edwin McMillan of the University of California at Berkeley conceived of elements
93 (eventually named neptunium) and 94 (eventually named plutcnium) as the
beginning cf a series of transuranic elements in the periodic table simnilar to the rare
earths. They obtained evidence that element 93 emitted beta particles and therefore
that 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 te uranium-238. "

Element 94 was the special interest of Glenn T. Seaborg of the Urniversity of
Calitorma at Berkeley. In 1939, chagrined at missing the discovery of fission, he
tocused his encrgy on exploration of clements 93 and 94, especially on the production
and isolation of element 94 During the summer and fall ot 1940, he, Edward
McMillan, and Arthur Nahl experimented with neutron bombardiment of uranium.  They
produced what appeared to be anisotope of a new clement with an atonuc number of
94. On February 23, 1941 he and his team of chemists isolated element 94 combined
with thorium, but they could not yet produco it in pure form - On March 28, 1941, ho
demonstrated that plutornium 239 was fissionable - The chemical isolation of plutonium
was a formidable task that required the devolopmoent of special tools for handling
microscopic quantiies of matenal 1t was not untl August 20, 1942 that Scaborg's
aroup successtully precipitated acpure particle of plutomum — Generated from more
than ackilogram ot uramum, the platosiom was iciicroscopie particlte of less than o
mucrogram, but from that date, platomum was a physical teabty rather than g
hypothetical concept ™' On September 10, 1942, B B Gunningham and 1 8 Lemer
obthe Metadlucgpeal Taboratory, University ot Chicaqgo, solided and worghed the fest
visible quantty of platonmim 2 77 acrogrames

Heaborg named element 94 plutonmm after the planet Plato, discovered in
1930 Mathiny Kaoyroth had tolloveed sanmbou Toge i 1789 whoen hoe named aranim afteor
the then newly discovered planct of Uranos Edwin MeMillan sogagested thist given thoe
trend, element 943 should theretore bo neptanium atter the planet Noptone  Seaborg
chone Puas the chenie al symbob for the new elemoent sather than £ patly to avord
contusion with platinam (1) bt alo portly onca whom to create attention He thowghy

the element would e nuedy o deal withe o he derived the symibaol from P UE sl
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term for putrid or smelly.”® 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 structure needed to build an atomic bomb haad
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 Qffice 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 University of Chicago physicist was the major »ianaging committee
leader. Within a year, laboratories at several institutions acreoss the nation were
connected into an interlocking 1etwork with each unit addressing a limited part of the
problem. '

The acquisition of restricted industnal materials and plants during the Second
World War, however, made a civilian production effort impossible. It was clear to Bush
and Conant that the military would have to be directly involved, and it was at their
behest that the U.S. Army becarne a working partner in the: bomb project. The Army
established a special office in New York for the project in August 1942, labeling it the
Manhattan Engineer District and appointing General Leshie R Groves as its
commanding officer. Groves quickly orchesirated the construction of an industnal
effort larger and more complex than any previously attempted "

The major installations in the Manhattan Project were at Oak Ridge, Tennessee,
Hanford, Washington, and Los Alamos  Oak Ridge was the site of four major
industrial plants  Y-12 to generate uraniim 235 by clectromagnetic processes, Y 25 10
generate uranium 235 by gascous diffusion, § 50 to augment the first two by thermal
diffusion, and the Chnton L aboratones to condu et research onlocally generated
plutonium. By late 19421t became clear to project maraqers that the Clinton
Laboratones could serve only expermnental and pilot purposes hecause there was not
enough space available at the site to construct plutemune production facilities ”‘

Groves sclected Hanford, Washington as the site tor the huge plutonim
production plants  Boegun m January, 1943 the faciliios on the H00,000 acre site
included three water coolod reactors and four separation plants - Construction was
comploto and production of plutomam beganan September, 1994 Hantord became
tho prmary source of plhitonmm, cnd exceopt for siall expetmental qoantities
producod all the Amencan made plutomom that evenwally reached the Norther Hio
Grando systomoan New Mexico

e calmmating activity of the Manhattan Project waes the cetinement of the
plutonuim and the constrocnon of weapons By ooy 19000 the Lo flona abortory

and andustoal elemento ot the project had become wo diverse and oeaed soch o wade
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variety of equipment and techniques, that Conant and Groves decided a final research
design . 1d 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, ~lthough he had
already 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 Alamas Ranch
School, a boy's boarding school on the Pajarito Plateau rorthwest 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 school
closed, the Manhattan Project arrived, and Los Alamos Scientific Laboratory became a
reality.'’

Although Oppenheimer and Groves originally anticipated that the site would
house about 30 scientists, the complexities and problems of design and bomb
construction using plutonium were so great that the laboratory quickly expanded. By
1945 Los Alamos had become a city of 5,000 inhabitants supported by dozens of
buildings and laboratories (Figures 2.3 and 2.4). Building D ir
Technical Area 1 (TA-1) housed much of the plutonium hardling '® The first plutonium
delivery to Los Alamos was a small experimental quantity (probably less than a
milligram) from the Clinton Laboratories at Oak Ridge in February 1944 "% The first
shipment of small quantities of plutonium from Hanford arrived at Los Alamos on
February 2, 1945 7 Large quantities of uranium-23%5 and plutonium-239 arrived at Los
Alamos in early sumimer, 1945 and made up the cores of the first nuclear weapons:
plutonium for the expenmental Trrity blast east of Sceorro, New Mexico, on July 16,
and for the Nagasak bomb on August 9. The Hiroshima bomb, also manufactured at
L os Alamos, on August 6 was a weapon fueled by uranium  The significance ot this
history of plutonium stupments is that there was no p'utonium at Los Alamos until
mud 1944 and it was not present in large quantiies until mid 1945 Signilicant
releases of plutornium from the faboratory into the surrornding environment are
theretore unbikely to have occurred until nud - to late 1944

Durnng and after the Second World War twa factors drove the management of
ptitoniin at tos Alamaos to produce atomae woapons birst was the porceived neod
to develop the ultimate weapon before an adversary could do 50, and to win the war !
Many scientists at the iaboratory were refugees from countnies conquered earlinr in the
war, and thes most common after dinner toast wag "Death to Tyrant, " Thoerr sense of
poltical and scenthc history impartea uncommon devot:on to ther work. The second
doving force wirs annertiao mherent in the [)"U(:(‘et"»;.""' Alter devoting ther ives to the
project, they could not stop before s completion, cven alter the succonder of thor
prmary encimy Goerrnany - After being engaqgoed i the work to boild the first bomt wor
fonn yers e process was Lirger thon any indiadoal o one groupy of indhveduale | and
extensionts of the oncpnal project contmued after the winr despiter divisions of apimion
about how to control the weapons and ther matenals Duaong the eonly days of the
Coold War the Soviet Union became the mager international compretitor with the oted
St The resalt wers fudher expenmentation withy platoriam at Los Alamiaos, with
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Figure 2 4 The Man Technological Area (TA 1) at L os Alamos in 1955 with its
extonsive development and permanent buildings  Ashley Pondas at tho left
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continued attending releases of plutonium to the environment

These considerations are important expianations in understanding why the
potential pollution hazard of plutonium received less attention in the 1540s 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 issue. It is only in recent
years, especially since 1970, that American society has embraced environmental
qua'ity as a national goal.®® 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 tor detecting plutonium in human tissues and to
devise ways to prevent plutonium poisoning.®* Hempelmann designed safety rules for
handling plutonium at the laboratory that were similar to rules previously established
for the radium processing 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 "radioecolegy” did not appear in the scientific literature until
1956.°° Reports by British researchers in 1941 and by Los Alamos chemist George
Kistiakowsky in 1944 mentioned potential environmental contamination by fallout, but
the issue was not taken seriously until eftorts by physical chemists Joseph Hirschtelaer
and John Magee at Los Alamos in April, 1945°° By the time of the Trinity Blast,
considerable efforts were made to assess the intensity and distribution ot taliout from
nuclear detonations.  The problem was too complex for solution at the time, as was
the issue of waste disposal trom experiments and bomb manufacturing.  General
Groves adequately summarized the perspective of the project participants in the 1940s
and 1950s regarding envircnmental poltution by plutonium: "We had always thought
that it would be pos ible by intensive rescarch to eliminate much of this radioactive
problem i the future ™™

From 1945 to 1949, health official - at Los Alamos made penodic surveys of the
radiological characteristics of water and sediment in the Los Alamos system. The
results of these investigations appeared ininternal laboratory reports that were
classihed until the late 1950s  From 1949 to 1971 the Water Resources Division of the
US Geological Survey investigated the effects of plutonium releases from the
laboratory, with the results appeanng occeasionally in publications of the survey (Water-
Supply Papers, Professional Papers, and the general scientihic iterature)  After 1970,
laboratory staltin the Enveonmental Studies Group and the | nvironmental
Survellanee Group undertook a series ob investigations, i many cases repotting the



results in tne general scientific literature. Significant data and conclusions a~peared in
annual “surveillance reports,” laboratory publications that were publically available but
not widely distributed. Alan Stoker and his assnciates collated most of the important
data aar;d published a summary of the work that had been accomplished tfrom 1945 to
1875

Despite more than tour decades of research and General Groves' optimistic
view ot a tuture when the problem would be "solved," a clear understanding of the
dynamics of plutonium in the environment remains elusive. Although physicists and
sn¢ineers were able to surmount the problems of nuclear fission and bomb-building,
ervronmental scientists have yet to completely unravel the fate of plutonium in the
environment. The explanation for the diference between the expected and actual
outcomes relates to money and complexity. The amount of money invested in
environmental research 1s miniscule in comparison to the amount invested in weapons
development. Also. the natural environment exhibits a complexity far greater than the
relatively simghistic conditions of the physical or chemical laboratory. Environmental
measurements are difficult and inaccurate compared to laboratory efforts, many
variables are often unassessed, and control cases are ditficult to identity

2.3 Nature of Plutonium

The plutonium that was the tocal point of the Los Alamos industrial activity and
that now 1s an environmental pollutant 1s a metallic element formed by neutron capture
in uranium-238 (Figure 2 5)  Although 14 1sotopes of plutorium are known, only four
occur in quantities great enough to be of concern as contammants  plutonium-241
(halt ite ot 13 2 years). plutonium 240 (6580 years). plutomurn 239 (24 400 years).
and plutonium-238 (86 4 years) Of the four, plutonium- 239.240 are the most
common isotopes found in the natural environmenrt, being about 21 times more
common in sediment than plutonium-238  Plutonium 241 1s an emitter of beta
radiation, while the other three are alpha emitters dunng their decay As plutonium
decays to more stable 1sotopes and elements, it passes through a series of
predictable stages. eventually becoming stabie as lead 207 (Fiqure 2 6)

Plutcnium can be separated cheracally from ds precursor utanium 238 in nearly
cure torm. but ts shemical charactensties and behavior are complex N aqueous
systems tor exampn at can eoast i four oaadation states simaltaneously ' The most
common, stable pluteaium compound at earth envirorment termperatures and
ranges s plutonam dipade (figure 2 7)) Most platonimoan the natural environment (s
hkely tc be of this o although it alao occurs m s allotrope metal torms Platonium
N natural sedimentary cnvironments as a metal or as plutonium dicxade s relatively
insoluble  This insolutality explams why in terrestrial ecosystems mare than 99 percent
of the plutonum occurs in sails and sediments ts not chenncally mobile enoagh 1o
easly pass through orgarnc membranes into plant roots  Concentrations in plants are
usually 0001 to 0 60000 times the concentration n undetlymg soils and sediments,
and concentrationg gaually dechne by a mean factor Ot 0 0001 threagh each of the

transtions fom conl ta plant 1o anmmal syeteome Y
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The human health hazard from plutonium is its radiotoxicity. Because
the most common forms of the element are alpha emitters, radiation from decaying
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.¥ This concentration process is nonuniform, so that more
plutonium occurs in some parts of the skeleton than others 3 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.** Larger amounts enter
typical animal systems through air ways: about 0.05 percent of that inhaled enters the
blood stream and about 0.15 percent enters the lymphatic system.™ For these
reasons, plutonium-contaminated sediments that might become arrborne and then
inhaled are probably the most important consideration from the standpont of human
contarnination.

The degree of chemucal toxicity of plutomum for humans s relatively well known,
probably because “perhaps no single element has ever been so intensively studied® ™
Plutomium is hazardous to hurman health, but arsenic and scme biological toxing are
probably maore poisonous ' Among radioactive isotopes, cesium 137 and
strontium 90 are more hazardous because they are more common and/or more
mobilo In the earth surface enviconment ' There are no records of physical damage
to humans through exposure to plutonium — The potential tor posoning and
radioactivity damage to humans s great enough, however, to warrant ciretul
mnnitonng, measurement, and asscssment of concentrations A responsible program
to protect human health includes an acewrate evaluation of the locaton and
magmtudes of plitormum in those envieonments used by the general popuatation

2.4 Measuroment and Safe Limits

Tha amount of plutomuman samples of enviconmental matenals is most often
measured as a concentration, a certiun amount of plutomuame per urmt mass for
sediment (per oot volume tor oue, and per and begord measuare for water) Fo
non radioanctive metal sotopes, the ot are usoally muthigrames pec kalogram or
mucrogranmes per kalogranm (mekep or g kg that e parts per nulhon or pacte peer
bihon), bt tor radioactive motopesan sediments the anits aue atonee disantogrations
per mmate por unit e o the United: States the most commaon anit for the rate of
atomue deantegiations eea Cone, whechoes equal tao aboot 237 bailhon atonie
disnteqgrations per nunote (hat e, aboot A7 ballion atome, dhsanteaeating by qving up i
unt of radiation per onate)  The standaed foe detecomming o Cane e, the nomber of
Atormic disinteqgrations per minate expenenced by one goame of pure rachume - Platonam
oceurs i the natacal enviconment in sach small quantities that o Cane e oo Lage to
vae s convenient meav e o frac iones of ac Coone e the ool ol of mearane
Common meseares e puco Cone (pC U 107Gy and feanto Cane (1C 1« 10 1")
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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 tne
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 piutonium 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.*

The pico-Curie per gram is an odd combination of metric and nonmetric units,
but it is used in this work because the original nata and most of the publications cited
used the measure. The International System of Units measure of atomic decay is the
Becquerel (Bq) which is equal to one disintegration per second. The standard
measure of concentration in environmental matenals is therefore Bequerels per gram,
and one pico-Curie per gram equals 0.0367 Bequereis per gram. Neither the Curie
nor the Bequerel defines the identity of the isotope creating the decay emissions, a
probiem that is only resolved by analysis of the number of kinds of radiation produced
during the decay *'

Laboratory methods assess plutonium concentrations in environmental samples
by counting the number of atonmic disintegrations per minute and then comparnng that
value with the mass of matenal nvolved.  The laboratory environment and instruments
create some enissions of their own which are counted in the process, so that a
standardized number of enussions representing the background must be subtracted
from the total number of enssions counted  The resulting value represents the
number of enissions presumably denved trom the scunple. Because the background
s inconsistent from one time to the next, the correction tactor s the mean of many
temipts to measure the backyground values  The reported values for the number of
enssions from a sample s a number oqualing the measured emissions nunus a mean
vilue representing a stabstical distnbution of values for tha background  For some
sarmples, i the actual background at the time of sample analysis happens to be
exceptionally low and far bhelow the mean value used for correction, a neaative number
may be reported for the siunple Soree negative nombers of thes type appear an the
followimg pages  For analytic parposes, they are corned forward mc tarther
calculations to preserve the mteqgrty of the statistical distnbutions that created them
Practically, they indicate that plutonmmoan the sampie wirs either abaeent or present an
quantiies too low for detection

The proncey health bovsard from envitonmental plotomm ey telated to radiotion,
so that determnation of <ole it for plutonmme coneentrations an envirormental
natenale e predic ated on ovaluating the radmtion hoesord af the matenal ecmgestod
The LES Departinent of Fnergy vaes concenteation g ndebnes for woler and an that
Ao concentrations above "hackoround levels bhecaoe s the porpose of the goideline:,
Lo e the alety of Occopational covironment b or water the standard e
O 00000 e ro Cattees e todie Bter o S 000 e o Canes, ot ter B or o 0o, s e,
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ten to the minus-14 micro-Curies per milli-liter, 60,000 atto-Curies per cubic meter, or
0.06 pico-Curies per cubic meter.

No agencies in the United States have plutonium standards for sedirnent
quality. This oversight is especially important for the heavy metals that are radioactive
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 1s 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, 19893). The development of
sediment quality standards fcr metals including plutonium the United States would
undoubtedly require considerable bureaucratic eftort, but the legal, monitoring,
surveillance, and scientitic rewards would be substantal
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PART 2. THE NORTHERN RIO GRANDE FLUVIAL SYSTEM
CHAPTER 3. THE DRAIMAGE BASIN
3.1 Drainage Network

In northern New Mexico, environmental plutcnium Sound 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 plutonium. 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
watershed upstream t om the U.S. Guriogicz2t Survey stream gage on the Rio Grande
at Son Marcial,' at the headwaters of Elephant Butte Reservoir.  The drainage network
within this 71,700 sq km area is the primary mechanism for surface transport and
storage of plutonium. The Rio Grande begins as a trickle of mehtwater from a
semi-permanent snow bank at Stoney Pagss in the San Juan Mountains in
southwestern Colorado. Steep mountain tributaries are {e primary sources of water,
joining the main stem as it trends southeastard to the San Luis valley and the
Alamosa, Colorado, area (Figure 3.2,. Addtionai mountain waters trom the Rio
Conejos, which drains the southern San Juan Mountains in southern Colorado, join
the main stream as it flows scuthward inta tew Mexico.

The northern Sangre de Cristo Mountains i Colorac generate surface runoff,
but relatively ittle reaches the man niver. Aboue 7,500 €q kim ot the San Luis Valley
consttute a closed basing, with no direct st e contributions to the Rio Grande. The
Sangre doe Crsto Mountans contnibute only s hout 10% as much water as tho San
Juan Mountains © The Rio Chama, which diains e New Mexico San Juan
Mountains, jons the Rio Grande hear B spi dole its combimed 37,000 sq ki area
draing to the man niver at the upstream end of the present study arca Of the two
magor hasins above Fapanola (and thas abon. Los Alamos), the upper Rio Grando
above E spafola produces more waler, whille the Rio Chama produces more sediment

Fhe Bio Grande watershed almost doubles s dramage area between Otown (a
short detaince downstteam from Eapaitoln) Brodae and San Mavand (Figore 33), bat all
the Lirge bosang added to the systom withing thie roach ave on the wost bank Tho
Jemes Biver, deaunmag the demes Moantanes, s canadl compeaed to the Bio Chama and
Upper Fho Ciinde components Thoe Baio Paer o deaanss o large aroa, but s mostly
platean rather than mountoun torram so that o adds much cedamoent bt itthe witer
The Hio Salado also deuns none mountamons Crcour and e posaaily o sodement
froduce
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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 high
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
Marcial to about 4,360 m on Blanca Peak in the Sangre de Cristo Mountains. The
northern Rio Grande basin includes portions of the Southern Rocky Mcintains, the
Colorado Plateau, and the Basin and Range Province (Figure 3.4).

The components of the Louthern 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 Navada 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 the possible
additions from activities at the Test Site directly upwind. The mountains have steep,
glaciated slopes with thin soils,® so that erosion of fallout is likely. Recent sampling of
Rio Grande Rescrvair, located in the high-altitude portion ot the San Juan Mountains
revealed clevated levels of pluionium-238 and plutonium-239,240.° reflecting these
conditions.

The Sangre de Cristo Mountains are even higher than the San Juan Mountains,
but their location downwind with respect o the prevailing westerly winds makes them
drier. They are also likely to contribute some fallout plutonium to the Rio Grande
systern, but no direct measurements are available. The Jemez Mountains are a
relatively small unit west of the Rio Grande. Essentially a massiva caldera complex,
they give rise to the Jemez River and seve-al smaller streams, but within the regional
context the mountains produce water, sediment, and probable radionuclide output in
quantities much smaller than the other mountains.

I he topographic highs ot the mountains are complernented by the topographic
lows ol several major valleys in the drainage basin of the Northern Rio Grande. The
San Luis Valley is a deep structural basin about 160 km by 80 km and filled to depthis
of several thousand meters with alluvium derived from the surrounding mountains
[ he valloy includes broad alluvial plains, 1solated volcanic cones and mesas such as
the San Luis Hills, and the alluvial Tan of the Rio Grande as ot oxits tho San Juan
Mourtains © The valloy 15 important from tho perspoctive of mass tl'(-ll'\':i,_)()lt in tho Rio
Grande system because itis o zone of especially low stream gradionts ™ Deposition of
sediment and associated contanunants s common in the valley, producing
meandoning channels and extensive zones of channel and flood-plain deposits *
Under present conditions, it s likely that the majority of sediments and contarminants
croded from the surrounding mountauns movo no turther south than the Sain buis
Valley

39



e . _
| SOUTHERN

; ROCKY

’. MOUNTAINS

| T

i N { S SANGRE

! | san L G DE

AN . CRISTO
z Twrs
e

! ~

; .

! B CANON

i NEL

! TIERRA

! AMARILLO :L%GR‘"DE

i TS 1A0S

_ PLATEAU

/ ESPANOLA
BASIN

WHITE ROCK CANYON
ANU CRRROS DEL RO

SANTO DOMINGO .
! SANDIA
ALBUQUERQUE- _ [ WTS
BElLEl £ RuguE ey
[ ]
BASINS | MANZANO

BASIN

|

|

| (" BASIN
| AND

| RANGE
'COLORADO N/ s PmOs

| PLATEAU C

i 'S(")’CORHO

Figure 3 4 Landform dwisions of the basin of the Northern Pro Grande

40



The Cadon 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. Further downstream, the Espadola Basin provides a broad alluvial
valley for the course of the river, but volcanic rock acsociated 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
siopes and gently inclined pediments leading down to the flood plain on the valley
floor Between White Rock Canyon and Sar, Marcial the flood plain varies between 5
and 12 km in width."°

3.3 Geology and Sediments

A general review of the geologic materials underlying the northern Rio Grande
system provides a foundation for understanding plutonium transport because of the
strong association between radionuclhdes and sedment Weathering of the bedrock
and erosion of the resulting soils are prirnary pathways for movement ot the
contaminants. The distribution of highly erodible outcrops 1s a direct control on the
geographic chi:actenstics of the sediment and contaminant budget (Figure 3.5). The
following general review provides a geologic overview and references significant
publicatons that serve as entry ponts to a vast and detailed Iterature

In the Rio Grande headwaters. the San Juan Mountains represent an immense
pile of Tertiary volcaric rocks that present for.nations of varniable erodibility at the
surface ' For general locations of the this and other geomorphic areas discussed
below. see Fiqure 32 Struct.rally, the mountains are a dome dissected by glacial
and fluval erosion  In detaill, *.owever, they consist ot an array of basait, latite, rhyolite
flows, collapse calderas, ash flows, breccia, and reworked volcanic tult that tormed
durng a scnes of eruptions, probably dunng the early Teriary. " Considerable erosion
altered the surfaces of these deposits  Subsequently, durnng the Ohgocene, Miocene,
andg Plocene, new cruptions created mtrusions of quartz latite, rhyolte, and some
hasalt nto the older tock ' The Iater eruptions apparently emplacea many of the
toneral deposits that tueled god and silver miming activities in the area Recent
cerosion of this vast array of rock types produces sediment of vanable particle size.
The hasalt flows gencrate boulders that streams fal to transport long distances  The
ash flows produce fine particles through rapid erosion of steep slopes They may be
a maor source of falloat plutomuman the Rio Grande Reservor, because some ash
oceurs n the higner portions of the watershed above the reservorr, combiming hugh
crodibilty with hkely intusions of fallout

The Sangre de Croeto Mountiuns aee o fwalt block range made up of a core of
Proecamboan gner owith detormed Pormcan and Pennsylvanoe sedumentiny rocks and
Some Tertary vole anen onats castern side ™ Onthe west, the porhion that drauns to
the nodthean Fao Grande, shaaply detmed faolts divide the tesaestant core from the
nemhibonng San Lo Valley " Alough slopens ane stecpon this area, the crystalling
rock e relatvely resastant to erosaon: and sedument bound cadionachdes aee probably
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not as common here as in 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.'® The
sediments filling the basin are interbedded gravels, sands, and clays, some resulting
from deposition in Tertiary !ake beds.'” 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.'® Erosion of materials stored in the basin is unlikely, and the area is a
sink for sediment and fallout plutonium.

The Canon del Rio Grande, immediately south of the San Luis Valley, has
geoloyic materials radicaily 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 Amarilla Mountains on the west to
the Sangre de Cristo Mountains on the east.'® The Quaternary basalts and
interbedded sedimentary units tilt gently toward the east and the Rio Grande, while
alluvial fans and coalesced fans slope westward toward the river.”® The stratigraphy of
the area indicates tectonic instability characterized by warping and faulting throughout
the Tertiary, accompanied by repeated drainage interruption and tan building.?' The
basalts shed large blocks into the canyon of the niver, while the scdimentary beds lend
instability to the side slopes, but the geologic conditions are not conducive to
large -scale contributions of sediment to the river.

Some radionuclides may enter the main river in the Taos Plateau and Caon del
Rio Grande reach because uranium deposits occur naturally in some of the volcanic
rocks of the arca. Mining activities for uranium have been imited, but the element
occurs N natural association with other minerals that occur in economically viable
concentrations, especially in the Red River valley arca™ [ rosion of nune tailings or of
natural country rock may introduce some uranium into the Rio Grande, but it 1s
probably in oxtremely small quantitics and no plutonium s involved.

The Espadola Basin, one of several basins along the course ol niver thiough
the Rio Grando Bift Zone in New Mexico, 15 a shallow structural depression at loast
partly boundoed by tudts and s lociated wnmediately downstream from the Caton del
Rio Grande and the Thos Phitean ™' Because the confluence of the Hio Grinde and
s ponciple tnbutary, the Hio Chinmaas wibin the T spanolia Basin, atas the site of
depostion for large amounts of pootly consohdioted sands and gravels with
mtertbhedded lenses of hiner matenals 1s the st reach downstream from the San Los
Valley thiat contames signiicant quantitios of Quaternary alluviam: along the channel =
The Santac e Groap and pirticalacly the Tesaqua Formahon aeo geologie amts that
crop out over rge areas of the hasin and that provide easily eroded matenanlds tor
fluvia! tansport ™ These geologie tormations form the butt and yellow colored hills so
often depnctod by local antists in pamtings Genecal erosion of the fonmations hig
prodoced a Lndseape dommated by romp e pediments extending at a number of
leveds from the courae of the nver o the foot slopes of the mountaas ™ Local erosion
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of these materials has produced badlands and emptied large quantities of tine-grained
debris into the Rio Grande.?’ Thr Espafola 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
economicai to mine.?® Natural erosion probably adds some uranium to the Rio
Grande from this source, but there is probably little fallout plutonium because of the
low amounts of precipitation in the area.

The Rio Chama drains a particularly erodible part of the Espanola 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.®® As is the
case elsewhere in the Espanola Basin, badland terrain is common on the Sante Fe
Group near Abiquiu,* 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 Mountains and flowing through the Chama Basin, a
broad shallow depression at the eastern cdge of the Colorado Plateau.® The rocks in
the Chama Basin are dominantly sandstones and shales,™ but erosion rates are
moderate, and sediment production is less than in the areas downstream from
Abiquiu. Fallout plutonium eroded from the San Juan Mountains probably does not
reach the lower river, because of intervening large reservoirs and dams. Uramum
occurs naturally in several locations in the Rio Chama drainage (particularly in the
Morrison Formation and Dakota Sandstone), so that erosion may introduce some
radioactivity into the stream system  There are no known large or highly concentrated
deposits. ™

South of the F'spanola Basin, the Rio Grande flows in White Rock Canyon, a
300 m deep gorge between the Pajento Plateau on the west and the Cerros del Bio on
the east. The Cerros del Rio, a westward extension of the Santa b e Plateau, 1s an
slevated basalt platform that 15 exceptionally resistant to erosion ™ Although generally
little sediment enters the river from tho east side throughout the canyon, an exception
is Caftada del Ancho, a stream draning exposed Santa b e Group stopes of arkosic
sands in the Buckmarn area, about S km downstream from Otowr Bridge

The significance of the reach near Otowr in termeys of plutoniim s that it includes
the entry pomt of sediment and radionuchdes from Los Alamos Canyon which deanes
the only industnal source of plutorunyin the northerm Rio Grande  Los Alamaos
National Laboratory, s located on the Paganto Platean, a broad, dissected apron of
Bandoher Tuff on the woest side of White Bock Canyon ™ Erosion by streames hav
otchod deep canyons into tho relatively smaooth surfaces sloping rom the Jemes
catdera downward toward the Bio Grande and Rio Chama Most of the crosion hae,
occurrod during three perniods of the Plestocene, ™ so that the vosualting Tandfornme,
have relatively unstablo sideslopes  Erosion of all members of the Bandehor Tott vnd
oxcopt a welded tuft member of inuted oxtent produces mostly sand to gravel weod
particles tor transport in the roqgion’s nver system - Contannnants released ainto those
matenals are therefore assocuted with sediment that s anhike the aalt sueed particles,
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with which fallout plutonium is associated.

South of White Rock Canyon lies a structural low in the Rio Grande Rift Zone
consisting of three interconnected basins: the Santo Domingo, Albuquerque, and
Belen Basins. They provide a relatively brcad, interconnected valley for the river and
its deposits. In 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-Pleistocene pediment, known locally as the Oriz Geomorphic Surface, grades
toward the Rio Grande at about 150 m above river level.’® Numerous arroyos excavate
the surface and conduct sediment to the modern channel and flood plain. Natural
uranium occurs in sandstone of the Galisteo Formation in the Hagan Basin area of
Sandoval County, east of the Rio Grande and south of Galisteo Creek.*® The deposit
was ot ore quality, so that natural erosion may have contributed some radionuclides to
deposits downstream in the Rio Grande. Plutonium is not involved.

The Albuquerque-Belen Basin contains fluvial sediments 6,000 m in depth.™
Sediment eroded from this matenal in tributary arroyos, mostly from « .sected
Quaternary terraces, contributes to the load of the main stream and produces
aggradation in the channel and on flood plains. Though the literature includes a variety
of labels for them, the geologic formations that crop out in the basin are similar to the
Santa Fe Group in age, particle size, and mobility *'  The result is the infusion of large
amounts of sand and silt into the Rio Grande system from nearby elevated terraces.
The Jemez River derives most of its water from the Jemez Mountains and most of its
sediment from poorly consohdated Tertary matenals south of the mountains inciuding
the Santa Fe Group. ™ Itis a major compunent of the sediment sy-.tem near the
junction of the Santo Domingo and Albuquerque Basing

At the southern end of the Belen Basin, the Rio Puerco and Rio Salado join the
Rio Grande from the west The two tributanes drain several hundred square
kilometers of Colorado Plateau tertain consistng of erodible sandstones and shales,
so that the two streams carry high sediment loads. The Rio Puerco, for example,
commonty has 400,000 ppme sediment in floods, with a maamam record of 680,000
ppm. 75 per cent of the load s sand ' Most of the matenals in the Rio Puerco are
tine gramed  fne sand, st and cay ™ The tbutanes denve addtionat sediment from
crosion of the Santac be Group tormations commonly found m the southwestern
portion of the Albuguetquie Belen Basin ™ ncaddition to plutonmm related to global
taliout, the Fio Pacico also transports moits sedonents some natural uranim from
nuing activities i the Grants area "

Botween the southern end ot the Santo Domuingo Albuquerque Belen Basin and
Hephont Butte Reservour, the Ho Grande flows through two relatively narrow troughes,
the Socona and San Marciad Bacains Voleanie rocks in the forms of cindor cones,
Disalt Hows, and tutfs ue common along the margins of the Rio Grandeo Valley *
Ther croqon contubotes tle o the sedhiment and contarmimant loads of tho nvoer



3.4 Climate

The climate of the northern 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 because 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 mm on some
of the peaks of the San Juan Mountains.*® The precipitation has an unequal
distribution, with the three areas of maximum values concentrated in the mountains:
the San Juan range which has the highest values, the Sangre de Cristo Mountains,
and the Jemez Mountains (Figure 3.6). This distribution ot precipitation shows why
water source areas for stream flow are seversly restricted. Throughout its length in
New Mexico, the Rio Grande receives little augmentation because precipitation inputs
decrease from north to south.

Variation of precipitation 1s also highly seasonal, with most of the input in the
mountains in the form of snow. The maximum annual recorded snowfall in the basin
is at Wolf Creek Pass in the San Juan Mountains, and often exceeds 9 m.** In the
northern portion of the basin, the meltwater from the winter snowpack provides the
annual peak of runoff in late spring months. In the central portion of the basin, an
additional, smaller peak often results tfrom summer convective preciptation. In the
southern extremities of the area, the wettest months are in late summer.

Temporal vanation in precipitation also occurs on decade and century long
time scales. While the annual preciptation record for Santa te shows no iong term
trend, the froquency of ramy days and the mean daly raintall hixs vaned systematically
since records were first kept e the 18505 ™ Rainfalls greater than 125 mm became
progressively moro frequent throughout the late 1800s, with the trend peaking dunng
thoe 19205, Since that time, dospite large mterannual variation, frequency of intense
rainfalls has generally dechined Dunng the same century long record, the mean doaly
rainfall dechined during the late 1800s, reaching a minimum durning the 1920s before
hegmnmg an incroase later Thas, dunng the ate 1800s, raintall occurred increasingly
often but in dechimng amounts duning cach event Inrecent decades, there have
bheen tewer proopitation events, but the ones that do oceur have ssued rger
amounts of ramfall

Thoamphications of s vanation for the transport of sediment and associnted
contarnunants s uncloar its possile that the anoyo cutting duning the late 18001
and carly 19005 wirs pactly dcresponnse 1o high intensity, low iequency tamfalls ™0 i
this hypothesis o conrect, more recent tends may signal acreturn to the highly erosive
condiions in arroyos seen o century ago o The behavior of the main nver, however,
probably responds mdoectly to this control, becaose the erosion of tnhutary atoyor,
mundated the moun channel with sodiment, cansang agaradation, and the developimoent
ol braded conditions acphenomenon observed dunng and onmediately after tho et
artoyo cutting epreode i the Tate 18005 and eorly 19004 The hydealogie bhehawvior of
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the main stem of the Rio Grande is more closely tied tc precipitation events in the
mountain source areas, and their temporal variability is not clearly known.

3.5 Vegetation

Vegetation influence s the dynamics of plutonium in the regional river systems
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 geographic distributions, upland and riparian. The
distribution of upland vegetation of the basin reflects geologic, pedologic, precipitation,
and geomorphic controls. Montane conifer forests grow in the well-watered highland
areas of the San Juan, Sangre de Cristo, Jemez, and Cebolleta Mountains (Figure
3.7). Atlower, drier elevations, the forests give way to Great Basin conifer woodland
In the Ncrthern Rio Grande Basin these woodlands consist mostly of pinyon pine
(Pinus edulis Englem.) and juniper (Juniperus scopulorum Sar@.) that often occur as
widely spaced trees with seasonally barren ground between the trees. The barren
ground is susceptible to rapid erosion during intrequent severe storms. ™’

In those parts of the basin too arid to support even the pinyon pine and juniper,
Great Basin grasslands occur.  This vegetation community is particularly widespread in
the southern half of the basin, and often occurs on the highly erodible Santa e
Group. In the northern half of the arca above tlephant Butte Reservoir, Great Basin
Desert scrub communities cover dry areas with mixturer of grass and low woody
stemmed plants. At the southern extremities of the area, hugh annual temperatures
and little rainfall produce semidesert grasstand and Chubunbaan desert sarub,
communitios that provide little stabiiity 1or erodible soils on terraces and pedimaoents
near the river.  Riparan comimunities owe their charactensthcs to the water nich
environments along streains and are substantially ddferent from the surrounding
upland vegetation. As with upland vegetation, nipanan commundies also vary with
elevation in the Northern Rio Grande Basin ™ Because npanan vegetation diroctly
nfluences river processes itis discassed in several subsequent chapters i come
detal

The general environment of the Bio Grande above Flephant Butte Bescervorr,
theretore, s hughly varable in termes ot s landscape, geology, waten, and vegetation
The geography of these teatures influences the contubutions of falloat platonicm to the
Hio Grande and controls the flow ol water through the strearmes providingg ac tranepont
mochamsm for contammants  The mteractions of all these factors produce adetinte
characterstic behavior of water in the Northern Bio Grande sy=tem detinineg the
regronal hydrology, the sabject of the next chapter
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CHAPTER 4. 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 magnitude 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 transport of associated
contaminants) depend on measurements of streamflow from a cariety 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 Rio Grande to measure water and sediment discharges. The
river i1s one of the most extensively instrumented in world, and has higher quality data
than any other arid-semuarid drainage basin of similar size  Interest in adjudication of
water rights and distribution of the resource led to the establishment of the first
long-term stream gage in the United States at Embudo, New Mexico in 1885 (Figure
4.1)." The gage is the longest running measurement site in the country. Construction
and maintenance of reservoirs later led to an interest in sediment transport rates, and
from the late 1940s to the present, some gages have produced sediment information
In addition to water discharge data (Figure 4.2).

Scores of stream gages have operated within the basin at various places and
times, but the construction of a regional budget tor water and sediment depends upon
alimited number ot long running, "ugh quality gages. Fourteen such sites span the
basin from the San Juan Mountains to San Marcial (Figure 4.3, Table 4.1). Even these
mam gaces have varable lengths of record, and not all provide sediment data

about the surtace water hydrology of the Northern Rio Grande

Three closely telated repostones store the data from the gages. Fast, the .S,
Goological Survey Water Supply Paper senes provides a permanent paper based
rocord for the mformation Maost maor rescarch dibrarios stock the series which
mcludes some sunmmanies e addihon to the basic dady mformation Second, the ULS
Geological Survey alho mantans accompoter based system for hydrologic dida thit
nclades all the water and sediment imformation This system, WATSTORE i relatively
complete, but s dithenlt to ase for thos notain close and direct contact with thoe
Survey  Fnally,all the dataon the test vo sources are avarllable i g personal
computer bhosed sy tem HIYDRODATA marketed by Earthinto, Ine of Bouldoer,
Colorado HIYDRODATA <tores ol thentormation aboat the gaaging sites and thea the
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Figure 4.2 Stream gage on the Jomez River immaodiatoly below tho Jemes Dam Sito.
The view shows the stilling well (vertical cylinder) for stagoe or depth of flow
measurements and an overhead cabloway for moving a current motoer and sediment
sampler across the channel (U.S. Goological Survey Photography and Fiold Records
Library, Donver, G. P. Willianis Photo #83).
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Figure 4.3 Locations of major stream-gaging ='tes in the basin of the Northern Rio
Grande $ee Table 4.1 for data.
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TABLE 4.1  MAJOR STREAM GAGES IN THE NORTHERN R]O GRANDE SYSTEM

(LETTERS KEYID TO LOCATIONS ON FIGURE 4.1)

Gage Dravnage Area Water Sedi1ment

1D (sq mv) (sq km) Data 1ta

A Rio Grande at Thirtymile Bridye near Creede, Colorado
2135 163 422 1923 none

8 Rin Grande at Wason, below (recde, (olorado
2170 10% 1,826 1907 19%4 none

( Conejos River near Lasauses, (alarade
24990 ag/ ?./97 1921 none

D Rvyo Grande near Lobatos, Colorado
7515 1,700 19,940 1R9Y9 1969

t R:u Grande at imbudo, New Mesico*
774 10,400 26,930 1489 1970

] Rio (hama near Chamita, New Mexitn
72900 A 144 R 140 1917 194K

G Rvo Grande at Otowr Bridge near ban ldedforsa, New Hesioo
1140 14,400 37,947 1R, 1947

H  Rrvu Gremde at Cochoty, New Mesion
A4y 14,606 3/ RA10 e 1Me nonp

I Ric wrande at San [elipe, New Mexicn
yi90 16,100 4],/00 1N INTA)

J o Jemer Ryyer helow Jemes Dam, New Mesien
1210 HRGRL 7.0 144n 100

¥ Rin Grande at A buguetque, Now Mestoo

1iun [ LU LY LYY INLY] RN
| Koo Muerco near Bernarde, dew Bescon®
han ’_ 1h | T 1} 1M [na7

L] R "aladn near San A o A, New Meervon
1940 1. 1RO tLhn 1447/ 114/

N R o genedes At oan Maro gl ®

18k K R IO A F Y1) e 1940

Netee  * - crmdoined sdata te tewe Tonely s vated] guing o tes
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data on optical disks that are readable using personal-computer hardware and
software. The streamflow and sediment data in this book are from either the
Water-Supply Paper Series or from HYDRODATA (Appendix B).

The gaging data provide three 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 this 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. Itis a measure of the total amount of water and therefore of the
total energy available to perform 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 flood 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 ganing
record.’ There is one value for each vear, 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 sedment (and thus contaminant) transport
occur during flood poriods. The amount of work, changa, or transport i5 often diroctly
rolated to the magnitude of the annual flnod (Figure 4.4)," which is also a reliable
indicator of the timing of major systern adjustments. The magnitude of the annual
flood is oficn strongly correlated with the annual sediment yield (Appendix B3).

4.2 Water Yield and Annual Floods

The records tor the niver at Otowi Bridgoe and at San Marcial describe the time
series tor water yield in the Northern Rio Grande At Otow Bridgo tho data reflect tho
total amount of water available for work each year beiwoen 1895 and 1985, with the
excepton of four years without data Broad tomporal trends in water yield show that
tho tirst two doecades of the twentioth century wore a timo of maximum yiwold, but
thereafter, a general dechne s apparont (Figure 4.5). Two oxceptionally high yield
yoars oceurred in tho early 19405 A mimmum of yield occurrod in the lata 1950s,
and between the late 19505 and the present thore has been a stoady increnso.

The trends at Otow Badge at tho upstrearn ond of tho study area are similar to
trends at San Marcial at tho downstream ond (Figure 4.6). The
differences botween the two rocords are atttibutable to tho hydrologic adustmonts m
streamtlow between tho two sites rngation withdeawals, flow Toss through percoliation
*eothe hod, ovaporation, additons from tibotanoes, and tho closura of Cochiti Dam e

oh



Figute 4 4 A flood on the Rio Grande destroys o badege dunng the 19305 (Les Alamios
Histoncal Society Photo #R34H8C0)
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1973, which impacted the tiow at San Marcial but not at Otowi Bridge.

Temporal trends in annual flood peaks for 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 appeared. The annual flood sories for San Marcial 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 events in 1930 and 1937 (Figure 4.8).

Because flood flows gencrate 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.
Beforo plutonium appeared in the Rio Grande system, the river functioned at a higher
energy level than after plutunium was available. At Otowi, mean annual flood peak
alter 1944 was 66 porcent lower than the mean valuos before that year; atl San Marcial
the mean annual hood duning the post- 1944 pariod was only 46 percent of the mean in
the pre 1944 period.  These drastic doclines suggest that during the mid 1940s to the
1980s period, the system experiencod a doclining onergy regime, and that processos
during the time when plutonium was in tho system woro differont from tho processes
in the system betore the element was present. Alter the mid 19405 tho channol was
moro stable and in general became progrossively smallor.

The reasons for the temporal variation in witer yicld and flood poaks ve
obscare, but thero aee three commonly cited expliinations Fast, during perind of
wirter yicld decline, federal and local governmaonts erected numerous dinnms on
upstteam butines * - The resevons of these structures lose witer through
evaporation, decreasng downstieame yield - The magmitude of such loss in wator yiclkd
15 not hkely to be s Bege as the recorded dechine, however, and the presence of the
reservons did not prevent the merease in yiekd in tha lito record, so thit roscervorr
construction i probably a minor influenco  The ifluence of douns on flood preakss s
moge convineng - as morg stractures appeated, flood peakes clealy declinged
downsitream

Second, hnd mimagement stiateaess may hive mlluenced the witer vielkd
tecond  Overgrimeg and extentave logepneg i tho Lite 18005 and eaaly 19004 may
hiwve acceletsated tanoft etes od produced tagh witer yields monvers by removing
veqetation from hillslopes ater connervalion me.eanes niay ive tovers,oed the
bend” 1 petnnents on small western watersheds hawve detmonsteatedd it metese,ed
groung activity leace o higher witer yaclds, and Luger floods " There s, no evidence,
however, that thesa eftec s sue comalahive i very Buge wesstern niver bivanes on the
aeatler of the Bio Geande where the effects of chimate sue mote pronounced ' Some
reseanch hies sogegessted sanaloae Sorhicant hoatatione, e the Lind manegement
eaplanation n eastem over boeane,
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In addition to water yield, flood Peaks on tributaries also respond to land
management 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 1909-19286, logging in
the watersheds of the Rio Santa Barbara and Rio del Pueblo (tributaries of the Rio
Grande north of Espafiola) influenced the flow of the main river in the spring of each
year.'> 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 runoft until large volumes of water accumulated. The
loggers then brokae 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 Girande as a wide, shallow, braided stream during the early twentieth
century. After logging and with reforestation, the wator contribution of tributary
watersheds to the Rio Grande decreased and became less erratic.'’

Finally, an important oxplanation for the water yield and flood peak vanation is
that thay respond to climatic changyes, especially the magnitude and frequency of
atmosphuric circulation patterns that deliver moisture to the basin from ocean
sources.” Rocords of patterns over the western United States show considerable
variation over the past century, with New Mexico procipitition showing miarked
declinos and increases coincidental with tho changes in wator yield and flood poaks.'
Sinco 190X, small watersheds in northern Now Mexico havo expenenced declines in
runoft, priminly because of decreased wintor procipitation and snowpacks. Summer
procipitation (lalhng as i durnng dry soil penods that generate ittle tanoff) has
incrensed at tho sime tme as the winter deciease, but an overall decling results trom
the inability of the sununer additions to compensate for the loss of snowmoelt '

The general influence of chimiate: may bo assessed through tho standied
measures of precipitabon and temperature, but because the two mutually influenco the
avinlabibity of water in the surface hydrologie system, o combimed measune is more
useful — The Palmer Hydiologic: Drought ndex s adinly meetne: combaineg temperature,
preciptation, and i lg etor i can have i sttong connection to nver hydrotogy ™
Figuee 410 shows that thete have boen cleinly defined trends throughout the twentieth
century | lucutations i nver responses sach as wader yield and lood peaks apprean
o closely reflect the changeon the drooght mdex, showing the sttong connection
between mortone condiions (and thies, the chimatie condiions thit ciaese them) with
the Lugegeqonal ovier systom A combimation of all theee mggor influenees on nve
hydrology (iune, nd management, and climate) s probably cequined tor e detaled
oxplanation of changeson twentieth contury vver lows in the Northeme Bio Geande

The wnplicatons. of the water yiceld recordss for plotomum mobabity m the Northernn
P Gande sue ot donmeg the e presiod whiens plutormame waes bilvely 1o be entening
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the system in greatest quantities from fallout and laboratory releases (the late 1940s to
the early 1960s), 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 Reglonal Streamflows and Floods

The annual water yield and floods also vary geographically throughout the
system. The spatial variation explains in part why transport or deposition occurs in
particular places within the channe! network. Although the drainage area consisteritly
increases in the downstream diraction 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
occurs at Otowi Bridge, where inflows from the upper Rio Grande at Embudo combine
with the inflows from the Rio Chiima. Downstream from Otowi, additions from
tributaries are small, and the main channel loses water through evaporation,
transpiration by riparian vegetation, irrigation withdrawals, and transmission losses
through bed percolation. Between Otowi Bridge and San Marcial, annual water yield
declines by about 23 perccnt.

The geographic significance of this decline is that although sediment and
plutonium contributions to the main stream increase with increasing drainage areq, the
total amount of streamflow available to transport the materials becomes progressively
less downstream. It may be that the strearn does not use all its available transport
capacily in the northern part of the system, so that it can accommodate the increxased
load, but the downstream decline in transport capacity is one reason to expect storage
of sediments and plutonium within the system betwoen Otowi and San Marcial.

Tho geoyraphy ot annual Hood peaks is not as simple as the water yield
distribution.  Annual floods on the upper Rio Grande at | mbudo and on the Rie
Chama combine to create a minor mroamum at Otowi Bridge (hgure 4.11). The
flood maximum declines in the downstream direction through Albuguerque, but floods
from tho Rio Puerco and Rio Salado create the regional (and probably the basin wido)
main stem maximum at San Marcial ' The Rio Puerco has annual floods that are
sitilar in magnitude to the annual floods of the upper Rio Grande and Hio Chiena,
whilo thoso of the o Salado are similar to Rio Grando floods ot San Marcial, all
despite the relatively smiall sizes of the tnbutarins. The Rio Puetco and Bio Splado
draun semiarid basing thit ek the dense vegetaiion cover of the irger basine, leading
to flash floods that are olten Lwger than those on the nun stem

I Hood peakes tepresent o gross meseiare of the ability of streames to mowve
sediments, o that these dativindiciate acbroadly sumilae abiity to eotean miaternils
thioughout the system the resalt e, that dunng the mean annal flood, seeonimdgly
simall inbutanes can move as mechy matenal as s maoved o the nsun chonnet  Also,
wittar yicld and annual flood magnitude on the man steean ue otten not closely
cortalitod with annuad Sedunent tiansport hecanse of the buege oot of phose
contnbutions of the tnbutanes (Appendi 832) 0 Thiess ancangement wnphes that as
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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. FLUVIAL SEDIMENT
5.1 Types cnd Sources of Data

Althouyh there are numerous aspects of sediment that might be considered in
conjunction \ ith questions related to plutonium transport and storage in rivers, particle
size is the critical characteristic. Information on the size distribution of particles in
sedimentary deposits connects plutonium, sediment, and river processes. The
geography of piutonium depends on the affinity of the metal for fine particles and the
uneven distribution of fine particles in the system. Some general data coricerning the
size characteristics of fluvial sediment in the Rio Grande systern are available from
publisived sources for a few locations, and particularly for the Los Alamos Canyon.'
Recent, previously unpublished field and laboratory irvestigations 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 sainples from deposits of vanous ages near the channels
ot the Rio Grande and tributaries provide a picture of the variability of sediment particle
sizes. The method of analysis included three parts: sample collection, sieving, and
electronic particle analysis. In the sample collection phase, collection sites
represented identifiable sedimentary units or channel deposits.  Technicians collected
thren samples from each site to provide an indication of local variability.  Penctration
of surfaces to depths of b 90 win with a standard cylindrical soil probe provided
masses ol about 120 g each for laboratory analysis — Investigators retained only the
spht of the sample that included those particles with diameters less than 2 mm (that s,
sand size or smalle ).

Laboratory procedures included sioving and electionic counting. Sioving
daded each sample nto masses consisting of those particles lirqger than 63 microns
Loneneter (the sand traction) and those less than 63 microns (tho silt and clay
fraction)  The weight of cach fraction provid. | o standanzed meons ol companisors
among the samples for s study and withy results reported by other researchers,
Analysis ot the st and clay iiacton using a Coulter clectrone particlo analysis system
permitted detoledinvestigation of the frequency distnbuotion of particles in thee,
restricted range The system anai, - tens of thousands of pacticles i acboet penaod
of ime by paveanog a Leer bheam throoqh accontiner filled withh water and sedemont. A
photo electoe deviee detects the ight poscang through the mitare and computer
procesaino of the pesolting wonal provade sontormiation on saees, volomoes, and surfico
areir. of the parhicles,

AL acLuqger eale the Stream agacimeg neawork tor the Northern o Gironade
ncludes weveral pormary satess tor thee collection of btk sodunent data (Fw e 4 2,
Fanle 1) Althoogh there e won eomeacarements and estiates, of edunent
Ayt the Tao Geandde feong the ade TROO- and ey C9005 e most e cora o



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 Survey Water-Supply Paper
series, the computer-based WATSTORE system, and the microcomputer optical disk
system 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.® Suspended materials move within the flowing water,
giving it a turbid appearance. Because plutonium and other heavy metals
preferentially adsorb onte the finest particles, fallout products are most likely to be
associated with silt and clay in 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 at 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 the channel, it losos veloc:iy
and energy, and suspended materials seitle out of the flow. Hence, the flood plains
along the Rio Grande contain mixtures of sand, silt, and clay depending on the type of
materials carried and the energy available to perform the hydraulic work of transport.

U.S. Geological Survey sedimant records for the Rio Grande are almost
exclusively for suspended sediments. Direct measurements for bedioad are rare, so
that estimations for the arount of material moving at the bed musi be based on a
known or suspected atio between suspended load « d bedload.  The total load, i
sum of the suspended and bedload portions, represents the total amount of
sedunentary material moving through the system and available tor contaminiant
transport.

5.2 Sediment Characteristics In the Rio Grande

In torms of patticle size distinbutions, the sediment ain the Northern Bie Grandae
system s highly varable becinise of the soring processes nherent in the deposation
of the matenad (Higure H.2) - Althaugh the mean silt and clay (hero reterred to e "hine”
material) content of all the sinples collectod m this stady wis 29 poercent, sigoificint
viation appeins when the samples aee portitoned aceording to sedraentry
onvieonment (Table 5 1) Flood plan (8 percent sl and cliy) and reservon
scdimaonts (44 percent) along the Bio Greande contaan the maont ino materals fonbotoary
streames diaunineg coarse graamed geolooe outerops have tha deast smoont of tioe
matenal chiannel sedimentss of the Tio Salado hiwvo 7 peceent ine matenals and thosae
in o5 Aliunos Canyon have G poreent (Appendhix ()

Arears o the lood phan near thee Tio Gronde channed alecexstalat o tantial
varaabilty m sedunent charactens e Plhanner. olten concader all the celative!y 1L
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TABLF 5 1 SUMMARY OF PARTICIE SI/ES, SIDIMENTARY DFFOSITS [N THI NORTHERN RID GRANDE SYSTIM.

(DATA FOR PIRCINI BY WEIGHT OF SILT AND CLAY)

River Sedimentary Deposit n min.
Rio Grande Active Channel 19 0.%
Rio Grande Flood Flain by 1 14
Rin Grande Abandoned Single Channel LY, 04
K10 Gramie Ahanduned By avded Channel 21 1 24
Rrvo Grande Har 21 i 4
los Alamos Canyon  Active Channel 14 000
Rio de Frijoles Active Channel ] ! oY
Comty Rewervorr  Slack Water Deposit A 41 00
Rio Puerco Active Channel o
Ria Yalad Acthive Channel i (|
ANl Samplee I 0 no
Noles 2o mmher of sanples

min - mbmymm value
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surfaces near the channel as "flood plain," but the various subcomponents of those
surfaces have different geomoiphic 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
depositional geography different from the geography of fallout-related deposits. Mixing
of sediments from Los Alamos Canyon with upstream materials in the Rio Grande
presumably obscures the differences as distance increases downstream away from
Los Alamos.

The suspended sediment in the Rio Grande consists of about 50 percent silt
and clay as indicated by U.S. Geological Survey gaging records.  Samples collected in
the present study support this generalization, because the slack water sediments trom
Cochitt Reservorr (near the Cadon de Rio de Frijoles, Bandelier National Monument)
which essentially represent matenials settled from suspension in the main river have 45
poercent ines  Bedload for the Rio Grancle s more coirse, with about 25 percent
fines. In the reach below Cochiti Dam, bed matenals have become more coarse after
the closure of the dam in 1974, a change observed in maost channels below largo
dams. Because the dam results in the release of water without its pro dam sodiment
load, crosion of tho channel below the dam causes the ovacuation of iner matennls,
leaving e coaser, heavier particles as an armored layer * The closure of Cochit
Dam caused the median dinmeter of course particles (those matenals with particles
dimaters greater than G3 nucrons all ot the it and clay) i the channel floor
downstream om the dom to merease tom Umm o as much as S5 mm . Botween
1973 and 1980, the "clear water” flow: fram the dam had winnowed the smiller
panticles from the hed for o deimee of about 32 ki downstream from the sttactare
(to o location o short distance upstream liom the demez Tiver) - Post 19RO proceses
iy have oxtended thes armonng etect forther downsteoaan, but stadies o other rivors
show that thete s dehonte ot to the destanco of the iml);u 1. and i other casos tho
unpact has not extended much boyond a tew ters of k'™

The samall eibutanes of the Bio Grande i northern New Moesicos tansport sedimment
loack conar gy of parhicle e Liger than the moin streame - I the o Paerco,
somples collected for the present Stady Show that the salt and clay cantent e, anly
about 2 percent, o hindhing i acprecraent with previoos ainvestigatione, o some ciees,
the trbeton e diaun geotoge formahions thad westhier into coseae detre,, soechae thd
genetdoa by the cocks ot the demes Mounbounes The Fos Abunor, Canyon sy dom
contouny, very ittle <alt and clay o ether the channel o the lood plan (Yable 5 1) The
e Sl ey content of U amplessn the present stady Trome Eos Albenos, Canyon
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near Otowi was about 6 Eercent. a value generally similar to those reported by other
researchers (Table 5.2)."

5.3 Regional Sedime: 't Budgets

The records of sediment transport 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 records 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 diegrams 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 part of the system is that from the Rio
Grande at Emoudo, from the Rio Chama, and from minor tributaries. The total was
more than 2.4 million Mg per year, yet only 1.7 milion Mg per year passed
Albuquerque. The roemaining 0.7 million Mg per year remained between Otowi and
Albuquerque as flood plain sediments and materials in abandoned channels and as
lake sedimonts in Cochiti Reservaoir.

Despite s relatively small size (Figure 3.2) and small annual wator yield (Figure
4 (), the o Puerco contnibutes moro than twice the amount of sediment that the Rio
Grande carnes past Albuquerguo . Under conditions betwoen the late 1940s and tho
lato 1980s, about half of the sediment from the Rio Puerco and the Rio Salado romains
in near channel deposits upsttoaun from the gage at San Marcial (Figure 5.4). Any
plutonium associated with tho sodinents is likoly to have a similiv storago pattorn.

The regional budget for badload is less prociso than the budget tor suspendaod
load, because, except for experimental activitios, there ave no direet measuremaonts of
tho bedload sediment transport. 1 uvial and hydiaahe rosearch sugaosts ratios
betwoeen the two types of load for the various piuts of the system, but tho roliability of
thoso rahios is unknown  Tho estimates of bodload aro likely o be accurato 1o within
an order of magnitude ' Cven tho amount of published rosoarch on tho tivor, in tho
case of thoe Rio Grande tho enor i probably loss than 50 parcont 1 or tho main
steeam, bedioad s 14 pereent of thoe total load, ™ o value that is usoful tor thoe Rio
Chiaunay and the Tho Greande at Olowi, Albuquerquo, and San Maecid - Thore are no
sodimont dita for the Buo Grimdo at Eimbudo, but it cin bo estimited as thoe diforenco
betwoen vidues recorded for the Rio Chama ot Chanata and tha Rio Grando at Otow
The bedload tor the Rio Pueorco s 210 poreent of the total load ' Bedload v 50
prercent of the ot load of 1 os Alunos Canyon, Jemes Baver, sind Bio Salido e G
reasonable assnmption

Fhe regponal bedload budget i somowhat difforont rom the saspondod Duadogot
becanne ol the ove whelmmag mpact of thee Rio Pueteo (Biguee H 5) 0 The narthorn il
of the systeme e awnes elatively ttle Dedload, Dot tho aad and senm and witeeshisd of
the Hio Paore generates Kege sunounts of bodload nutonals, two thaeds of which o
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stored in the near-channel environment once they enter the Rio Grande. Plutonium
associated with releases of effluent into the alluvium of Los Alamos Canyon is
connected to a tiny portion of the regional bedload budget, and if those materials were
to move as far south as the Rio Puerco, mixing wiih bedload sediments from the
tributary would be likely to dilute the Los Alamos contribution to such & great degree
that they would be unrecognizable.

5.4 Time Serles 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 (F' jure 5.6), a regional flood year in which the
Rio Grande as well as local tributaries exp. -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 Marcial, the
record of sediment yield is different because of irputs from tributaries between Otowi
and San Marcial, especially the Rio Puerco (Figure 5.7). The highest year of record is
again 1958, but Iater in the recorad, tributary floods either contributed large amounts of
sediment to the systein or remobilized sediments previously stored along the channel.
Relcases of sediment free water from Cochiti Dam also contributed to increased
erosion ot the channel and near channel areas of the Rio Grande, ' incroasing the
sadiment yiceld of the river at San Marcial and Elephant Butto Reservoir.

Because of the plutonium reloases by Los Alamos National Laboratory, the
sodiment yield of Los Alamos Canyon is of special interest in this study. Using data
from an intermittent gaging rocord on the stroam with precipitation records at nearby
locations, provious researchers calculated the probable sodiment yiold from the
canyon intu i o Grande."™  Bguie 5.8 depicts ther previously unpublished resulls,
showing tho recaord hom 1943 to 1980 Tho stream is less consistent inits sedimaont
yield than the main nver, becaose the tinbutivy is an intermittent stream, driains a
smialler watershed, and lacks a kuge water source aoin ot high cleviation. Tho yoirs
et highe sediment yield from Los Aliunos Canyon (1944, 1951, 1952, 1957, and 1968)
aro out of phase with peaks on the mam stream, beciuse tho 1 os Alamos stroam
responds to local events in the Jemny Mountaing whale the Rio Grando rosponds to
rger scale climatological condtions in the San Juan Mountaing (for oxample,
compive Lgures S5 8 and H 6) - Any plitomom assockuod with sediments m 1 os
Alamuos Ganyon thoreloto untarod tho ma  system sporadically, exparioncing more or
lesiss chlation py mn steesun sediment doepending on the sinneal yield of the fio
Grande tor the particuloe yesu
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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 particuiar 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 Marcial. The reaches of the Rio Grande and the gages
that define them are

-t

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

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

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

H

. Rio Puerco to San Marc'sl, gages at Albuquerque and San Marcial on the Rio
Grande and on the Rio Puerco.

The 1948-1985 record of total sediment (suspended load plus bedload) stored
in the system as calculated from the gaging data for these reaches shows 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 been relatively small, with storage dominating the
system from the late 1950s to late 1960s and then again in the late 1970s (Figure 5.9).
Losses were prominent in {r.e late 1940s end early 1970s. Thus, the years of major
sediment yield from Los Alamos Canyon (probably including plutonium) coincided with
a period of system storage. Thuse variations may be related to flood evuiits,
especially in the late 1950s, when flows spilled out ot defined channels and deposited
much material on fiood plains. The closure of Cochiti Dam in 1973 resulted in
increased erosion by clear-water roleases from the dam, producing the observed
sediment losses above Albuquorque. These losses did not occur in the rocord for the
Olowi-Jemez Rivor reiich, which includes only a limited portion of the channal
impacted by the erosion below Cochiti. The dam affected all of the Jemez
Rivor-Albuquorque roach, so that its record shows the erosion effocts.

The two reaches below Albuquorque had more variablo storage records than
thosa upstream (Higure 5 10). The 1953 flood resulted in significant erosion
and loss of storod sediment, and floods on iributarios affoctod other yoars. Channol
mprovemoents” (levees and channelization by artiticial works) may havo rostrictod flow
and caused soma erosion dunng tho post 1960 poriod botwaen Albuquerqgue and tho
Ro Puorco.  The massive influxes of sediment during flood years on tho Rio Puorco
causo extromo variability in thu rocord for the Rio Puerco-San Marcial reach. Unlike
the roach immaodiately upstroam, its record 1s one of noarly continuous storagjo.
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5.5 Annual Variativn In the Reglonal 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 are 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 Marcial. 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 climatological changes. Because it is in a different
climatological and vegetation zone, the Rio Puerco first increased and then decreased
its huge sediment contributions. Late in the record, the Rio Puerco began to increase
its inputs again. The sediment output from the Northern Rio Grande system at San
Marcial has fluctuated somewhat throughout the record by reflecting trends in the Rio
Puerco, but changes have been less dramatic than those in the tributary.

The generalized sediment budget also shows that between 1948 and 1975
much more sediment entered the system than left it.  Internal storage of sediment by
deposition on flood plains accounts for the difference. This well defined storage
period coincides with the time period when maamum amounts of plutonium were likely
to have entered the systam from fallout and from Los Aliimos Canyon. It is highly
probabie that much of tho plutonium remans inanternal storago in varous deposits
associated with the depositionil period.  For a relatively briet penod after 1975 more
scdiment left the system than entered it indicating evacuation of sedimoents stored in
internal flood plans. Theso remohilized sediments, containing varying amaounts of
plutonium deponding on their ages, woere probably triinsported by tho relatively clear
water discharges from Coctuti Dam, closed inlite 1973, Thoe sediments moved
passad San Marcal to their new depositon site, the pool of Tlephant Butte Reservorr a
snorl distince downstream from San Mivaiad - The general trends shown m Figure
H HE suggest that by tha 19805 ths evacuation process had ended. The reach by
reach budget (hgures H.49, 5 10) sugagests that the 1975 1985 erosion removed only a
small sunount of the totalbmaes of Ssediments stored after 1944

Tho interactions, of the indscape, chimatie, and sedament systeme, that esolted
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in the storage of large quantities of sediment along the active channel of the Rio
Grande created a suite of landforms associated with the river. The next chapter
focuses on these landforms, particularly the channsels 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 landforms 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 landforms adjust to accommodate the new hydraulic conditions (Figure
6.1). The channel often changes its size, shape, pattern, or location in response to
nydraulic 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.! 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 landforms. In the case of plutonium in the Northern Rio Grande, it is necessary
to identify, map, and assign dates to the near-channel landfurms 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 Marcial; 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 landtorms. Topographic maps published by the U.S. Geological Survey depict the
river and its envirors at 1:24,000 scale and serve as base maps for plotting data and
locating specific landforms or deposits. Appendix F provides a complete list of the
topographic quadrangles that show the river from Espanola to San Marcial.

Aerial photographs provide basic mapping information on the location and extent
of landforms and deposits at a variety of times for the reach between Espanola and San
Marcial. 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. Department 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 reprusentative sclection of aerial photography
trom a limited number of sources provided information on river channel change
(Appendix G contains spccific addresses for sources).

In some cases, historic ground photography supplemented the aerial photographic
record of channel changes. These historical photos are more sporadic in their temporal
and geographic coverage than their 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 incluce the Colorado Historical Society,
Denver Public Library, U.S. Geological Survey (Denver), Los Alamos Historical Society,
Albuquerque Public Library. University of New Mexico Library, 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 ali 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 changes in the chanriel and its surroundings. Decreasing amounts
of water have produced a progressively smaller channel throughout most of the river
from Espanola to San Marcial. The shrinkage of the channel has resulted in increased
flocd 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'zd some of the abandoned channels.

The overall character of the Rio Grande changed during the 1940s-1980s period
(Figure 6.2). Prior to the early 194GCs, the channel was troad and
shallow with numerous bars and subchannels, a classic ~ase of a braided stream
produced by high sediment loads, erodible banks, highly variable discharge, and high
amounts of stream power.? As declining water yields, sediment yields, and flood
magnitudes forced 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 Nebraska® and the San
Juan in Colorado and Utah.* The shrinking trend is often directly related to clasure of
dams,® 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 tendency
toward single-thread channels must also derive from region-wide hydroclimatic influences
because the Rin Grande above Cochiti Dam also has contracted, and many other
streams without major dams exhibit the same changes: the Fremont River in Utah,® the
Paria River In Utah and Arizona,’ the Little Colorado River in Arizona," and the upper Gila
River in New Mexico and Arizona.® In the Rio Grande, engineering works have
exaggerated the change and made it more lasting by imposing artificially designud pilot
channels and levees on the system.

As the Rio Grande channel hus decreased in width, it has also been locationally
unstable, moving from one position to another across the valley floor in those 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 in the western United States.'®

6.3 Near-Channel Landforms

Channel shrinkage, pattern change, and migration produce a characteristic series
of landforms 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.'' From a geomorphological and sedimentolcgical perspective, however,
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.'> 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 velocity 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 Grande 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 either 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 sediment. If the abandoned channel is
not completely filled with sediment, it retains its depression characteristics and is a
noticeable interruption of the planar flood-plain surface. If the abandoned channel is
completely filled with slack water sediments, its surface may be coincidental with the
surrounding flood plain, and indirect evidence such as vegetation may be the only
obvious indicator of its presence. Excavation reveals sedimentological variation that
confirms the location of channel and its filling.

Flood bars provide positive reliet above some flond plains. As flood waters spill
out of channels and over flood plains, turbulence in the lee of obstacles such as trees,
buildings, bridge piers, or other structures produces localized ac umulations of debris
and sediment. Usually such foatures are less than a meter high and several meters long,
but if they occur in great numbers as in a thicket or in artificial sediment traps, their total
accumulation can be substantiai.

Near channel areas also includo somo dey.asits not directly related to procossos in
the main strearn -deposits from tributary channels that intarfinger with flood- plain and

relatod materials near the valley margin - In some cases, tributary deposits cover the
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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 Espaiiola and San Marcial, 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 mary 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
flecor 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."®
Flood-plain deposits have finely laminated structures consisting of thin horizontal sheets.
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.'* 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 are 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 fan deposits tend to become more coarse in successively higher layers,'” 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 channel carries plutoniurm
adsorbed to its surlaces, il thal sediment is deposited near the channel during a general
storage period, and if the depositional forms and materials can be explained and
mapped, then it is possible to deduce the ultimate distribution of the contaminant.  Such
knowledge can guide sampling and monitoring programs and can leac to dofinition of
areas of likcly concentration, especially given the affinity of plutonium for fine particlos.

In the Rio Grando system, the differences among flood plains, abandoned
channels, and bars aro clear but subtio to the obsorver on tho surface. Minor variations
in ¢levation, surtace irregularities, minor depressions or ridges, and smail
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Figure 6.3 Cross-sectional sketch of a representative aroa along the Rio Grande noar
Peila Blanca as shown in Figure 6.2.
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scarps, all less than 0.5 m high provide clues to the origin and type of landform 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 particular particle sizes and moisture conditions, vegetation communities
visible in aerial photographs almost always reflect them.

6.5 Distribution of Flood Plains

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 1ch km of
channel lenth 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 active 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 area along the Rio Grande using the following
method.

Step 1: Detine the scale of each frame of photography by measuring the horizontal
distance between two prominent objects that appear in the photograph and on
a topographic map of scale 1:24,000. Convert the map rmeasurement M to the
actual roal-world distance it represents (A):

A - 24000 M
Measure tho distanco botweon the sama two objects in the photograph, and
determine the scale ot tha photograph by comparing tho photograph
moasurement () to the actual distance:

Photo Scale P/A

The scales of photographes ine thes analysis ranged from aboat 1:20,000 to about
1.80,000),

Step 20 Divide the length of tha study river into convenient segmonts, Tho usoful
laindmarks and geomorphic viviation in the Rio Grandoe gonorato 42
segments ranging m length from 2 to 14 lan, with a mean fength of 6.8 ki,
Appendix Dadentifies the segments,

Step 30 Using accomputerized digitizing systeme (Jandel SIGMA SCAN, Version 2 1),
moeasure the length of each segmont (1)
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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 summary diagram.

The results of this procedure for the Rio Grande between Espafola and San
Marcial 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 0 is the Old Espafola Highway Bridge,
and kilometer 313 is the Southern Pacific Railroad Bridge near San Marcic!l. 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 fioor 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. Tha iirst
pron.inent peak is at about km 78, the confluence of the main stieam with Galisteo
Creek. Other areas of extensive flood plain are downstream from the confluence with
the Jemez River (km 97), downstream from the confluence with the Rio Puerco, and
wide valley areas near San Antonio (km 285) and noar San Marcial (km 300).

The active channcl area is much less variable than the flood-plain area.
Boedrock exposures constrict the channol sevorely in a few places, such as at kim 91,
upstream from the confluence with the Jomoz River. The only sogmomnts whero the
channel is wider than the flood plain are those in White Rock Canyon, whore the
channel occupics most ¢of tha available space on the valloy floor. Tho waters of
Cochili Rosorvoir drown tho segmaoents from km 50 to km 66

6.6 Depth of Deposition, 1948-1985

Given from tho rogional sediment budgaet the approximatao aumount of total load
dopositod with tho Northern Rio Grando trom Otowi to San Marcial 1948 1985 and the
aroa ovar which that deposition ocearrod, it is possiblo to estimate tho dopth of tho
doposition on flood plain surfaces lor e 19481985 period. The sedimont tanspon
data from gaging stations is by weight, nocossitating convorsion to voltimao using an
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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 = W/186.

Step 2: Partition the area data for potential storage areas into reaches that match
reaches defined by the gaging data for sc:diment 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 - V/A

These calculations assume an equal distribution of deposition over the available
area, so that they produce only mean values. Field observations 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 suinmary (Table 6.1) shows that in the Otowi-Jemez River and
Albu:juerque-Puerco 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 Cochiti Dam insured the negative value.
In the Albuquerque-Puerco River reach, channclization and levee construction that
restricted the channel and enhanced erosion. The Jemes River Albuquerque and Puerco
River-San Marcial reachos had net gains in storage, resulting in an increase in the
elevations of the s irfaces of their flood plains and channels

In those areas where net deposition occurred between 1948 and 1985, the mean
depth ranged from 0.19 to 0.82 m. The overall avorage from tho entire river trom Otowi
to San Marcial was 0.53 m. Assuming the local variability to be within a factor of 2, tho
expected range of depths is thorefore about 0.1 to 1.6 m. Detailed surveys of sclocted
cross soctions botwoen Cochiti Dam and Isleta Lhversion Dam south of Albuquerquo
confirm those estimates.'" Tho importance of these estimates lor the analysis of
plutonium storago is that almost all plutonium in the system muast havo enterod the main
stroam during this penod of record. Itis therefore associted only with tho sedument
stored during tho same penod, and thit sedunent ocears in deposits thit average less
than 1.6 m doep  Given the tendency of plutomum not to nugrate vertically within soil
profilos, itis likoly that tho contauminant stored i flood plaings along tho nver is within
about 1.6 m of tha surface  Local distnbution of the materals may be strongly mfluenced
by enginooring works, tho subjoct of the next chapne .
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TABIL 61 SUMMARY OF CALCULATIONS FOR MIAN DIPTH OF M POSITION ©F STORID SIDIMINT,

Otwo: Jomer diver Albuguerque R. Puarca -

Jemes Ryver Albuguerqgue Rio Puerco San Marcial
Weight of Stored Sediment (tons) 2.8, 71) 12,919,299 70,643,459 270,311,677
Weight of Storwd Sediment (#qg) 7,4/72.821 11,720,180 18,736,917 199 884 857
Yolisme n! Deposition {(cu 1,540,510 1,425,244 11,710.%/73 124,428,013
Area ol Depoxition (sq m) 29,9y _RoOO iR, 166,400 hi, 143,400 151,245,700
Bepth of Stored Sediment  (m) 0 046 0 19 0 2014 0 8260
Anual Rale of Sulhimntation (imfyi) 0 144 0 186 0 L4l F e
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Figute 7 1 Engimecning works near Cochite Paeblo have produced protound changes,
to tha Fio Grandoe  Abovo, looking oant acron s thoe crost of Goctitr Diversaion Dam
about 19345 (Unknown photographor, Museuam of New Meaco Photo 99142) 0 Below
ok weet acrores the site of the divm o the apper photooeaphan 1900 The sl
diversion works ebinetged be o the resaetvenr nnpocined e by Cocbute Do, the Lege
flood control Shore tomes by e et fe ol te vy (W L Gaeal Photor 100 1Y)



CHAPTER 7. ENGINEERING WORKS
7.1 Historicai Background

The hydrologic, sedimentologic, and geomorphic processes of the Northern 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 departure from the natural one.’
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 in the engineered channel, reducing its efficiency and
raising its bed. Abandonment of previously active minor 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.?

The first engineering structures on the Rio Grande probably appeared about
1200 A.D. With the collapse of irrigation societies in the Salt and Gila River Valleys in
Arizona and in tributaries of the San Juan River in Colorado and New Mexico,
migrants moved into the Rio Grande Valley.® By the tire of the Spanish incursions in
the middle and late 1500s, the native population had developed extensive irriqation
systems alorg the entire Northern Rio Grande to support numerous pueblos.
Diversion works on the main streaim 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 the 1500s aind lator produced more
extensive canal systems on flood plains and terrace:: near the river, with an extensive
legal systam for water management.® Sti*, the impicts on the main river channel were
probably limited. Hispanic settlers and later Anglo-Americans who arrived in greater
numbers after 1848 did little to improve upon the Pueblo dwellers' efforts to control the
main river until tho Iate 1800s when diversion structures became more numerous and
olaborate. Irrigated acreage expanded until about 1880.

After about 1880, irrigated acreage declined in the Northern Rio Grande
because of drainage problems in the ficlds and because the river was aggrading.®
the aggradation resulted from at least two causes, changing hydroclimatic conditions
and crosion of tnbutaries  The ke 1800s was a timo of increasingly intense raintalls
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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 gensral increases of sediment to
the main stream which was unable to transport 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.? Problems associated with controlling the river,
establishing useful diversior s, 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,
Isleta, and San Acacia as well as 290 km of riverside drains and 260 km of interior
drains.® 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 alighment 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. Rooselvelt, several federal and local agencies
conducted investigations of the Rio Grande during the late 1530s. The U.S.
Department of Agriculture evaluated the consumptive uses of streemflow along the
main river and collated the available flow, consumption, and crop data.'® These data
supported 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.'’ The
committee report included detailed rmaps 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). Aithough the 1930s investigations provided data and
recommendations for extensive engineering and control structures, the advent of
World War |l 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 the aggradation, continued, especially during
floods. In the Albuquerque area, a flow of 25,400 cfs in 1941 and 24,200 cfs in 1942
caused 27 breaks in the poorly constructed levees.'? In cenjunction with the Flood
Control Act of 1948, the Corps of Engineers and Bureau of Reclamation surveyed the
river's management problems and began attempts to stabilize the channel and reduce
inflow of sediment.™ By 1962, the agencies had rehabilitated the drain system,
strengthened levees, built conveyance and pilot channels, cleared vegetation, and
installed sediment traps.'* Cochiti Dam on the Rio Grande and several other dams on
tributaries provided additional flood and sediment control by the 1970s. These
structures now function as part of the river systern, and they partly contiol the fate of
plutonium in tho system.
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7.2 Channelization Works
' 4

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 Northern 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 thieir slopes, and they often carry unpaved roads
on their upper surfaces. They are easily eroded if channel migration forces flood flows
against their outer banks. Engineereci 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 channeis conduct low flows 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 may
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 flooawcy "~ the most desired alignment.

Finally, structures introcuced to the cha .2l and flood plain area between the
lcvees may artificially stimulate sedimentation, providing protection tor the levees and
stability for the channel.'> The U.S. Army Corps of Engineers attempted to use pile
jetties to protect levees in 1944, but without success. The jetties ciwsed turbulence 1
flood flows that scoured the channel bed and removed the ietties. Between 1953 and
1962 the Corps installed jetty fields made of Kellner “jacks."'® Developed for small
Kansas streams and first used oy the Santa Fe Railroad in the Rio Grande system in
1936, these jetties consisted of jacks made ot connected lengths of steel rail and a
lattice work of wire. Lables connected the individual jacks to sach other and to
anchoring posts outside the active channel area. The jacks create enough turbulence
in flows to cause sedimentation, but at high discharges their porosity and flexibility
decreases scour. Since the early 1950s, river management agencies have placed jack
fields in those areas where the development of new channel is undesirable, leaving the
preferred channel arcas free of jacks. Field reconnaissance shiows that by the late
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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 Espafiola 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 restrict 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 supplemerit channelization efforts,
while in the vicinity of Bernardo a conveyance channel removes all the flow of the river
dunng low discharge periods. A pilot channel appears in several reaches south of
Albuguerque. All the major channelization works that presently affect the river have
dates of completion between 1850 and 1962 (Figure 7.4).

The success of these efforts 1s problematic. While the jack fields have
successiully stimulated moderate srimentation, declining flood flows during the later
period of record suggest that sedimentation might have occurred in any case.
Vegetation maintenance for the protect:on of levees has produced dense riparian
forests in some areas. but clearing of pilot channels has been expensive and in some
cases ineffective. In the Albuquerque area, for example, the original floodway design
was tor conductance of discharges up to 42,000 cfs, but present conditions of channel
filing and vegetation growth probably restrict capacity to less than 25,000 cfs, and
c'sewhere the original design capacities were 20,000 cfs, but are now only 10,000
cts ' The sedment (with its adsorbed contaminants) that is stored in these reaches Is
part of the explanation of the regional plutonium budget.

7.3 Dams

North of Truth or Consequences the Rin Grande basin contains thousands of
minor retention works for erosion control and stock water development. Thirteen
large structures duectly attect the flow of the nver and ts sedimentary load (Figure 7 5;
Table 7 1)  The large sttuctures are procucts of three distinget eras of dam
conutruction  an aguesitural development penod in the 19105 and 1920s, the Middle
Rio Gronde Conservancy Distnet penod (19245 1936). and the Middle Rio Grando
Project years after 1944

In the northern pare ol the basin, agreuitural development in the San | uis
Valley  Colorado, stmulited the construction of several dams in the 19105 Although
mdradunle and corporations estabhshed irge numbers of artesian wells in the valley,
veater from the nver also contnbuted to a land wwvestment boom early in the century '™
Violey based water dintnets constrgeted danis ain the San Juan and Sangre de Crsto
Mountuns o store e censy spong ranolf for release dunng the summer diy penod By
s e dame i moantam loc atioees influenced the apper nives™s hydrology by
redoe g the spnneg flood peake and extending low tlows at hnoher discharges into
sumrncr menthe ater cortroctien addbed oo seventh stactiee
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Figue 73 Sand and gravel muning in the Bio Crande near Otown Boedage mtrodo e,
signhicant changns n channel geometry o TS5 (Fos Alamos Histote al Goeget,
Phaaty #FEC 1T LU )
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TABLT 7.1 MAJOR DAMS [N THE MORTHLRN RIO GRANDE SYSTEM

Date Dam Stream Capacity Capacity
(ac 1) (cu m)

1910 la Jara la Jara Creek 14,100 17,189,000
1911 Sanches Culbebra Craek 104,000 127,214,000
1917 larrace Alamosa Creek 17,700 21,651,000
1913 Rio Grande Rio Grande 51, %00 63,000,000
1914 Santa Maria Gooseherry (reek 42,000 51,374,000
1916 I Tephant Hulte Rio Grande ?.,1%4,000 7.,6.14,000,000
1928 Cantinental Nerth Clear Creck 76,700 47,679,000
19.4% 11 Vado R1o Chama 194,700 /741,000,000
191 Platoro (onejos River 60,000 14,397,000
194¢ Jrmes Jemer River 111,000 1.19,24%0,000
1961 Alhquin Rio (hama 1,771,000 1,491,000,000
1e70 fialisten talisten Conek 70,600 110,770,000
19714 Con i) Ria Grande ho/, 100 14, W7 ,000

Notes  Data tvom International tommssion on High Dams (1979) amd Nermel
(1) Dates tor dmibral closure, several stiac b es subsequent Ly soda £ ied
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During this early period, attempts to control the flow of the river in central New
Mexico resuilted 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.'®

The Middle Rio Grande Conservancy 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 the headgates of extensive canal systems at
Cochiti, Angostura, and Isleta. tLocal interests had ccnstructed a diversion work at San
Acacia in 1920, so that taken as a group, these four structures constituted a firm basis
for irrigation withdrawals. El Vado Dam on the Rio Chama provided further control of the
spring melt flood in the main stream. In the iate 1950: the Bureau of Reclamation and
the conservancy district agreed to an arrangement whereby the bureau assumed
management control and maintenance of the structures.’”

After World War |I, 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 sedimcint control. Because of the
high-value urban investments in the Albuquerque area, the benelfits of these new
structures emphasized flood protection for the city and sediment retention to prevent
channel aggradation through the metropolitan area. Jemez, Abiquiu, and Galistco Dams
on large tributary streams perform sediment control functions as well as preventing
catastrophic summer flash floods.

Cochiti Damn, closed in Decomber, 1973 on the main stream, is the primary flood
control structure for the Albuquorque area. Built ncar the site of the old Cochiti Diversion
Dam, the new structure has a permanont pool that fluctuates drastically in rospon:a: to
annual inflows. Normal storage in the early years of the reservoir's history was abowt
55,000 ac ft, but in the spring of 1979 high runoff tfrom the uppor bagin loft 189,000 ac ft
in the pool.”’ During the mid-1980s, a sorios of floods brought the reservoir close 1o its
capacity of slightly ovor 600,000 ac it The resorvor also stores hugo quantities of
sediment that otherwise would be doposited on fload plaing and in channel areas south
of Cochiti.”’

7.4 Implications tor Plutonium Maobility

Tho oxtensivo enginooring works in tha Rio Grande system alter the natural
behavior of the rivor and influencns the mobality ot plutomium by changing the sedimaent
transport procosses.  Becauso most of the plutomum n the systemoas attached to
sodiment, the tate of sediment is also tho fiato of the radionuchdes | igimeenng workes
partly controt tho location of daposition, and they theretoro also partly control the sites or
plutomum storagoe in tho systom

Channolization works that focus the descharge into predoetermumed alignoments,



generally have higher 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 such 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 zones are
relatively narrow, but elsewhere the accumulation areas occupy substantial portions of
the valley cross section belween the levees. Width of this accumulation zone may be
more than a km, providing primary storage space for plutonium-bearing deposits that
are almos! always associated with riparian forest. Detailed mapping of these zones
and precise dating of the implantation of the deposits can therefore inform on the likely
distribution of plutonium in local areas along the river.

Dams have a major impact on the mobility of sediment and attached plutonium
in the Rio Grande. With the exception of Platoro Dam on the Conejos River, all the
mountain reservoirs were in place before plutonium entered the drainage system.
Fallout plutonium eroded from mountain slopes is likely to be stored within the
mountain reservoirs, and the only fallout plutonium entering the lowc: reiaches of the
river (south of the Colorado-New Mexico boundary) comes from those slopes
downstream from the mountain reservoirs  Tho possible impact of this arrangement
on the regional plutonium budgaet is unclear, becauso the reservoirs contain water,
sediment, and plutonium trom tho alpine zones whoro input of fallout is likoly to be
greatest.  The sediments of Rio Grande Reservoir contain rolatively high amounts ot
plutonium as a reflection of this process.™  Alternatively, the mountain drainage aroas
downstreaum from the dam sites are larger than those upstream from tho dams and
thur pools - Without further research, the specific plutonium contributions of theso
areas are unclea

Do and reservons on tnbxutones of the Rin Grande that are not in the hagh
mountiuns trap sedimenty from indscapes that probably do not receive as much
follout as the alpme sones  Oceasional sampling of tho matenals stored in Abiguig, 1
Vadao, and Pliatoro Rescrvons show plutonium: concentrations lowar than thoso in Rio
Grando Reservor (Environmental Surveillaines Group, 1987 1989) “* - The total amount
of platomum stored an the low elevation tibutiny reservoirs may cventunlly excoed thn
amount stored n the alpine teservons, however, becaosa tho tnbuticry pools draun
Lndacapes that produce more sediment

Cochutt Reservor 1 especially sigoihicant for the analyses of platoncem mobilbty
Hecavse ol it e and iocation ity capability to store almaost all the sediment thid
cnters the ke make Coctutt Res.ervor the glimate storage ste for alimost all nver
sedhment genwetated ey the bavan north of Gactule - The loeation of tho daam on tho man
stom of the Fio Grande doweeteeam frome ot Alonaon National abaratorny insores thi
the sedunients of the resetvor store plutomiame from hoth fallont and laboratory
someess Before Decembies 19738 the platommmem oiver sediment could be stored
actoss thoreands of soae Bdometers of flood plivnes and could be diuted by tnbatiny
nechments frone strearmes sonth of Cochube ncludmeg the Galeteo Greek, Jomes Bivor,



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 Reservoir.
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CHAPTER 8. RIPARIAN VEGETATION
8.1 Riparian Vegetation Communities

The interaction among water, sediment, landforms, and human environmental
manipulation on the Northern Rio Grande have produced a distinctive assemblage of
plants in the riparian (or near-channel) community. Fluvial landforms 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 susceptable 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 ot 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 undergnne considerable
geomorphic and vegetation change since the early 1800s when chaniel margins were
the sites of bogs, lakes, abandoned meanders (sloughs), and marshes (Figure 8.1)."
Most maijor rivers had broad, sandy channels with braided configurations and
meandenng low flow channels.? Even smali tributaries had marshy areas created by
beaver activitios.® The riparian vegetation onginally evolved in association with
frequent extensive flooding (White, 1979; Rupp, 1982). Removal of the beaver, gully
and arroyo development, land management schemes, climatic change, and the
construction of dams changod the stieams into single thread or compound chinnels
with reduced overbank flooding

The Rio Grande's recent history s typical of the kuger region except for the
extensive recent engimeering works that restrict the active channel and flood plains.
There are few detaled desernptions ot the channel and ripanan vegetation betore major
human impacts, but most general conuments from first hind observers indicate that
the Northern Bio Grande was broad and shallow, with meandaring subchannels
frequently aitered by flooding.® After channel migration, cottonwood, willow, and cattail
colonzed newly exposed alluvial surfaces.”  Early in the twentioth century, cottonwood
groves near the nver ranely developed trees more than about 10 m high before
renewed channel change destoyed them . As elsewhero in the Southwest, a high
water table exiested close (o the nver, creatmeg manshy conditions and Likes, rngation
contubuted to thes nataeal condition until the Middle Bio Grande Conservaney Distrct
cnginecting work n the late 19905 and 19305 Poor o tho engineering work, lakos,
minshes, wet meadows, and i nixed woodland (including cottonwood and willow
treens) iinged the nver, but alter the construction, the lakes, maeshaes, and wot
tmeadows disappe:ared - Willows, onee a conimon oo torm everywhera in tho niparin
covironment.™ also disappened except for small scittered shegby
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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.® Spring fioods were smaller than previously, moderate
fiows 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
(Eleagnus 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 Mediterranean region, was part of an international seed exchange
prcgram and appeared in Southern California nurseries as an ornamental plant in 1852.'°
By 1900 the plant had escaped cultivation and grew along sand bars and channel
margins of the major rivers in the Sonoran Desert.'' It spread throughout the Southwest
between 1800 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).'? The plant's prodigious production of airborne
seeds, long germination period, and rapid growth allowed it to compete favorably with
native 1t:r‘ees in colonizing newly stabilized sandy or silty surfaces (Potter, 1875, Everitt,
1980).

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. '
Like tamarisk, russian olive colonizes newly exposed river deposits where it grows well in
shade and invades existing woodlands.'® By the late 1980s, russian olive commonly
occurred in linear groves along the margin of the 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 were eight primary
community types.'® Cottonwood (Populus fremontii S. Wats.; Populus fremontii var.
wislizenii [Torr.] S. Wats.; and Popul ss angustifolia James) dominates three of the most
common riparian communities. In the cotton~vood/coyote willow community, coyote
willow (Salix exigua var. nevadensis [Wats ] Schneid.) is the most abundant understory
plant, but tamarisk, russian olive, and seeswillow (Baccharis saiicina) are also common.
Grasses and forbs complete the ground cover.

The cottonwood/russian olive community has an understory consisting almost
exclusively of russian olive or, in the area between Espaiiola and Albuquerque, of Now
Mexico olive (Forestiera noemexicana) without herbaceous growth. The
cottonwood/juniper community also lacks signiicant herbaceous growth, and instead ot
olive, the dominant understory plant 1s one seed juniper (Juniperus monosperny).
Russian olive communities, whetein the olive trees dominate in narrow strips along the
main river channel, include a fow secdings of other troes  Tamaurisk conumunities oceo
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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
latifolia) and bulrush (Scirpus 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 surfaces,
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,'’
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 landform 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 sedimentary fillings.
Mapping vegetation is often more efficient than mapping the landforms 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 closely tied to the distribution
of near-channel landforms through historical associations, influence of fluvial processes,
the variation in sediment characteristics, and the availability of grourd water. The river
channel creates and abandons portions of the landscape tixat then 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 doininated 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 1950s when tamarisk had successfully established itself
in the region.

In addition to the temporal factor, river landforms and processes also directly
influence vegetation communities. Cottonwood often grew along the margins of
single-thread channels before the invasion of tamarisk and russian olive. When the river
course changed, abandoning some single-thread channels, the cottonwoods remained
along the alignments of the previously active water courses, resulting in lines of trees
across flood plains covered with othor voegetation types (Figure 8.3). Vegetation
communities respond to flood processes as wall, so that flood plains frequently
inundated by fast flowing water are likoly to have flood-resistant plant types
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Figure 8.2 Forms and riparian vegetation on the Rio Grande flood plain near Santo
Domingo "ueblo, showing a minor abandoned channel across the toreground covered
with grass and sedges, with tamarisk and cottonwond trees in the background along
what was onca the bank (W. L. Graf Photo 76-24).
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higure 83 An abandoned channel ined by cottonwood trees in the Rio Grande flood
plain near Santo Domingo Pueblo (W. L. Gra: Photo 76-21)
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such as tamarisk or willow rather than relatively brittie hardwoods such as elm or
cottonwood.

Fluvial 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 $2ils, and so is most likely to grow on flood plains rather
than on coarse bar deposits. There are limits to th.s 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.'® In most areas
near the channel of the Northern Rio Grande, the water table is within a tew 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 vwhere ground water is forced
close to the surface by obstructions, phreatophytes may gain a competitive advantage
over other species. Near San Marcial, for example, a basalt flow constricts the river
channel and the groundwater flow, forcing it close 0 the surface. Tamarisk, an
aggressive phreatophyte, grows so densely there that it excludes almost all other
species.

An ecological sampling scheme reveals the general nature of the geomorphology
and vegetation connection. The following procedure provided a census of tree-forms 2
m or greater in height from 32 sample plots scattered throughout the Northern Rio
Grande.

Step 1. Select a starting point for the plot in a representative landform- sediment area
such as a flood plain. bar, or abandoned channel

Step 2 From the starting point, define a straight sample line \n a random direct:on for a
distance of 100 m

Step 3 Define as tha sample area the rectangie outlined by the area 1 m on both sides
of the sample line, resulting in an area 100 x 2 m

Step 4. Identity and tally all woody stommed plants 2 1n or greater m height within the
sample area

Of the 1,985 trees identiied on the 32 plots, 66 percent were tamansk, 10 percent
willow, 9 percent cottonwood. and 8 percent russian olive  The remaining /% were
saltbush (Atriplex canescons), Rocky Mountam maple (Acer glabrum Torr ), Amenican
elm (all juverile. Uimus amencana | ), red mulberry (Morus rubra L), and sagebrush
(Arterrusia tricjontata)

Data bhom each plot including soil samples and dentication of the fluvial lindform
pormit A tost of tho associatons among the four most abundant species, sedimeont
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particle size, and landform (Table 8.1). The tree densities on the sample plots ranged
from about 3,300 per sq km (an open stand 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 occurrir.g along
abandoned single-thread channels. Willow grows on flood plains and in abandoned
single-thread channels where fine-grained materials 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 identify active channel areas and bars Flood plains have a
mixture of species similar to the mixture growing on abandoned single-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 ccnnections between veyetation visible in aerial
photography and the less visible underlying landforms with therr sedinent The result 1s a
rapid and efficient method of mapping large areas in the search for hkely sites for
deposition of plutonium.

8.3 Dating Deposits With Vegetation

Once dentified, landforms and bodies of sediment that nught contain plutonium
must have a specific date of ongination to permit assessiient of ther potential as
plutonlum storage sites. Because plutormum entered the river system only after 1944,
i”dentiftving the mapped deposiis with post 1944 dates is the method tor connecting tho
deposits to potential plutonium loading. In tho present study, information from aerial
photography and tree ring ages provided dataes for tho deposits

Since 1935, aenal photegraphic coverage of the Northern Rio Grande has heen
fraquent enough to permit the assignment of @ specific date of ongmation to most
sechmentary bodies and landforms created dunng that time  Because the mayor channel
changes occur dunng large floods, the year of most likely change s usually obvious even
it the penod between photograpghic coverage tor a paricular areans three or four years
In o few cases, ground photographs or documentary evidence further nartows the range
of possible dates for the landform and sediment body in question



TABLE 8.1 VEGETATION DATA fROM SAMPLE PLOYS, NORTHLRN R1D GRANDI .

2 X ] 3 lotal

Reach HMap Unit Landform Tama- Cotton Russian Willow Count

risk Wood live per km'
Otowi 18 Acitve channel srige 3 75 16 0 53333.44
Otowy F{} Aband flood plain 0 18 a? 0 110000.70
Buckman 2B Aband slough B84 0 11 0 150000.30
Buckman 78 Aband slough 94 0 4 0 140000 20
Buckman k] ] Aband flood plain 9A 0 ? 0 363134 00
Pef\a Blanca 4A Aband channel 0 100 c 0 3133 34
Pef\a Blanca 48 Aband flool plain 74 76 0 0 45000.08
Pefa Blanca S5A Older aband channel 0 7 0 0 1166& 69
Caronado 7A Aband channel 0 4] ! 45 10000.14
Caronado k1) Aband Lravd channel 11 4 15 A 43433 42
(oronado JA 0lder aband channel 4 17 ? X [ LEREIRY
Loy Griegos 7A Abhand channel bh | } 24 144000 20
Los Grieyos 7B Aband flood plam 0 t0 0 0 74000 0%
los Griegos JA Older aband channe! hl 11 11 26 LLARRILY
| os lunas 78 Aband « hanne| 1] !, | 4  ?l1Rs°4 10
Los Lunas JA Abaned brarvd ¢hannel H0 4; L} 0 40000 0/
{os Lunas JA Ahand hrard channel ()] K] ! 0 2H000 04
San Geronimo 1A Active channel edye I 0 KN 0 an000 1/
San Geronimn 7A Aband channel A" ) 0 0 10000 20
San Geronimy 7A Aband thannel 100 0 0 0 hhhh OR
San Geronimo AL Aband tlood plain 100 0 0 n IRERRENIN
San Geronimo 7H Aband f1ood plan 94 0 A fn Ithits RO
Cham 7al IR Alrve flamd plamm 0\ n ] ! nnnn 14
(Chami zal ) Ahandd bravd ¢ hannel ;0 yl 0 1) shenn ney
Chami 7al il Aband ool plan na L n L PR RN
Chami zal Pill Abandd tlagnd plaw " 11 n 1 henno 14
Chami zal U Aband Hood plan n ~A 0 n thoan ol
Yan Martial 1A Atrve channel edge U1 4 n n iy 1o
“an Marival A Al « hanne| N ] 0 1 BTN A
Yan Mariial Al Ahand tlaml plam ) I 0 N ) 2hann o
Yan Marcial A Oledey ahiand « hannel hi 1 g 4 nmnnon 1
San Maiial \ Obcdes aband har 100 ] h 0 hwbanj g

Notey Reaches and obaervation um s beyed 1o geemarphtc maps tn Chapters 10, 14 aon 14
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For those few features remaining in question and for small areas examined in the
field, the vegetation itself provides a minimum age for the landform 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
Russiar olive 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.'® When exposed
with a Swedish irncrement borer, a drill that extracts a cylindrical sample of the tree in
cross section 1.5 m above the ground, the ring cnunt 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-consuming, 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 circurmnference to age. Figure 8.5 shows the connection between
circumference and 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 present
study. After this initial calibration effort, the circumference mea:.urement and the statistical
relationship shown in Figuro 8.5 provided estimates of the ages of cottonwood trees on
the Northern Rio Grande flood plains.

8.4 Vegetation as a Radionuclide Reservolir

Theamportance of nparnan vogetation in tho analysis of the plutonmum budget is as
an indicator of the location and age of bodios of sediment that contain the contaminant
Tho vegotation itsoll is probably not a signiicant reservorr of plutomium in companson to
tho amount storoad i sediment - Although plutonium occurs in plarts with greatest
quantitics in toots,™ thn total amount associatod with biosystoims is rolatively limited ind
does not approach toxc proporions ™ As with other hoavy metals, the amount of
plutoniom tound in sonl and sedimer:t s 10,000 to 100,000,000 times greater than the
amount found - associted plants ™ 18 theroforo reasonabie to disrogard npanan
vequtation as o sigoiicant compenent of tho regional plutonum budeoget

The nngs n npanan trees may, however, contin useful mformation aboot
plitomunmon shadlow ground wate: - Many cottonwood trees near tho activo channel of
the Bio Grando m tho Albuquerque sueic havo nngs for tho years 1965 and 1973 with
destinctive red coloraion Only thosio trees close to tho channel hava theao easly
rocogqoied nngs that may contan an oankoown matenal deawn from the water dunng thoe
dovelopment - The year 1905 and 1973 had annaal oodss sigoihicantly Eager than othor
yeors durmg the 1959 1978 penod, but the reason tor the colotation s 1ot elog
I vatuation of indwvidhoal ninees for the ther chenneal o racdionaehioe comntent nug 8 reveal
atme senes ol contarmuant cone enteations e dhallow grouand waterin thhaose trees, clore
o the channel Suach anonvestioation e boyond the seope of the present wark
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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
seciment. 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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PART 3. THE PLUTONIUM SYSTEM OF THE NORTHERN RIO GRANDE
CHAPTER 9. SOURCES OF PLUTONIUM IN THE RIO GRANDE
9.1 Inputs From Fallout

The water, sediment, landform, 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 Laboratory 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 sysiem 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
atmosphere--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, tropospheric,
and stratospheric.’ Local or early fallout occurs within a day ot the detonation, and
consists of particles 100 200 microns in diameter (fine sand) transported in the lower
atmosphere and deposited within several hundred kilometers of the site of the
explousion.

Finer particles triwvel greater distances and disperse over greater areas.
Tropospheric fallout occurs within a month of the detonation, aind consists of particles
less than 100 microns in diameter (mostly silt sized) transpoited in the lower
atmosphere.  The global atmospheric circulation transports tropospheric fallout around
tha world in a bind about 30 degrees titudo wide, centerad on the site of the
explosion. Most of the troposphence fallout delivers plutonium to the ocarth's surface in
precipitation events, with only about 10 percent ocourring as dryfall.”

Stratosphenc Lllout requaees several years to return to the surfaco and consists
of pauhicles less thn 10 nycrons i diameter (mostly clay sized) that tho explosion has
mjected above the tropopause into the stratosphera - At these high altitudes (groater
than 10,000 m), global atmosphaernic arculation distributes the material throughout tho
henmsphiere of the ongueaiatingg detonation. Only m unusual crcumstances when tho
drect mpection oxceeds 21,000 mon altitude does the circalation system transport tho
malenals across the equitor

FThe Motthern Bio Grande watorshed haes probably receved npuats of all thieeo
fypes of Lallont Foaly Tallont ftom detonations ot the Nevadie Test Sita miay havo
reached the SancJuan Mountames aind troposphienc oot cetzunly did beciuse tho
o Grande e, the conter of the bitudoal belt contauning the test site
Steatosphiene falloat hoes been geeatest m the notthem hemephere where the magonty
ol atmosphene detonations, ocearred, o that the Pao Caonde baes also received npuots



from this source. The maijority of detonations at the Nevac.: Test Site were at times
when the prevailing wind was frcm 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,” so that it is likely that the river 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.°5 Most plutonium from satellite debris is likely to be in the form of trorospheric
and stratospheric fallout with hemisphere-wide distribution and latitudinal bands of
higher concentrations. Weapons accidents such as crashes of aircraft 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.” 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 per sq km for
piutonium 238 and 0.01 mCi per sq km for plutonium-239,240) in the 10 degrees of
latitude surrounding the South Pole.® The maximum is in the band between 40 and 50
degrees North: 0.079 mCi per sy km for plutoniuin-2338 and 2.2 mCi per sq km for
plutonium-239,240. In the latitudinal band containing the Northern Rio Grande, fallout
has been 0.042 mCi per sq km tor plutonium-238 and 1.8 mCi per sq km for plutonium
239,240.

Atmaospheric detonations that have contributed fallout plutonium to the surface
have occurred irreguiarly since 1945. Figure 9.2 shows the time series of all known
detonations, except 18 tests in the former Soviet Union between 1349 and 1958 for
which there are no exactly known dates.® The arnount of material injected into the
atmosphere by each individual test depended on the altitude of the burst, ground
conditions beneath the burst, local weather conditions, and the nature of the exploded
device, but the overall trends indicate the probable general plutonium loading of the
atimosphere and resulting tallout.

The importance of the fallout time series is that inputs to the Northern Rio
Grande surtaces were greatost during the late 1950s and 1960s. The years of
maximur., number of detonations were 1958 with 96 and 1962 with 81 A moratorium
on atmospheric tosting resulted in no detonations during 1959 and mer f 1960 The
Partial Test Ban Treaty became ellective August b, 1963, and therealter the Unitod
States, the Soviot Union, and thg United Kingdom confined testing to underground
sites. A composite time sorios for plutorum falloat from thoso tests does not appear
in the genoral litoraturo.  However, the plutonium fallowt probably followed a trend
similar to the time sorios for strontiom 90 which was also produced by tho
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detonations.'® Strontium-90 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 part of the soil erosion and sediment transport system. “The movement
of these...materials determines the fate of the radioactivity.”'' 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.'? 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’:mated 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
vagetated Southwest. If the average fallout deposition on landscapes had been 1.0
« :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 rivers.

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 naticnal average (Table 9.1). The value of their
"concentration index" for the Rio Grande, a measure of the concentration of plutonium
on sediments in fluvial transport, 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 value is
the same order of magnitude as values reported for reservoir sediments in the system.

Foster and Hakonson's analysis contained a theme central to the present
research. They estimated that, in the Rio Grande systemn, more than 99 percent of
sediment eroded from the landscape remains in the river systom ovor a 20 year
period, and that because the fallout plutonium is almost all attached to that sediment,
more than 99 percent of the fallout also remains in tho system  The empincal ditain
the presont work indicates that tho tigure is probably 98 percent.  These high rates of
storage provido two important conclusions regarding plutomium in the Northern Rio
Grande:

1. The distribution of tho stored sodiment and plutorium is highly viriablo
goographically, with concentrations kely to occur in some places but not
othurs.  Thue purpose of tho prosont work 5 to define this geography

2. Thu fate of plutonum released by Los Alamos National | aboratory into thoe system
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TABLE 9.1 PLUTONTUM AND SEDIMENT PROCESSES IN LARGE BASINS

River Basin Average Percent Enrichment Concen Percent

Erosion Sediment Ratio tration Plutonium

Rate Stored Index froded n

(kg/uq m/yr) (sq m/kg) 20 Years
Hudson 0 36 97 4 ? 16 0 01?5 0271
Savannah 0 36 99 5 283 0 0070 0 15)
Miam 0 83 97 0 ?2 14 0 0090 0 4n
Ohio 0 r8 94.4 7 40 0 nli6 0 604
Tennessee 071 94 0 ? 50 0 0111 0 44
Upper Mississippt 10/ 9/ 9 28 0 0064 0 434
Missoury 071 a% 1 ¢4 0 0044 0 46]
Total Upper Missivyypm 0 a7 oo 4 ? 48 0 0040 0 4lH
Arkansay 0 &7 98 ) ¢ 0nii4 0 4Rt
Lowrr Missisoappy 0 84 92 ! ? 0 004l 0n w7
Total Miasisvipm 0n 9 ? /2 Nl 0 0044 n a/h
Rio Grande 077 U L) 0 a1 0 %70
Colimhia 0 98 7 ? o 0 0141 0 76)
Mean Q70 a7 /W) 0 o/ 0 41l

Note  Data and ralculations based on data foom Toster and Hakonson (1904)
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must be the same as the fate of the fallout plutonium. Therefore, almost all of
the plutonium from the laboratory is, like the fallout, still in the system, mostly in
river «Jeposits.

The estimates by Foster and Hakonson necessarily contained significant
simplifying assumptions.'* Although they recognized that plutonium concentrations in
non- agricultural soils declined exponentially with depth, for purposes of 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 fallout plutonium) losses from soil to river
sediments was 50 percent greater in the year after fallout than in subsequent years.'®

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 plutonium in the Northern Rio
Grande occurred at a maximum rate during the 19G0s, sedment deposited along the
river during that period are likely to contain the greatest amounts of plutonium.
Because loss from soils to river sediments was greatest in the years immediately after
the fallout occurred, plutonium inputs to the nver systern from tallout peaked before
the 1970s. Sediments deposited duning the 19605 may therelore reasonably be
expected to contain higher armounts of plutonium from fallout than deposits from other
penods Because alimnst all the sediments in the Northern Rio Grande during this time
penod were either stored on flood plains or in reservors, most of the fallout plutonium
1S still in tho system

9.2 Inputs from Los Alamos

Most plutonium reaching the Northern Rio Grande from research and
development activities at | os Alamos entered the environment butweon 1945 and
1950 The first major technical facility constructod at 1os Alamos for tho Manhattan
Project was the "Main Techmcal Aroa.” known to users as "TA 1" Gonstructed noar
Ashley Pond ot the old boys rianch buildings, TA 1 housed a general laboratory for
procoss chenustry that generatoed relatively Bvoge qoantiies of hgud wastos containing
sttontum, coesum, urarmum, platomnum: amen: am, and ttum (Biguros 2 3 and 2.4).
Acid sewaers, consisting mostly of burnied 1+, with some lengths above ground,
carned the untrested had e roess the esa top at os Akunos through a mien ine
thit enced on the north cdge ot Acd Ganyon (Figure 9 4 and 9 5) Acid Ganyon is
north of Los Alamos o short distance downstieam o joms Pueblo Canyon
Photographes of the pape taken n 1947 show that it ended with an open outiot, with
hegaed spuling over she rock face of the c:.'lnrnn and eventually flowing intao alluvial
sothmoent on the canyon loor (Frgore 96) ™ Water sind natenials hivve maoved
through Acid aned Pachio Canyons to Fos Alhunos Canyan whuech leads to tho Rio
Gaanvde (e, ) 70 by e d, s o)

he boradery, m conpunction with the U 5 Pablice Health Service, constiocted a

1.3/
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Figure 9 6 Untraatod liquid wasto exiting Acid Sowor Noo 1into Acid Canyonan 194/
Location shown s the tormunation pomt of the heavy dashed hne at the cldts odgeon
Figuro 9 5 (1 os Alienos, Natonal Eaboratory Photo, Document | AMS L 1G)
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waste treatment plant in 1951 (labeled TA-45), and thereatfter 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 2zdded
more materials for t-satment. Wastes from these sources contained highly var abie
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 (TA-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 laboratory 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
Alamos 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-Pueblo Canyon, bu! the materials became included in the
alluvium in the canyon floor.

Decontamination and decaommissioning of the original .vaste treatment plant
(TA-45) and its acid sewers that emptied over the clift face began in 1966."" Workers
demolished the buildings, collected the debris, disinantled the pipelines, excavated
soils in the vicinity of the structures and under the pipeline route, removed the rock
from tho cliff face, and buried the materials in the solid waste disposal area at Los
Alamos. They also removed some alluviim from the Hoor of Acd Canyon and buried
it at the disposal site,

Tha amounts of plutonium introduced into the alluviam on canyon floors n the
Los Alamos Canyon system (which includes Acid Pueblo and DI Ganyons) by
Iaboratory operations are not precisoly known, bocause the effluent was not
continuously assessed for radionuchido contents. For Acd and Pueblo Canyons, there
are two published estimates of the total plutonium releases in tho period between 1943
and 1950 when there was no monitoring or veatment. Fast, Stoker and his assocites
ostimated tho total for tha 1943 1950 penod as 150 mCe™  Second, 1 ane and his ¢o
workers used data fronm the plutoniom concentiations in the canyon alluvium ag
published by Stoker and esuminted that 1H0 mCr as mpuat was too low to explain the
amount measured mthe Sediments ™ Fane caleulited from the empinceal dita
gathered n the Lte 19705 that the total amoant of plutonicm in the canyon wig
SO0 900 mCh - Because thal amount represents the cemauns after temoval of somee
matenal by natacal erosion, there would have been more n the canyon onginally.
Based on the hine of analyses, Fane estimated that the 1943190 releases could have
been as tugh as 1000 mCe™ For companson, the amount of tadioactive natenial
teleiciedbn the Threo Mile 1sland, Ponnsylvania, mcident wae, cbout 30 G, and the
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amount of plutonium remaining at the Nevada Test Site, even after clean-up efforts, is
about 200,000 mCi.?'

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.?? 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 period, 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.

After treatment and monitoririg began in 1951, releases were very low, and also
well defined. A similar estimation period folliowed by lower but better known values
characterizes the record of releases for DP-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 probably 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 plutonium loading of the system (Figure 9.8, Table 9 2). Afier
that time poriod, natural erosion, transportation, and depositional processes moved
the contaminated sediments downstream toward the Rio Grande. and new loadings
were relatively small.

The transler of the contaminated sediments from Lo = Alamos Canyon into the
Rio Grande through natural stream processes in the tributary canyons was an
inconsistont process  Stream flow in the canyons is sporadic, without flows during
some yeirs. In other yeins show melt created spring discharges, and summer
thunderstorms produced fhish floods. As a result, the canyon systemn dischirgoed
plutonium bearing sediments into the o Grande several times, with the quantity
rolated to the amount of water avinlable for tansporting the matenals — In work
estimating contaminmant tinsport through the Los Alamos Conyon system, L ane and
his assocites calculated that runoft would transport the entire: plutomium nverntory in
the cinyon system to the o Grande sometime betore 2000 70 The exact timing
would depend on the assumed ongmal loading and the utility of thoer assumptions
about magnitude and frequency of tunalf events,  They calibrated ther model using
reconsttucted records of tunolt events between 1943 and 1980, and estimated the
amount of plutonium reaching the Rio Grande by comtanimeg sediument tansport rates,
magnitude and tequency of witer dischaeges, and pluteom concentration dita

Proviously unpubhshed datac and calcalatens used ain ane™s conclusions show
that duning the 19463 1980 penod, there were miany years when no platoriam entened
the maun stream ™ Dunneg fous yeas, platomm dischaorge wirs ot a e e 1941,
1952, 1957, andd 1968 (Hguee 949) Dunng these tour yeanss,, floods w L os Aliimos
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TABLI 9 2 PLUTONIUM RELEASES INTO CANYON SEDIMENIS AT LOS ALAMOS (mC1/yr)

Acrd- DP
Year Pueblo Canyon Commants

Canyon

15843 0 2 Oparatirons begin, no treatment or monitoring

1944 v 0

1945 %0 0 Delivery of large yuantities of plutonium bagins

1946 o 0

1947 50 o

1948 o 0

1944 %0 0

14ty %0 0

1951 113 HE'd Treatment at TA 4%, momtoring fur Acid Pueblo (anyon

19%2 11 127

1953 17 127 Waste from TA 3 aml TA 43 ackded to 3ystem

1954 e ? 1 27

1954 ¢ ? 127

149%, 11 127

1y (L] 1 e/

1948 0" 177

ity 172 1 2

1 T h 127

14 5t 2

19 L 1!

1961 ] 1 .7 Treatment heging at TA '

104 004 127

M ) /] 1/

116, h 1 TA 4% hamanl 1w/

IRLY; u 17

110K (: 1 &

1My ] 1 ¢/

1M/ f 17

1N n 1 M

19, 0 |

1 ] 177

7] f 1 M
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Canyon carried sediment and plutonium to the confluence with the Rio Grande, where
the materials became involved in general transport 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 tributary 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 higher concontrations of
plutonium, make up a small amount of the sediment load from the tributary, These
lesser amounts of fines would have remained in suspension in the Rio Grande, which
would have transported them at least as far south as Pefia Blanca. After the closure
of Cochiti Dam in 1973, infusions of suspended sediment would have become
reservoir deposits, and virtually none would have passed Cochiti Dam.

The actual amounts of suspended load and bedioad injected by natural
processes in L os Alamos Canyon into the Rio Grande are poolly known. The
calculations in the present study assumo that bedload carries the significant plutonium
in the system, based on the importance attachoed to coarse paticles by sodimentary
studies i the canyon ** Measuroments at gauging sites along | os Alamos Canyon
have produced too fow data to roach firm conclusions about the subdivisions of the
sadiment load  Tho sparso data from sixtoon observations show that within | os
Alamaos Canyon where plutonium input has oceurred, bed sediments accountod for an
average of about 70 percent of the total sodiment 1oad (with a standacd doviition of 21
percent, and a tange of 24 to 95 percent).™ AL the confluenco of the canyon with the
Rio Grande, bedloid moving in 1 os Alaimos Ganyon is only about 40 percont of the
load (with a standivd dovintion of 21 percont, and a range of 11 to G6 porcort). Somao
unportant matenils in tho system ave thoreforo probably storod i ovarbank arois
along lower reaches of the canyon The finos are probably as enportant in
tansporhing the o Alunos denved plutomom eto tho Bio Girande as the bodlo:d,
Lot fentte ceearch rreqguired o detino the relationsbapes accurately - Tho bost
present estimate v, that platonmam dischirges rom tho tnibut; vy into the Bio Grande
are about 3 petcent by solution, B2 percent by suspendod sedumentss, and 40 porcont
by beswdloind =7

sediments in L og Aliunos Ganyon mpregoated with plitonam mova down the
canyon systenon a stepweso ashion, with each step Ge oo o tew moters to o tow
kilometers donmeg each flood event T ach flood stores tha sodimaonts as channel on
flood pliver deposat, and cach sabequent flood remabileees them until they reach tho
Fuo Giande - Hypothetcadly, the same tempotiny storage and remobilyation proceses
Al occu n the mom stream, but beciwee the channel haes consaedently bocome



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 that
continued monitoring of the reservoir 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 sources occurred during roughly the same
time period. Fallout plutcnium from atmospheric 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 continue at a reduced level.
Plutonium from releases at Los Alamos were at maximums from the late 1940s to the
early 1950s, but sediment transport processes in Los Alamos Canyon that injected
neak amounts of the plutonium into the Rio Grande occurred in 1951, 1952, 1957, and
1968. Sediments deposited in the Rio Grarnide immediately dewnstream from Otowi
during the 1950-1970 period are therefore most likely to contain the highest amounts
of plutonium in storage.
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CHAPTER 10. WATER, SEDIMENT, AND PLUTONIUM
10.1 Plutonium In River Water

Plutonium oceurs in the natural environment of the Northorn Rio Grande in the
atmosphera water, biologic systems, and surfar-e matonals  During the period when
plutomum has been present, theso systems and muitunals have undergone some
general anvironmental changes aftecting therr distnibution (Figure 10.1).  The present
work concentrates on sedunents because they are tha portion of the total system that
contiung 99% of plutomum in state enviconments,' ncluding the environment of the
southwestem United States * in dynamic systems such as nvers, the movement of
matendls compheites generel stahe anpressions o example, concentrations in
witter mity he very low, but the amount of water passing thiough the system is large,
S0 that the: quantity may make up tor thoe low concentrations in considering the entire
flux  Thereforoe, a complete view of the plutonium in sediments deponds on a context
thant accounts tor the amowt in nver water  Decades long sompling of nver wator and
sndiment in the Northern Rio Grande combaned with the exceptional dita for water and
sedment diseharges i the sy, o provide acumigue opportunity to explore these
relationstups n i system handeeds of Souare kilomieters e extent - The following
chapter provides mformiation on plotoniom i nver water, sedunents in iansit, aned
sechimentts deposated along and stored along the channel, e well s placing the
varions mean values of platonmrm concentrations loand af o Alomeass ain i reqgional
conteat  The revievw ind ludes plutommrm me the recqronal ensaonments, snound Lo,
Aliunos inclading the compartments of nver water, active edimentes, flood plon
deponats, and reservor depeoratss A final section m thies chugiter binetly explores,
plutonmy concentrationson the sediments of Tos Abuno:, Canyon (Fegore 10 2)

Foss Alamor, Natonad Tabotatory has collec ied systermatie: and detonled reguonal
nver sonnples, ol niver weater tor plotonmome analyses for more than 20 yeas aned
publhed the resalts m s annual envieonmental suevedlane e reports There ane i
maor teoienal satees for whne h high quality, poablished dotor ares aviilablee 1977 1984,
with snenaes of grogped dotocpobibehed for eonhier yeans Pablishod vialoes, fon
/4 1900 cae mearaned platoram concenteotioa e, whillee i prer yeanes pablehed
valuess appear e leeesthan™ acgivens coneenteation The canple <atess onc thie Bio
Caatnde e b Finbwada Oowr, Cooc b, aned Beroaliffor (b eores 10280 Acholitionaal <ates,
aree aony the Taio Chaoa aned e Biver

The ol mean cone enteation tor plotorrm 2 o nver water hiorm thie s
jor tesponial satees (ewc ok steesunes deoaoaneg thie nomediote Tors Ao, Baationial
Foboratory areaswibue ey reatedd sepaarately ) for 106 camples Lbenon the 11174 1988
penoh e aly etas wlhule the oy cone enteation for plaforoem 2404000 O 004
Pt (gac o Cuneescper itee) o vadue closae the ionmonn el of detes ione Fabile 10§
provides e e ol the plitonome dotee o wlile Appenchi- 1o ontoanes e ongunal data
e are n apsparent Wetapeoral ened o plutoren cone ceteabone, wy nver woater fog
e 00 vt puenh (when the pobile e datocrepreesaent mucfvicoal sounple <ates,
Gthuer thews et e e ol =ateesy cdhaer oo the e e salues, oy the valie =,
e bw b - onnpd ste o The boaegbe U ol el vadvies 0bor ) e | fon



Figuter 1020 The outlet of untreated contammnted water and sediment ato L os Ao,
Ganyor from the Los Alumoss Naticnal Haboratory ey in 0617 Note the sedunent
ldon waler anteningg from the Jett sade (Eas Abunos Rational Tabotatory Photo,
Docimaont | AMS hi)
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TABLE 10.1 SUMMARY OF PLUTONIUM COM{'I NTRATION DATA FOR RIGIONAL FLUVIAL SYSTIMS

Plutonium 238 Plutonium 249,740
Samples Units
Mean St Dev Ohsery Moan W Dev MHinen v
River pr /1 0 Q0K 0 o4 106 n 0040 0 0?46 106
Waler
Intbulary sl o onhyd o ol A 0o 0 om 1\
Walem
B Toad pt'r/q 0 pony nonni I 0 oo4n 0 0nin 111
Yedimend
b Lennd ™ma/q (LG 0 ony, n o ann/ 0 aon/n n
Plain
ol iment
Resrrvene plv/q 0 g/ 0 onng (Y oottt n ooty n

Note ALY ddala e table Prom sgmples cob Ve tedd 1977 10 0 vepor Gl o bae AL, Nl vonad Laboratoe g
sitven bl e sepuo by eavept all Pl plarn data whiich wan colleotod an 19 e Appaeneve | i mog e
wetay Tl dfata fen ear b sample Lypn



plutonium-238 and 0.130 pCi/l for plutonium 239,240, were from a sample collected
from the Rio Grande at Embudo on August 7, 1984. There is no apparent explanation
for the occurrence, although U.S. Geological Survey gaging records indicate that 1984
was the year of lowest annual water yield and lewest 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 Rio Chama at Chamita than at the other sites. According to a t-test
of difference 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 not continue in samples from sites
downstream in the Rio Grande, but in any case 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
Pajarito Plateau to the Rio Grande in the vicinity of Los Alamos. These local streams
have concentrations of plutonium that are slightly higher than the main stream (Table
10,1, Appendix F2)), probably becausa of fallout on the higher mountain watersheds of
the ibutaries.  These local streams include ones draining arcas affected directly by
abaoratory operations, as well as ones draining unafiected areas.

[ xtensive sampling dunng the middle 1980s of water flowing in streams
associited with iboratory operations (1 os Alamos Canyon, Pajarito Canyor, Pueblo
Canyon, and Water Canyon) showed that tho streams carry no more piutonium in their
water than other regional or local strequns The plutorien concentrations in tho
boratory altected steams aro statustically siilar to tho concentrations in unaffected
slroames,

10.2 Plutonium in River Scediments

Regronal saunphing tor sedment in nvers tor the Northern Rio Grinde s also
wicle spread and of long duration comprived to smulae environmaoents on a global scalo
Los Aliumos National Taboratory annueatlly saunples sedimests from the Bio CGhiuna it
Chanuta, the Jdemes tiver ot Jemes Paceblo, and the Bio Caeande o Embudo, Olown,
Cochite Henorvor, aud Betmalllo (Bigure 10°3) 0 Addiional,] less regualiv siumplingg of
sochimoents provides data tor the o Grande at sevoral points m Whro Bock Canyon
hotween Otown and Coclute Resetvon The aboratory s published environmental
stevellane e reportscnctude these diti o well e the resalts of occeasional samphing m
sechments of Foo Guande, Heton, E Vado, Al and Coclnty tessorvones, (for
locatione, see bugure 72 5)

The steeame channels of the Northerny Hio Geande o pot sediment e, bedlosd
Jancl sepenaded dosid The more coaeae hediood teets on the channed tloor boetween



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.?
Bedload sediment data for streams in the Northern Rio Grande for the 1974-1986
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 ihe 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. The bcdload plutonium concentrations do not
show a statistically significant geographic trend along the Rio Grande, though the
concentrations at Otowi are the highest ones. The Otowi concentrations probably
reflect combined inputs from fallout and from Los Alamos National | aboratory via L os
Alamos Canyon. The contribution from the laboratory must be smalll in active bed
sediments at the times of measurement, because the difference in mean
concentrations botween Otowi and Embudo (above Los Alamos Canyon, and
reflecting only fallout contributions) are statistically insignificant. About 5 km
downstream from the confluence with L os Alamos Canyon (at the confluence with
Sancha Canyon, immeoediately below Buckman), plutorium concentrations in bed
sediments return to levels so low thit they are below the regional mean.

Plutonium bearing bed sediments in the active chinnel may therefore be depaositing
boetwoeen the two sites

For compavative putposes, plutomum: concentrations in bedload sediments m
areas directly altected by operations of 1os Alimos National Taboratory are
considderably tugher than the rogional values i Table 10 1 The maxinwm is probably
lound in the etluent auein of Morsandad CGanyon where the nuisamum
plitonim 239,240 concentration in sediments m 1988 waes 3305 pGi/g - No values
approaching this magritude oceor ounside the Biboratory boundeones

Plutormuam concenteations w the iner Suspended sediments of teagronal stresuns
are generally igher than those an the more coarse bedload beeaase the ol aflinity of
heavy metals tor fine porticlos The overall miean concentration of plutonium 239,240
i bedload sediments, e O 0086 pC/g, while i reservor sediments (denved from
settied sucpended seduments the overall mean QO 0127 pég g o asetal e for budoet
caleolations  The mean trom i few dieet siunples of suspended sedunents an the Hio
Grande ot Otowr was 003G pe /g (eeponted i the sorverllance report senes of 1o
Alamaos National 1 aboratory), but alimont all the saumpless were fiom one yese (1985) +.0
that the tiguee v probably not iepres,entoative: The reservort dhata e probsibly more
relable e fong tesm andie atenes - Sepended odiments rome ol Streirme dinedctly
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affected by operations of Los Alamos National Laboratory and located within the
laboratory boundaries have considerably higher concentralions sometimes ranging up
to more than 20 pCi/g, but they are usually less than 2 pCi/g. These relatively high
values do not occur outside the labJratory boundaries.

Aimost ali the plutonium detected in bedload and suspended sediments of the
active channel of the main river is likely to te 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 laboratory area. Because sampling of active sediments in the main
stream rarely occurred during such events, the data describing active sediments are
probably reproscntative of the activity of the system without direct input from
laboratory operations. Only resenvoir 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 Northern Rio Grande system, a great deal is also being stored, so
that much of the plutonium in the system is also being stored The storage process
for plutonium has been highly vanable through time because the inputs have been
varinble. The storage process s also geographically variable, but it focuses on flood
plains and reservors.

Prior 10 the present project, there was no systematic sampling of flood- plain
deposits and reliated materials such as abandoned channol areas, filled channels, and
flood bars. The prelimmary rosults of sivmpling of the deposits in the Buckman aroa
indicato that tho concentrations of plutoniim .. such matenials is highly variable,
reflecting the vanation m plutonium concentiations at the vanous times of
sedimentation (Table 10 1, Appendix 1) For those deposits that were laid down in
years when there were discharges from 1 os Alamao . Canyon, plutonium
concentritions ave hughoer thin those m the presently active chainnel Because tho
chinnel of the o Grande e generally beconung smaller, steaaghter, and more stable,
remobihzation of thes <tored platonm back into the active channel & pnmm

10.3 Plutonium in Reservoir Deposits

Urniesss s deposted on flood plans or i abandoned channels, sedmment
mioves through the steames of the Northern Rio Griande antil it encounter s qereservorr
As the stream flow encoanters the sull waters ol the ceservonr, s ianspont cipacity
dechone. nearly to cera and sedunent ey deposated on the resevor oo ™ The fioest
matterals carey fonthest wto the nddle s lower 1eaches: of the resewvon - Beyoned
the delta bonlt by deporated hedload, tesarvon seduments tend 1o be relatively ino
compived with other deposats heeanese the reservon sedunents mostly reflect the
nutersls m suspenraon dunng channel avipont . Reservon sedimentss iom the
uppet teaches of Coclite Fake, saumpled i the presiont study neqe 1 ogoles Canyon,
contaned about A0 50 petcent st and clay, o togoee that e o iely approximiation of
mtenals suspended mothe channel porione of the Bio Grande above the Gibe



Plutonium concentrations in reservoir sediments are variable trom one reservoir
to another in the Northern Rio Grande system (summarized in Table 10.1, data in
Appendix E5). Concentrations are highest in Cochiti Reservoir which traps sediment
containing contamination from fallout and Los Alamos National Laboratory.
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 locaitons). Flutonium concentrations in the Rio Grande Reservoir (in the
mountainous headwaters of the river system) are similar to 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 lower-elevation areas
than the Rio Grande Reservoir. El Vado Reservoir, downstream from Heron Reservorr,
aoes not receive sediments from the high landscapes above Heron, and its plutonium
concentrations are therefore lower Abiquiu Reservorr also has low values for the
same redason.

Surveillance reports by 1 os Alamos National | aboratory explain that the
plutonium concentrations in Cochiti Reservoir are the result of the fact that Cochiti has
more fine sediment and more organic material than the other reservoirs  These
explanations may be at leawt partly correct, but they are not demonstrated by particle
size or organic content dita. The partcle size and organic material explandtion also
bogs the question concerning the amounts of plutonwm entenng the reservors I anl
reservoirs roceive the same amount of plutonwmn, and o Cochit collects more in
sedimant than the others, the fate of plutonim: enteting the others s unexpliuned
Water saumpieys do not indicate that discharges trom the other reservons contain imaope
plutonium than the discharge from Coctatt The best explination s that Cocehati and
Rio Grande roservons contam more plutonmam than the others bhecaase more
plutomum enters them as aresult of ther geogeaphie locations more platonim m the
Rio Grande Reservor bechuse #orecewves agh mpuots o talloat from surtoundingg
mountaun stopes, and more 0 Cochitt Beservor because o receives npuats from | os;
Aliunos

This et summiy of plotomcm i waler and sediments, demornstrates the
mpoitance ol understandmg the recponal scoiment budaget i deducimg the ceguonal
plutomen budget  Almost all e pledomuom o m the Northern Bicos Grande system s
associated with sedunent - A compareon of the unount of plotonmm a taneat o the
Hio Griande at Otovr shows the overiickng oenhe ane e of codimeat boood platonnm n
regpronad budagets and floses of the contamumant - The tobad annaal movenent of
pivcter e nver woler ot the sate e,

1 (P
whore T the total o of plotonminy in water per year, QF mean sinnaal water yiekd
om U5 Geotogue al Sorvey cecaondsand 10 ey platoniomy cone enteation frorm
Fore Al National Eaborateny sarverllang vorepurtc For the peneed 177 1988 the

teval pletormenn o= e e geoanburnneg ploternenn 280 00 e LSH0) b o ware,



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 Pwutonium In Los Alamos Canyon Sediments

The sampling program: of Los Alamos National Laboratory has collected 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 cffort 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.

Bedload sediments from streams draining the eastern slopes of the Jemez
Mouritains and parts of the Pajarito Plateau unzifected by the laboratory activies have
plutonium values (T~ahle 10.2) that are somewhat higher than values in the lower
elevation regional ¢« .ms (Table 10.1). Apparently fallout coniributions to the higher
landscapes with their ggreater precipitation account for the difference.

Bedload sediments from streams directly atfected by Los Alamos releases have
the nighest concentraticns of pluotnium of ary of the e:...ronments considered in this
study. Mean concentrauwons in bedload sediments of Acid, Pueblo, DP, and Upper
Los Alamos Canyon (above the co...iwe ace with Pueblo Canyon--see maps in Chaptor
9 for general lucations) are two and onoe half to three orders of magnitude tughor than
mean values for similar sediments in the regional niver system (Table 10.2). 'n fower
Loz Alamos Canyon (Gownstream frorn the conftuence with Puehlo Caryon),
plutonum concentrations are only a traction of the values in those areas directly
affected by the Los Alamos National L aboratory releases, but they are still many times
higher than values in the regional nver cystem.

The mean values of plutomom concentrations in bedload sedimerits of tho Los
Alarmos Comyon system are usetul general indicators of contamination levels, but the
mean vak s raskomportant temporal and geogrags eal vanation n the datac Inomany
places, repetiive samphng over a penod of decides hos revealed substantial viekation
rom yein o year, waith each sate producing elevited values of plotoniom
concentrations o well as vidues approaching regonal background levels (Figares 104
andd 10 0h) - Thes temporal floctuation e the prodocet of sediment ransport rocesses
whietens wome years see diroct inpots o downedeeam cample aites from dischargo
everne trarepotting contamnsted sediments decctly from eelease sites opstteam Tho
tesult ey relative ly hegh concentratons of plutorom . the sample ste. In other years,
thee sl atercmay have not esprenene ed e sigoificaat dischange event, but other
tncent e b pottonecc S b egstem ey have heen flooded, contiboting relatively
e setme at o et v annpde sates prroducting relatively low plotoniim
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TABLE 10.2 SUMMARY OF PLUTONIUM CONCINTRATION DATA FOR 10S ALAMOS CANYON AYSTEMS

Plutonium 238 Plutonmium 719,240
Samplas Unity
Mean St. Dev Ohsary. Maan St Dwv. Obnarv
Back pCr/y 0.uo0100 0.00140 44 0 on?230 0 00710 (1}
qraunl
Stream'
Auid, p/q 0 0J4m9 0 1180 132 i 1hnyd /7 11496 147
Puahlin
Canyons
DP, Uy /g u17on 0 a4 1.y 0 unhil LI FAN L) 1ht
1o Alamns,
Canywney,
Loy Luy maly n ey unl 7 " [ LB | 0ndn i
Al
tanymn

' Inc hdes sates wilhin the 1os Al Canvie system pot dom Uy altfe 0l Ly Laluratony e bavat oo, e
1n Rayn amel s e fanyms, at the hgluay o ulge amd teservatr Sites tp uppes fos Aloms Fanpn, amlb silee,
uprlvram frem Ve prante of plutemogm inlpases 1o I aml Ao 1 an,
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DP AND LOS ALAMOS CANYONS
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Figwe 10.4 The along stroam distribution of piutonium in DIP and 1.os Alnmios
Ganyors  Soe Figure 9.7 for locations (data from L os Alamos National | abcratory).
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DI AND LOS ALAMOS CANYONS, STRATIFIED MEAN VALV ES
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concentrations when sampled

As distance increases downstream away from the source of plutonium in Acid
and OP Canyons, the mean values within iimited reaches decline (Figure 10.5). Mixing
of relatvely uncontaminated sedimunt with polluted materials, deposition of
contaminated matenals in flood plains where it is not sampled as part of the bedload
sediments, and disporsion resulting from streamtlow processes contribute to a
downstre:aim decline in concentrations  Figure 10.6 shows that the highest
concentrations occur in Acid Canyon with general downstream decline to the junction
with the Rio Grande  Mcan concentrations in the DP and Upper 1 os Alamos Canyon
system are low in the: upper most portions because these reaches are above the
injections ol plutomum from D Canyon

The viewpont of thus chapter on plutonium concentrations in rivor witer and
sediments provides a backdrop agannst which it s posaible to consider that movement
of plutomum through the system - This second, more complhicated viewpoint occupies
much of the remaining pages of this hook  The most important lesson of mean values
15 that while they provide valuable insight into the relative roles of vanious
covionmental comparniments and geographical locations, the temporal and spatial
vatinbility of concentrations mast temper any detiuled views of the system The
tollovang chapter itempits to o with o qeogeapbuca perspective the annual
miovernent of phitoriem thaonagh the Noathere 1o Giearde
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CHAPTER 11. ANNUAL PLUTONIUM BUDGET FOR THE RIO GRANDE

11.1 Sources of Data

A mean annual plutonium hudget tor tho Northorn R Grande provides an
accounting of the amounts of plutonium mowving into and out of various reaches of the
nivor for a typical yoar Such a budget is a basis for assossing the rates of plutonium
transport and the location of storage along the nver  The budget presented in the
following pagus is for bedioad and suspoended sedimorts It does not include
plutonium In water because water borne plutonium is such a small portion of the total
mn the system (as discussed in Chapter 10)  The budget as chleulated here requires
diata concerning sediment and plutonium concontrations in the seJiment. The
sediment discharge data that are available trom U.S Geological Survey gaging sites
(see Chaptor L) deline the overall framowork for budget construction. A reasonably
detauled picture is possible for the river system from the Rio Grande at £ mbudo and
tha Rio Chivmie ot Chanuta southwird to the Rio Grinde it San Mareial (see Figure 4.2
for locations) where the niver empties nto tlephant Butte Resorvorr

Datar collected by Los Alamos National 1 aboratory and published in the annual
survallance reports by the aboratory's | oveonmental Stadies Group and iter by tho
t oviconmental Survaellane e Group provide plutoncam concentration data for bedioad
and suspended sedments The caleuliahons for ecach sitein the present study used
mean vildues of plutomum concenteations rome all measurements o or neqar the site
Fabde 111 reviews; the sources of plutonm concentration aata for cach of the
sedinent gading tates i the regonal bhudget calealaions Unfortunately, the sites for
ther collechon of platonmm dativ were not adwaves colocated with thoe gaging sites tht
produced the sediment decharge datac (Fable 110 1) Addiionally, most of the
plutonmm conecentration data are tor bedload sedunents hecanse of tho manner in
which work e collected samples o some canies, the best estimates of platonum
concenttations n suspended load tor gagneg sdes aee rom concentranions; tound m
nediments ol the neqrest reservon upestrean, beeiwesae those Sedunents e hkely to
have beenoin saepension betore ther emplic emoent on ieservon floors e
anstmpton that the mean concentration e oooseful reprosentative vilue serms
veasonable given that i those rea hes with relatively kuge aunools of ditiy,
cor entration valuess do not show tfemporal or gqeoceaplue vends;

hete e no dhecct plitonnmy concenteation datac for saedhimenteain the Rio
Puctco and Tio Saiacddos Badeget o alealationes i the, stady eeanned that data from
Frgoles Caonyon waes alo tepresentative of sediments m the two southen botanes m
the abeaene e obmwiore rehable estiatess The Dogoless dounes acpothion ot the Jemey
Mowvmtouee., i therefore mught hecespected to produe e estunates of plotonmm
cotcentiabion: tor thee other o sbieames thiat are oo Tughy Thies overestimation: oy
by Dby e g tee L b thad thie Bhio Salodes aeed Bao Poceoc o bave maotes eren oo <yl
that prolbablye s hedbmore of thea bordeon of Lalloot platommm tan ok of the e ogoles,
e Whodesor bt o aee mnpeeaed] by the sooall nonnleer b unples,
cepreneace che e ol prew escanep andd analy e e alesoss pres e e e ationy ol
sl bbb o] ol
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Budget calculations used sumimary values for total plitonium transpoit in Los
Alamos Canyon (rather than summing the bedload and suspended transport),
because only the total values were available '  In the case of the Rio Grande at
Embudo, plutonium concentration data for the bedload sedunents are available, but
not for suspended sediments. Therefore, the total budget for the Rio Grands at Otowi
minus the totai budget for the Rio Chama at Chamita provided the estimate for the Rio
Grande at i 'mbudo

11.2 Methods of Calculation

The hasie approach w cadealating the plutonmnn badget m thes work was 1o
determme the mean annual fux (expressed as a rata ot moverment) ob alt platoniom
(P38, 249 and 240 isotopes) at each of nine sitos n the Northorn Rio Grande. The
total miass of annual sedunont discharge (bodload and susponded) timos the
plutonum concentration in each sedimaent type for plutormnm 238 and plutonium
239,240 prowided the data tor total lox at each site - Algebiincally,

din) FRTH ‘”'I'-f, R desn) TR ‘H'I'a-, R ‘)("'.n)
{ ! . Yy, [,
Jur) oo IR : i) a(t)
whicie KEPay o) vtal plotenomn e paer nn o Uy
PR

L mean conceoteation ol platonmrm s a bedlood (Ca/Myg)

A5 mean bedload sedonent dischioage (Mg yr)

(I mean cone enteation ol platommm 28 i sospended logd
(¢ M)

d) o mean soenended sedien!d deac Boegge (Mg fyr)

GO e bedioad cone enuation plulenaunn SR () Myg)

0
mean concenttation: of plotonmee S 4900000 e pendeda
socizoent (0o Moy

Soloton of the bodget tone e dor eowc by ol e abescmn e e sy tene gquven
Pable TU v poecable fon twoy scemnor e general be e e badoet aned a
“necthe et for the tie penendd 7001979 A genecal Bre et ar congg-onate
Diochopet ot end ovean sedhimmend b horepe valvess oy thes erdiee e el b e e et the
sale s Thie Dot of thes e vec onds cod the dotess of wotcoioer cadh ces ooy voused
Brooy o ates o ainothe e o thod e ree altineg cpeaeral Bochoet ce pres et e satieic al
cotnpar e and deses pot cetlec U values o any particaloe sean o geacveral decado
buvaes howveser, o bioddget e ibely tos B the noeedd accveates apaens thio redeme of thae
vatlabile data



A second set of budget calculations using the sediment discharge data for the
1970-1979 periad is useful for comparison to the best estimate budget as an indication
of variability and as a view of one representative time period. Th2 decade of the
1970s was also particularly useful for sediment discharge data because it is the
10-year period for which the most data are available--only the Jemez River below
Jemez Dam lacked data for the period, with all other stations providing data {or the
majority ot years. In addition, the plutoniun data included values from the middle and
late 1970s, obwviating the nced to assume that mean values hive not changed over the
time perind of analysis.

11.3 Magnitude of Error

The annuial plutonium budgets for the Northern Rio Grande calculated in the
present work aie only first approximations.  Although the calculations use the best
avallable data hom an envitonment that is dita nch in comparison with ost other
areas, substantial enors may exictin the results - Sources of entor include
measurement, sampliog, and estimation errors - Measurement errors occur when
labotatory analysts measure phtonium concentrations in sedument and when field
workers measure the sediment concentrations in river flows  Informaton publisihed in
annual survaillance repont of 1 os Alamos National | aboratory indicate tnat one
stundard deviation tor the measuroments of plutoniom concentrations in sediments s
ustiilly i the range of 0 0002 G 0 002 pCi/g for plotonium 238 and 0 Q002 1o 0 0
PO/ g for plutoriany 249,240 The lrger mean values e associated with fargor
standard doevintion:., and generadly the mean and standard deviation are approxainiantely
equil

Mo anement eorors toe sospended sediment are relatvely all cempiued to
the measurement eooes tor plutonnme - The reported mean values for sospende d
sediment nclude entors resulting rom pertirbations m the water llow caused by the
simnphng device and crrors rom wesghuneg the samples, - Meastrement eneors for
sutipended sediment are probabily Standocd deviations egoal to abont O 1 e, the
mean vitlue

L stimation errars tor hedload aee reladivedy Lirge compared o othier Souee:s of
ity Duect hedload measarement cre not available for the sysdens eacept on
hmted eapeimnentol boees, so that e, neceseay tosesdimate e frem hoated
amounts ol research o outhned preevionsly thoaeertbamties, oo ated waithy hedload
ditavresulteoiny cnors that aie Stand wed deviationes equal o the meane, = The guality of
dativin thee Northern Bio Garandee e, supenor to that m mosd envitotiment's, o thet
teanonable estimate e ot the one standacd deviation ereonr e probably O 5 times the
mean value

Samphog error tecalt fromn the method ob gsanegg o samall <cunple to represeent o
much larger pesalation Becoarae thecsoampless ol sedunent ke for platonom
anvalyecar tor calevlation o codunent deacharge epeesaent data iome only o lew e,
of et b Lrger and miore varable: pepalation of yeoae dotac aanpding coor et b
contadered m e eang e geaetoloes s ol e Goad esdonatess for e ool ouanal
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plutonium budget. The statistical measure of this error is the "standard error," defined
by the standard dewation 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 value. 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
of 0.30 times the mean have high standard errors bacause of the variability of their
processes and (in the case of the Rio Salado) a short record.

The sum of these errors indicates that the composite annual plutonium budget
probably has a siandard deviation of about ha't an order of magnitude. Error for the
len-year hudget for 1970-1979 is probably somewhat smaller because the variability in
the data for the restricted time period is less. The budgets produced from the
presently available data cannot therefore be used to precisely predict the amounts of
plutonium in a particular place at a particular time. Theoy can show the geographic
variation in regional transport and storage processes, and they can provide a context
for the analysis of ono particular source in relationship to all other sources.

11.4 Annual Plutonium Bucdgots

The: con . osite annual plutonium budget represents aoview of the system
constructed with grand general moan values for plutonivim concentrations it
sediment dischanges  represants a picture mado with the most stablo mean values
from the avidlable diday, and does not reprosent any one pariculie yeiv 16s a uselul
general gunde to the niture of tho system from the mid  1940s 1o the mid 196805
Pigure 11 2 shows the compasito annual budget in graphic form, with the width of the
flow inrow: retated o the magnitude of platoniom movement Table 11 2 1eviews the
basic phtonivim datin tor the caleaiation and provides more detaled numbers for the
budgot.

The budk,, & shows that tor tho geneeal case tdlout plutomom entors the
Nesfiemn Hio Grando sediment system in celatively kuge amounis bong the Hio Granndo
as i Hows piest T iabudo and from the Hio Ghinmiv - The Bio Chamia ciniess mono
sechmaent Ges iosteated m biguees S4 -ad 5 5), but the Tio Grande cinoes more
plutonuum, becieses i oceoes there m bigher concentration:s Reservon s on the fio
Chama rap meest sediment and talloat plutomiom rom appes elevations ig the
watershed, o that sediments i the fower Rio Chama are denved fiome low elevsion
anddscapes that recoved fesss Salloat than the bigher tesram that deoang, ieto the Rio
Caande

The Rio Puerco emphos huge quantines ol seciment aito the Rio Gieonde
system, but that sedinent s kely to contom only low concentiisions of falloot
plittonm becinre of the relatively low elevation and the dey Lindeacapes that the
mbutary o The resufting influx of ploutonean e nonetiaeleas Liege with respect o
the cmonnt enlenng rom ather tnbatanes, becaasae o mueh sedunent e, nvolvod m
the o Poerco The demes Baver and Hio Saleedo contibutes iostly bedload onatesinls
whnch bBove low concenteatione. of plutomuny, and So they contobate relatively saonall
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1ABLE 11 2 BUDGIT CALCWLATIONS FOR ANNUAL PLUTONIUM BUDGLT

In Bedload In Suspandad |vad Total Load
Pu 238 Pu 739,240 Pu 238 Pu 219,240 Pu Pu Total
Site . . .. . - - .
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(pC1/q) (mC1) (nCi/g) (mCh) (pl:t/y) (mCi) (nCi/g) (mCi) fmt:i) (mCi) (mCY,
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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 tributary is proporticnally larger
than its sediment alone migh suggest. The amount is still small in comparison with
the amount corming down the Rio Grande. On a mean annual basis, the amount
contributed by Los Alamiaos Canyon, mostly from the operations of Los Alamos
National Laboratory, is about 15 percent of the amount contributed by fallout
plutoniurn from the Upper Rio Grande and the Rio Chama. Thus, if the laboratory did
not exist in the system, the amount of plutonium in flux and storage would be still be
about B5 percent of the present total inventory in the vicinity of Otowi.

The composite budget indicates the general locaticn of plutonium storage within
the system. A minor amount, about 2.1 mCi per year, was stored along the river
between Otowi and Albuquerque After 1973, Cochiuu Reservoir stored most of this
ainount, but before that year, storage was likely to have been more widespread. The
system stored a major amount of plutonium about 29.8 mCi per year- berween
Albuquerque and San Marcial on flood plains and in abandoned channels. Less than
half of the plutonium that entered the Albuquerque to San Marcial reach exited the
reach to Flephant Butte Rescrvoir. For the entire system, fluvial deposition stored
more plutonium internally (about 32 mCi per year) than left the system and was stored
in Flephant Butte Reservoir (about 23 mGi j.er year)

The downstream end of the Northern 1o Grande system tor the purposes of
this study s |lephant Butte Reservorr where the niver deposits ts sediment and
assoutated plutonum Very ittle of ethior passes Blephant Butte Danag to continue the
journey down tho Rio Grande  This arrangement explinng the extiemeaely low sediment
and platonm yields from the Bio Grande system indicated i the calealations of
Foster and Hokonsion !

A compinson between the composite annual budget using all the available data
(representingg mostly the penod 1948 1985 hecause of the natuee of the sedimoent
records) with the 1970 1979 mean annaad budget shows the temporad vanability of the
annual plutonm budget (Yable 1193) 0 Dunng the 19205, the Hio Choma annually
conttibuted only aboat one hard a5 mach platorans st died annesilly danng the
longer peniod The sediment diseharge of the Hio Choma dounneg the 349705 wae,
relitively low bocause of the closare of Abnqoig Damom 1963 and becaose of relatively
low water yields and seall annoal floods Ay aceesult, plitoniin, Sloux waes also
raliatively lovw Lo Alamos Canyon also oxpenenced redueed water disebinges,
bociue.e of climatie condiions, sud therelore tansportec telatively somall guantities; of
platomuon to the o Grande dunng the 1970s

Processes on the man stream were the reverse ol these ibutiny processes
Sodwnoent dictiurges on the Bio Goande at Albuguerquie and San Morcil were Lage
bocause of channed adpostments resulting feome the ceosaon downstiesun from Coe ety
Dam (Clovaedn 1923 and e oo onesoaller ibotanes Fovee and palot channed
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TABLF 11.3 COMPARISON BETWEEN COMPOSITE BUDGET AND 1970-1979 ONLY BUDGET

Composit Budget 1970-1979
Site

(mCi/yr) (mCi/yr)
Rio Chama at Chamita 12.586 4.757
Rio Grande at Embudo 18.535 24.802
Rio Grande at Otowi 3l. 121 29.059
Los Alamos Canyon 4.800 1.702
Jemes River below Jemes Dam 1.749 No Data
Rio Grande at Albutuerque 34.004 50.5%46
Rio Puerco nrar Bernardo 16.34%6 14,169
Rio Saladu near San Acacla 0 64/ 1.1
Rio Grande at San Marcial 27.081 19.968
10TAL INPULS "4 661 40.041

STORAGE (¢) AND OUIPUT ()
Mowl  Albuguerque J.hi4 19 784
AMbuquerque  San Marcial 206 14.147
Total System A1 /00 Ar.a2}

177



construction near San Marcial contributed additional inputs. The result was a 3.5-fold
increase in plutonium flux on the Rio Grande at San Marcial.

Because internal erosion dominated the 1970-1979 processes, there was a net
loss of plutonium stored within the river system during the decade, and more was
flushed into Elephant Butte 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 Butte 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.

11.5 Relationship Between Laturatory and Fallout Contributions

The coinposite 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
composite budget are ernpirical and are specific to the Northern Rio Grande: rather
than g neral predictions based on assumptions about the latitudinal distribution of
fallout. Despite limitations imposed by measurement, sampling, and estimation errors,
the composite budget is likely to be more accurate than others previously published
because it depends on local empirical data rather than general estimates from global
approxinations.

The best estiimate of inputs to the systern during the 1948-1985 period (Figure
11.2, Table 11.2) indicates that fallout sources introduced about 55 mCi of plutonium
per year, while Los Alainos introduced through Los Alamos Canyon about 4.8 mCi per
year. During the 197f)-1979 period, fallout produced about 46 mCi per year and Los
Alamos about 1.7 m(Ci per year. In any case, the contribution of Los Alamos to the
annual plutonium flux in the ontire Northern Rio Grande system (that is, the portion
above Elephant Butte Reservoir) is relatively small, ;iccounting for about 9 percent of
the tota.. Fallout occurs in very small concentrations, but because relatively large
amounts erode trom the landscape and move through the river system, it accounts for
more than SG percent of all tha phatonium in the river sediments.  In the more
restrictod vicinity of Otowi (an area not including inputs from the Rio Puerco or Rio
Salado), the inputs fron L os Alamos accounted for about 1% percent of the plutonium
in tha composite annual budgoet and about 6 percent during tha 1970s.

The signiicance of those annual fluxes s that Targe amounts of plutonium
romain on the ndscape of the general system and in L os Aliimos Canyon It tho
goenoral estimate of Finley and others is conrect for the mean tallout of plutonium for
the Eatitudinal belt of the Northern Bio Griande (1.8 mC/sq kim).? then atotal of about
66,800 mCi have entered the landscape of the general basin above Otowi, - Assuming
o middle rango estimate for the totad platonium loading of Los Aiunaos Canyon of 1,500
mGr” the Los Alamos contnbuation to the total phtomunm nventory of the bhasin
upstreim from the conflienco of the o Grandoe and Los Alimos Ganyon st Otowi is
about 2.2 percent  The calealation usad in this study suggests thit the discharges of
platonium from Los Alantos Canyon hawva evacaated only aboat 10 percent of the total
stored in the cinyon, so that 90 pereent of the amount released s Los Aliimos s sl
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in the tributary canyon. In the general basin above Otowi, erosion and fluvial transport
have removed less thai: 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 Plutonium from Los Alamos

Plutonium from the faliout 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 Alamos 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
fioods 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
1968.

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 tiha Rio Grande,
unpublished data on plutonium discharges from Los Alamos Canyon by L. J. Lane,®
and plutonium concentration data published in surveillance reports by L.os Alamos
National Laboratory. There were two important assumptions in these calculations.
The first assumption was that the plutonium from Los Alamos Canyon as calculated by
Lane was mastly in bedload. 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 channals as shown by photographs at the time,”
and by subsequent findings that most of the contamination was associated with
coarse particles.?

Tho second assumption was that the moan plutonium concentration data in
bedload in the main strearn was consistont ovor timo.  Thore are no identifiable trends
in tho concentration data collected at any of the stations in the data sot, so that this
assumption seems safe for tho mid 19505 and thereafter when tho amount of
plutorium available from taltout was substintial. - There was probably Inss than the
ostimated plutonium fallout in tho system for tho 1951 and 1992 calculations than this
assumphon imphes, because thero had boen relatively few atmospharic tosts at that
time  Thorefore, for 1951 and 1952, the amounts of fallout platonium calculited as
entering the system through the 1o Chama and Bio Grande aro maximum  ostimatos.
The magnitudes of the nomboers are relatively smadl in ralitionship to the contributions
from L o5 Albvimos, however, because the maun strequn carmed small amounts of
sediment and bodload dunneg those two yesus The etcors see also probably small for
budget consaderationes,
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The annual budgets for plutonium in bedload for 1951, 1952, 1957, and 1968
for the Rio Grande in the vicinity of Los Alamos show the overwhelming importance of
inputs from Los Alamos Canyon in bedload (Figure 11.3). The inputs from Los
Alamos 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
contributions 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 bedioad
particles) from Los Alamos Canyon entering the main river are not likely to have
traveled far downstream. Evidence developud Chapter 12 shows that it is likely that
these materials contributed to deposits immediately below the confiuence 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 Peila
Blanca reach, but further research using hydraulic simulations could test this
hypothesis.

Given these considerations, alung with the fact that the general river system
was aggrading (storing sediment) throughout the 1950s and 1960s, the 1951, 1952,
1957, and 1968, contributions ot plutonium- bearing sediments from Los Alamos are
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 sedimunt discharge data for the Rio Grande developed in
the present work with the data on plutonium inputs from Los Alamos Canyon
developed by Lane and others.? Estimates given in Table 11.4 indicate that
concentrations of total plutonium (-238, -239, and -240) in flood-plain and channel
deposits are likely to be botween about 0.01 and 0.1 pCi/g, values confirmed by
analyses of samples recontly taken from the doposits (Table 11.4). Tha deposits trom
different yoars may reasonably be expectad to exhibit different concentrations,
depending largely on the magnitude of inputs from Los Alamos Canyon.

Bodload sodiments maving through the Rio Grande during tho 1970s and 1980
in tho vicinity of Otowi had mean plutonium concentrations of about 0 01 pCi/g. a
value at tho lowor ond of tho rangoe of predictod values for the deposits. Concentration
valuos are an orduer of magnitucdoe higher in the flood plain deposits neiar Buckiman,
probably roprosonting lovels in bedload sediments i tho past, but they are not high
enough to bo hazardous. Tho United States doos not have standards tor sediment
quality with rogard to olutonium, but oxporience on the Puorco Rivor in nonthwest Now
Mexico (not to bo co.iusad with the Rio Puerco, a tribiutary of tho Rio Grande)
providos a valuo for comparison  The | nvieonmental Protection Agency
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Figure 11.3 Flow diagrams showing the annual movement of total plutonium in
bodioad sediments in the Northen Rio Grande in the vicinity of Los Alamos.

181




TABLE 11.4 ESTIMATED PLUTONIUM CONCENTRATIONS IN BEOLOAD DEPOSITS FOR SPECIFIC YEARS

Bedload Plutonium

Los Cambi ned Los Cambined Concen-

Year Otowi Alamos Total Otowi Alamos Total tration
{Mg) (Mg) (Mg) (mC1) (mCi) (mCi) (pCi/g)

1951 130,744 8,077 138,871 1.42 16.90 10.3? 0.13197
1952 649,323 5.730 655,053 7.06 17.61 24.6/ 0.03/66
1957 661,508 14,942 676,450 1.19 43.99 51.14 0.0/%60
1960 373,576 17,809 386,385 4.06 21.8? ?5.88 0.06698
Total Mean 2,163,396 7.241 72,165,637 1.% 4.7y 6 )6 0.00793
Active Bedload, 1974 1986 (Purtymun, 198/) 0.010%
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recommended a safe maximum limit of 30 pCi/g for thorium-230 after an accidental
spill of contaminated sediments into the Puerco River.' This limit is three to four
orders of meJnitude greater than values associated with any data for plutonium in the
Rio Grande system outside the boundaries of Los Alamos National Laboratory.
Contributions from the laboratory are therefore probably not hazardous given our
present understanding of the element, but the contributions are in recognizable
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 tor 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 moZtly in bedload sediments where for four
particular years the contribution is domimniant.

5. Most of the Los Alamos contributions remain in storage along the river between
Otowi and Peda Blanca--since 1973 their downstream progress has ended in
Cochiti Reservoir.
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Figure 1221 Gonsiderable chinges have o nret in the channel of the Bio Grande
betwern Otown Bodage snd Black Mesa near San ideffonsn Paeblo Ao, ook
nofh upsttean e RS showing numetons, vtmtabile canedbe and o baeded channed
(t Braeske Phota 120100, Museum of Mew Mosca) Below, TR viesy an the souee
direchion but from e <igbtly ligher perapective, shovaneg o cnegle, mote narrow aned
more stabie channed than in the early view (W L Gra! Photo HAD IR A
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PART 4. SEDIMENT AND PLUTONIUM STORAGE

CHAPTER 12. SEDIMENT AND PLUYONIUM STGRAGE, 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 scals 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 landtorms, 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 Espafola to San
Marcial, 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 tegan 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 uf their
approximate center points are as follows (see Figure 12.2 for general locations shown
with corresponding numbers).

1. Santa Clara (35° 54' N, 106° 06’ W). Located between Espafola and a channel
constriction caused by basalt flows, Rio Grande flows through a broad valiey
unaffected by dam construction at Cochiti and unaffected by processes in Los
Alamos Canyon, a control reach for comparison with thosa further downstream.

2. Otowi Bridge (35° §2', N 106° 08’ W). Reach immediately upstream from Otowi
Bridge and the confluence of Los Alamos Canyon with the Rio Grande, tho
origin of contaminants from Los Alamos in the Northern Rio Grande system.
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Figure 12.2 Locations of representive reaches along the Northern Rio Grande. See
text for descriptions keyed to numbers on the map: 1, Santa Clara; 2, Otowi; 3,
Buckman: 4, Frijoles; 5, Pefia Blanca; 6, Coronado; 7, Los Griegos: 8, Los Lunas; 9,
San Geronimo; 10, Chamizal; 11, San Marcial.
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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. Frijoles Canyon (35° 45 N, 106° 15’ W). Headwaters area of Cochiti Reservoir,
at the edge of Bandelier National Monument, a representative canyon site
where little sediment storage occurs except for reservoir backwater deposition.

5. Pefa Blanca (35° 35' N, 106° 20' W). Reach from near Pefla Blanca to Gallisteo
Creek, representative of unstable reaches downstream from Cochiti Dam in a
broad alluvial valley without ex:ensive urban development.

(-

. Coronado (35”7 20’ N, 106° 32' W). North of Bernalillo at Renchito, representing a
partly confined channel with a levee on one side and strong tributary influences
from the Jemez River and smaller streams.

7. Los Griegos (35° 17' N, 106° 36" W). In north Albuquerque at the Alameda
Bridge, a char 1.el 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' W). 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*/nstream from the confluence with the Rio Puerco
and its massive sediment load.

10. Chamizal (34° 14’ N, 106° 55’ W). Downstream from the confluence with the
Rio Saladu and San Acacia Diversion Dam, a wide channel area with a pilot
channel and a settling basin, .1 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 Reservoir with dense
phreatophytes.

The purpose of examining limited, specific reaches was to identify sites for
sample collection, evaluate the nature of river channel change, and to aid in the
development of plutcnium monitoring and surveillance programs. All these objectives
must tek 2 into account the geographic and temporal variability of the fluvial
environment where the plutonium is likely to be in transit or stored. Sammpling 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. Pluidnium
concentrations in active bed scediments have been assessed in several reaches, but
because the time of the sampling did not coincide with any of the critical years, these
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data show relatively low concentrations reflecting only small amounts of fallout
plutonium in transit.

The base maps used for illustrations in the foliowing pages are sections of U.S.
Geological Survey topographic quadrangles (see Appendix F for a complete list).
Often, the original topographic map shows conditions during the 1970s or early 1980s
(depending on the date 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. The 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 survey completed for
the U.S. Army Corps of Engineers.' The basic data for the veqetation communities
caine from aerial photographic interpretation and field surveys by Hink and Ohmart,
and from further confirmatory field checks in the present project. The U.S. Geological
Survey topographic outlines served as base maps for the data on vegetation
communities. The maps .1se abbreviations for vegetation communities and community

strucgure types as defined in the original ecological survey and summarized in Table
12.1.

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 investigations, mapping, and sampling supplemented
the vegetation maps in generating the final interpretations of the geomorpholology ancl

sedimentology. The geomorphology and sedimentology maps represent conditions in
the 1986-1930 period.

12.2 Santa Clara Rcach

The Santa Clara reach represents the Northern Rio Grande in an area not
aflected by the closure of Cochiti Dam and not impacted by potential inputs of
plutonium from Los Alamos. The Sarta 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 niver flows through a broad alluvial valley that is up to 2
km wide and that 1s sinular to valleys turther south. During the 1920s and 1930s, the
river in the Santa Clara reach was a braided channel with unstable margins and a
wide. shallow, sandy channel. Places where tha flow was concentrated had larger
particles in the cobble size range Maps made from 1930s acrial photographs show a
braided channel several times wider than the 1990s channel.' A 1930s photograph
showing boys from the | os Alamos Boys School swimming in the nver near Black
Mesa shows a flood bar of cobbles along one side of an otherwise sondy channel
The 1941 flood coursed through a broad, shallow channel, but therealter low flows
occupied a senes of multiple threads across what once was a wider brinded channel
The small single threads were gradually abandoned, ether through shght
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TABLE 12.1 VEGETATION COMMUNITY AND COMMUNITY STRUCTURE TYPES USED FOR MAPPING

REPRESENTATIVE REACHES

Map Symbul Explanation

VEGETATION COMMUNITY TYPE

c
10
SC
cv
™
SE
NNO
[
Sw
J
Wb

Rb

Cottonwood (Populyg fremontii var. wislinzenii)
Russian olive (E]aeagnys anqustifolia)

Salt cedar (tamarisk, Jamarix chinegis)

Coyote willow (Salix exigus)

Tree willow (Salix goodingii, Salix Amygdaloides)
Siberian elm (ulmuy pumila)

New Mexico Olive (Foresteria neomexicana)
Indigo bush (Amopha frulicosa)

Seepwillow (Baccharis salicina)

Juniper (Juniperus monosperma)

Wolfberry (Lycium andersonii)

Rabbit brush (Chrysothamnus nauggosus)

COMMUNITY SIRUCTIRL TYPT

?

Vegetation n all foliage layers, mature trees up to 70 m high, mixed age forest stands

Vegetation mastly in the cannpy layer, mature trees up to 20 m high, sparse and patchy
underatory

Vogetation mostly in a dense layer below 10 m, intermediatle age lrees, with sumn growth
oxtenting ahove 10 m

Open stands of totermediate age trees, most vegetation belween 10 and 1h m height . widely
spaced shruby

Vryctalion Increases in denatty approaching g-ound level, most below 20 m, thich layer of
gravses aml annuals

Low and sparse herhaceaous or shrub vegetation, most toliage helow 2 i
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Figure 12.3 Riparian vegetation communities along the Santa Clara ropresentative
reach. See number 1 In Figure 12.2 fur location and Table 12.1 for symbols. Modified
from Hink and Ohmart, 1984.
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Figure 12.4 Geomorphic map of the Santa Clara representative reach. See number 1
in Figure 12.2 for location. Labeled areas on the map: 1A, Active channel, 1990; 1B,
Active flood plain, 1990; 1C, Abandoned flood plain, active during the 1970s; 2A,
Abandoned charinel, active 1941-1968; 28, Abandoned flood plain, activo 1941-19G8;
JA, Abandoned braided channel, active prior to 1941; 3B, Abandoned flood plain,
active prior to 1941, 4A, Abandonod channel, uctive in tho 1930s or earlier, older than
tho unit mappod as JA and 38; 513, Abandonod flood plain, active in tho 1920s or
oarlicr; T, Tributary allevial tan materials and chaernol fills,
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entrenchment of a single channel that eventually would be the dominant one, or by
filing of the small secondary channels. The 1968 flood 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 depasits 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 from one place to another, depending on the history of the
location. For example, open canopies of cottonwood \nd russian olive are common
on the flood plains that were active in the pre-1941 p« -10d, while 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 tributary deposits are coarse sands and gravels, forming fans
radiating outward from the tributary mouths. Abandoned braided channels are sandy.
Abandoned single thread channels are clearly defined in the field as linear depressions
in the otherwise relatively flat flood plain. Sometimes the depressions are floored with
a veneer of fine-grained materials. Those channels filled with fine materials and
abandoned during the 1941-1968 period are likely to contain more fallout plutonium
than other deposits in the reach.

Recently collected sarmnples from the Santa Clara reach illustrate the relationship
between goomorphic history and plutonium concentrations in flood plain sediments.
Tho plutonium concentration in sediment from a flood plain that was active during the
1960s (28 at the top of Figure 12.4), a time of peak fallout lonading, was 0.0266 pCi/(.
Tho channel that was active at thiat time yiclded sediments with o concentration of
0.0081 pGi/g (a tributary of 2A at the top of Ligure 12 4). Both samples were from a
portion of the near channel environment cormmonly referred o as "flood plain,” bt
clearly tho landlorm is complex as shown in higqure 12.4. Both these values excoeed
tho concentration in sadimer.ts tfrom tho present active channel nesaby, where tho
value was only 0.0038 pCi/g - All the plutoniom in this teach s from Lllout denved
from erosion upstream and none is tom 1 os Alinnnos

12.3 Otowl Reach

The Otowi 1epresentative reach extendss 4 kin downstreium on the Rio Graande
into White Rock Ginyon (Liguee 12 9), and mcludes tho lower 2 ki of 1 os Aliimos
Canyon. The rench s sigoihicant, beeavse it nclades tho pomt ot introduction of
plotonivnm into the mam stream from Tos Alamos Matonal Fabotory — The confluaence:
of Lo Alamos Ganyon aned the Bio Geande haes been anstable donneg the 1940 19808
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period. Historical ground photographs show that during the early and mid-1940s the
tributary stream included a 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
distributary in a water-level crossing. Completion of a larger truss bridge across the
Rio Grande in 1947 included filing 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 the Rio Grande in this reach has changed
relatively little between the mid-1940s and the late 1980s (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 Warner, who lived immediately north of the present location
of the bridges.* Sandy banks lined with cottonwoods were common. Historical
ground photographs indicate that in the 1930s and early 1940s the channel had more
gravel and bouldcers than in tho late 1980s. There has been some narrowing of the
channel with deposition ot sand along the margins. Signiicant deposition began in the
1930s along the north bank immediately downstream from the confluence with 1 os
Alamos Canyon, and subsaquent colomization of the deposits by cottonwood has
rosulted in throe groups of mature trees (Figure 12.6). Newer sediments deposited
during the 1958 and 1967 floods bury the root collius of the trees which dato from thy
1930s. Tlood sediments from 1 os Alamos Canyon that were swept partly into tho
main channol and flood plain area provide additional recognizablo deposits that have
mostly russian olivo as a vegetation caover, differontiating them from the older deposits
(Figure 12.7). Tho arca s a typical slack water deposiional zone immedintely
downstroam from the allovial fan created by the 1 os Aliimos stream.

Tho geomarphic map showing the lite 19805 conditions suagests thit the
primmany potential storage sites for phutonm from Fas Aliumos include the flood plian
and terrace of Los Alamaos Canyon and the slck witer depozsitional site on the north
bank of the Rin Grando innmeditely downstream from the confluence (12A, 18, ind
0 on biqure 12 7Y These envitonments are most ikely to hove toceived mitenals
from tibutiny floods The meandering nature of the steeam o Lo Aliinmos Canyon
has produced o senes of abandoned channel courses and flood planes it o
rocognizable in the hold from vegetation and geomorphotogical indicitors. Sediments
along the mam channel at the notthy end of the bridge aeeicive not he ikely to yield
usetul plutosivm nformiation, hecanse constructon activities have desapted the ontiee
aen several nes Deporatssalong the channel margm nonh of the bodage sue kely to
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Figure 12.6 Riparian vegotation communitios along the Otowi reprosentative reach.
So0n numbor 22 in Figuro 12 2 tor location and Table 12.1 for symbols  Modifind from
Hink and Ohegut, 1984
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Figure 12.7 Geomorphic map of the Otowi represantative reach. See number 2 in
Figure 12.2 for location. Laboled areas on the map: 1A, 1981 channol of tho Rio
Grande; 1B, 1981 active flood plain and bar surfaces of the Rio Grande; 2R, flood
plain deposited eithor in 1958 or 1967 flood; T1A, 1981 active channol of the tributary
stream in Los Alamos Canyon; T1B, 1981 active flood plain and overflow channols of
the tributary stream, active since at least 1954, and probably since 1947 when the
northeast outlet of the tributary was sealed by construction rokitod to the truss bridgo
T2A, youngor pro-1954 active channal; TJIB, youngor pra 1954 flood plain; 148, oldor
pre- 1954 activo channol; 150, older pro- 1954 Hood pln.
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contain only fallout plutonium since road-building closed the distributary channel from
Los Alamos Canyon.

Because the Otowi reach is the entry-point into the main stream for plutonium
that originates at Los Alamos National Laboratory, the laboratory has conducted
extensive sediemnt sampling over a period of several years to assess plutoniurn
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 meanc test shows that there iy
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 sedimants of the Rio Grande
without the infusions of plutonium froin Los Alamos.

12.4 Buckman Reach

The Buckman reach represents the portions of the Rio Grande that flow in
canyon scegments with floors up to 1 kin wide. The reach extends about 5 km from
Buckman Mesa, past the alluvial fan of Caitada Wash, to a bedrock restriction in White
Rock Canyon (Figure 12.5, 12.8, and 12.9). The reach is located about 5§ km
downstream from the conlluence of 1.os Alimos Canyon and the Rio Grande, 5o that
sediments in the Buckman area combing inputs from the main river, Los Alamos
Canyon, and two nearby tributaries. In the vicinity of Buckman, Caflada Wash (from
the south) and Sandia Canyon (from the north) emply large amounts of sandy
sediment into the main streaun. The Rio Grande channcl roflects the influenco of theso
tans by transcribing a curving course around their bases. Buckman was a sawmill
town established in 1899 on a Pleistocenu terrace on the southeast sidoe of the
channel ™ It later served as acrailroad stop on the Chili Line, the narrow gauge route
along the o Grande, with its well supplying water for steam engines.” The area is
now uninhabited, but an active well tield remams, supplying pumped water to Santa
te

The Tho Griande channel m the vicity of Buckmian has consistently becomo
more nanow sinee at least 1912 Hestoneal photography in the Museam of New
Mexaco at Santa Fe shows that hetfore 1920, the channel was bradoed and spanned
the 05 ki valley floor rom one terrace to the other. Sedimeitation m the arean
cavsed prnogressave abandonment s filhog ot channels and attachment of bars to
chinnel bankes o the bhend of the niver ot Buckman, tho early 19005 chinnel was
brinded A Luge nwd channel hir developed m the reach in the mid  and lato 19205
that produced two smcller chinnels by splitting the main streame The southeastern
choannel an the outade of the beod, nest o Backman, developed into o stough, o

teloatively mactive channel except for flood peonods Dunng the 14940 1958 penod the
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Figure 12.8 Riparian vegetation communities along the Buckinan representative reach.
See number 3 in Figure 12.2 for lucation and Table 12.1 for symbols, Modified from
Hink and Ohmart, 1984,
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Figure 129 Geomorphic map of the Buckman representative reach. See number 3 in
Figure 12.2 for location. Labeled areas on the map are: 1A, 1981 nctive channel; 1B,
1981 active flood plain; 2B, two mid-channel islands; southern-mos: island has existed
since pre-1940s, northern-most island is a bar that detached from the east channel
side between 1976 and 1981--the 2B area at Buckman is a channel overflow area that
was a channel in 1912, widened In 1913 flood, and was a frequent overflow area until
isolated by the 1958 or 1967 flood; 3B, pre-1912 channel location maintained as a
decreasing channel until the 1958 or 1967 flood; during 1940-1958 or 1967 period it
was a slough, T, tributary alluvium.
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slough gradually filled with sediment, and after the 1967 flood, slack water had filled it
completely with sediment. Tr..reafter, thr3 Rio Grande had a single narrow channel
northwest 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.”
Although tamarisk dominates (in percentage terms) the trers found on the two
mapping units representing the old bar and siough, the tree count 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 anc bar areas with sandy sediments from tributaries draped
over the older Rio Grande deposits. The slcugh (unit 3B on Figure 12.9) is a primary
site to sample for plutonium siorage 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 during periods when the river was likely to have been
transporting plutonium from Los Alamos and from fallout. The bar, with its coarser
sediments and earlier stabilization, is likely to store less plutonium.

Recent measurements of plutoniu.n concentrations confirm that the highest
concentration (0.017 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 plutonium
are about 50 percent higher in the slough than in the bar area (2B 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-tourth 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 L.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 serve this discriininating
function. Data from Los Alamos Ganyon indicates that the ratio of plutonium-239,240
to plutonium-238 in alluvium impacted by laboratory releases is about 100. The same
isotopic ratio for global f:wiout is less than 30. Therefore, deposits derived from fallout
might bo expected to have isotopic ratios that are lower than ratios from deposits with
pure Los Alamos plutonium or with plutonium from both sources. Data from the Santa
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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 spedial 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. Curtis, 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 nnly fallout products
occur, the 240/239 ratio is 0.120, which compares favorably with the global fallout
value of 0.130. In a semple 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. 11 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 White Hock Canyon. It is also typical of narrow
canyon reaches and of those few junctions with relatively short 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 ilows through a defile cut into the Pajarito Plateau. Quaternary
Bandelier Tuff, particularly the rhyolitic Tshirege Member constitute the rocks of the
tributary canyon walls and contribute sandy sediments to the stream.® In terms of
their mineroloqay, these materials are distinctly different from the sediments of the Rio
Grande. The tributay . “terials have accumulzted in a large alluvial fan at the junction
of the tributary and the n. - 1 stream (Figure 12.11). The Rio Grande has a
single-thread channel largely cu."%ned by the resistant older basalt of the Santa Fe
Group in the walls of White Rock Canyon. Fluvial deposits are not voluminous along
the channel, 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 Roservoir. Although Cochiti Dam closed in 1973, high runoff periods and
operations of the dam did not produce a full reservoir until the early and mid-1980s.
High la..e 'evels intruded into the Frijoles Canyon reach for extensive periods by 1985
and with water depths of about 15 min the area. so that Rio Grande flows deposited
materials in the reach by lacustrine processes. Sedimentation during the high lake
watar periods draped 1.0-1.5 m of lake sediment over the fluvial materials from the
main stream and the alluvial fan of the tributary. In the Iate 1980s, the lake level
declined and abandoned the reach to channel processos. The reactivated Rio Grande
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Figure 12.10 Geomorphic map of the Frijoles representative reach See number 4 In
Figure 12.2 for location. Labeled areas on the map are- 1A, 1981 active channal, 1B,
younger pre-1950 flood plain, active depositon and erosion, gradual net erosion through
1981; field evidc'ce in 1988 indicated partial bunal by reservor sedimentation in
mid-1980s; 2B, alder pre-1950 flood plain and alluvial tan deposits from Fnjoles Ganyon,
field evidence in 1988 indicates partial bunal by roservor sedumentition n itad 19805
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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.

The riparian vegetation in the 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 lacustrine 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 1988), 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, tine materials were transported further downstream, leaving more
coarse scdiments behind. The sediments from Frijoles Canyon in the alluvial fan are also
relatively coarse (line inaterials about 7 percent). The lake sediments are very fine (40-50
percent silt and clay), representing materials that were deposited from the suspended
load of the main stream as it entered the lake. The sediments from the two sources
have radically different appearances, especially where channel incision has produced
banks that expose them. The lake sediments form banks that are nearly vertical,
probably because of their cohesive characteristics derived from the high content of fine
particles. Sandy material from Frijoles Canyon, on the other hand, does not forin vertical
banks along the channel of the Rio Grande. Bocauso the sandy matenials underlie the
finer ones, undercutting of banks is common.

Plutonium storage m the seciments of the reach s highly variable. The total
volume of stored seciments in this restricted canyon reach s small, and the tributary
sediments from §njoles Canyon are coarse and therefore unhkely to contain large
amounts of fallout  The hoeusttne sediments may ropresent asignificant storaga location
for plutomum rom tallout and possibly from Los Alamos  Recoent samples of ino
sediments feom the middie and lowoer portions of Coctutr Reservoir show concentrations
of plutomum 238 and plutorium 239,240 (combined concentraton ot © 0134 pCi/g) higher
than mnst other soil and sediment samples ™ 1ts kely that the sediments expused
Along the niver i the Fnpoles Canyon reach also contiun ligher than average levels  The
rotio O plutonicem 239,240 to plutoriam 238 5 20 24, silive to the mtio for world wido
fllout, indhicitingg that the plutonm in the sedunents s fikely to have coma rom tho o
Grando watershed.  The only exception 1s a sample colloctod in the upper reservoir area
n 1987 whien high water extended into the Fojoles Ganyon reach Tho plutonium ralio
for the sample wis 85" sl to ratios eachier recorded mlower § os Alamos Canyon !
The plutormuom m sedunents, deposited neir the heid of the deltia dunng the hegh ke
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stand was therefore derived from runoff from the Los Alamos area.
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Figure 131 The Hio Grande has hecome progrossively mone ikutaw in tho vicity of
Aluunrgue dunng the past centiry  Above, view lootang e secand TR TR T
tho Okl Town Brdge about 1894 shawineg a broadd vhimnel ws Sood (Pl Aougrigg s
unkiwn, Colorado State Yetonead Soowty Photo A0 a2 ) Fidow, e veew
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huoto 27 1)

S



CHAPTER 13. SEDIMENT AND PLUTONIUM STORAGE NEAR ALBUQUERQUE
13.1 Pefia 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 lower end of the canyon. From that point
downstream, the river's present appearence and behavior reflect 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 Pefia Blanca reach, a 5 km channel section, represents conditions
common along 40 km of the Northern Rio Grande between Cochiti Pueblo (site of
Cochiti Dam) and the confluence with the Jemez River. The river passes Pefia Blanca,
a settliement based on irrigated agriculture dating from the early nineteenth century.
The reach is typical ! the conditions in a portion of the river where the flood plain is
saeveral times the width of the channel (Figures 13.2 and 13.3), and where the channel
has been exceedingly unstable. The reach is also instructive concerning the results of
levee construction (in 1953) and dam closure (in 1973).

Channel bohavior in the Pefia Blanca reach between the early 1940s and about
1990 has consistently included locational instability and progrossive adjustment from a
broad braidod configuration to a narrow, more straight alignmont. In the 1940s, the
channel was broad and unstable, with numoerous major and minor threads, but gradual
reduction in water yivld and radical roduction in the annual flood peaks resultod in the
progressive isolation and closuro of seccondiry channols. Certainly tho installation of
Cochiti Dam acceleratod those changos, but they wore already woll ostablishod bofore
the dam. The product of tho changes is a single remaining channel with many
abandoned channels and flood pliun deposits on both sides.  Prasont vegaelation
patterns arae complex reflections of this compheated history (Figuro 13.3).

Tho most critical tro in tho channol evolution was the low flood period about
1959 which caused tho closure and abxindonmont of many of the socondary channuls
in the roach (Sce Figura 4.6 for the flood history).  immaoditoly wost of Pofa Blanca,
for exiunple, n smuous channel and associntod flood plan displayod a pronunont
westward loop (A in Figure 13.3) - After 1955 this loop was no longaer active, and
overbank flows from tho active man chimnol filled the mactive loop with ino sedimaont
Smlin wider segmonts of abandoned branded channoel ocew atong the astem sido of
the present channel throughout the reach (A on Figuro 130)

Hetween about 1955 and the 1967 sprng flood, the channel patteimn resemblod
tor avringements, oxcept that o was wider and oceapied a different abgonmoent - After
the 14967 flood, the aignment remamed relatively unechinging. though the channel
became more nartow, pautly s aresult of reducod outflow:, rom Cochate Dam
Froraon of the channel bed by teliively sedoment 2ee flowe froom the dam alter 1971
havs probably contubnted toats loeationad statnhty
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Figure 13.3 Goomorphic map of the Pofta Blanca ropresentiative reach. See number
5 in Figure 12.2 for location. Labelod areas on the map aro: 1A, 1082 active channol;
118, 1982 active flood plain; 1C, 1975 - 1980(?) channol; 2A, 1954-1967 channol,
closod by 19G7 flood; 283, 1954 1967 flood plain; 3A, mid-1940s-1955 channel, 3B,

mid 1940451955 flood plain, 4A, 19411955 channel; 413,1941 1955 flood plain (includos
oldor iron cutoff by diko on tho east side of the channol systom), 5A, pro-1940
channel; 51, pro 1940 Hood plan.
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Riparian vegetation in the Pefia Blanca reach is primarily cottonwood (Figure
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 vagetation
communities and clear topographic expression of the abandoned channels as minor
troughs 1.0-1.5 m deep permits field differentiation of chanrels and the planar surfaces
of flood plains. 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, about 20-25 percent silt and clay. Pre-1940 flood-plain
sediments are much tiner with about 40-50 percent silt and clay.

Plutonium in the Pefia Blanca reach is likely to be associated with abancdoned
flood plains and channels that were active during the 1941-1967 period that wa:
coincidental with three of the tour years of maximum plutonium discharge from L os
Alamos Canyon (1951, 1952, and 1967). These features (3A, 3B, 4A, and 4B on
Figure 13.3) are highly variable in terms of their content of fine materials, and turther
field sampling is required to define the locations of concentrated Jine matenals. lood
plains that received overbank flows and abandoned sloughs that were active during
the 1960s (such as the loop west of Peita Blanca) are likely locations for future
exploratory sampling

13.2 Coronado

The Coronado reach ropresents an examplo of thn Northern Rio Grande
signiticantly influenced by a major tnbutiny (Higures 13 4 and 13.5)  In this reach,
inputs frem the Jemez Rivor contnbute large amounts of sediment to the main streqm,
producng a pronouncad widening of the flood plan below the confluence The
maodern active channel s only about 10O 125 m o wide, but the flood pliun spans mone
than 2 km between teniaces on ether side The reach also exemplhfios the
complicating factor of levee construction thit substantially restoets tho avialable space
for chinnel relocations  Gondiions in the 5 ki reach are typical of 245 ki section of
the niun stroam from the Jemes through Bermabllio to Abugquerque . Neae Bermadillo,
the nvor passos Goronido State Monument, the locition ol an outpost estabhshed by
Coronado m 1540 among the rons of Kuau, the northern most hwa villagge

The miun channel of the o Grande in the Goronacdo ceach hoes tesponded to
flood ovents on the san Stream aand i the watershed of the Jemes Biver T oom the
mid 19405 until the eavly 196050t condiguration wees mtncately branded and highly
unstable beciue.e of perodie npots of water and sedunent friom the batiay - Donneg
thies penod, the gradual channel nartowing obaerved an the Peitac Bhanes each
mnmeditely upestream ocourod i the Gortonado reach, Dot Bage oo 19048, 1941,
10, 1951, and 19958 the Jemces Biver intettagted the genctal trend Betwesn 19595
and 1962 a nartow loapmeg overldiow channel exested on the west side o the oves
south of Canplon Hill, sndd between the doap and the channet waes o biiuded channel
areas Hoth tormes were produacts of beghly floctisting deaccboreges aaed brggh sedimnent
lowuds
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Figure 13.5 Geomarphic map of the Coronado representative reach See number 6 in
Figure 12.2 for location. Labeled areas on the rnap are 1A, 1982 active channel, 2A,
mid-1940s--1961 channel; east of Canjilon Hill, dates ot activity are mid-1940s--1952,
2B, mid-1940s--1961 flood plain; east of Canjilon Hill, dates are mid-1940s--1952;
active lateral accretion in early 1980s near Rivajana; 3A, mid-1940s--1961 channel; at
Jemez River, flood plain that was active in late 1940s, perhaps as a result of flooding
on the Jemez; 3B, pre-1940s - early 1940s braided channel; at Jemez River active in
laie 1940s; 4A, 1955-1961 Overflow channel; 4B, 1955-1961 Braided channel, site of
flood control fences established shortly before 1961.
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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 ...at were recently
abandoned. The present vegetation distribution strongly reflects the geomorphologic
changes, with vegetation 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 tamarisk 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 (2B 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.' In the Coronado reach samples collected 90 cm belcw one example flood
plain surface contained only 5 percent sit and clay, while at the surface in the same
location, the fines were 44 percent of the bulk sample (sce data in Appendix C1).

The geomorphologic map of the Coronado reach, constructed with evidence
from aerial photography and field data for vegetation, sediment, and surtace forms,
shows an active channcl of variable width with a narrow strip of abandoned surfaces
on the southeast side and a much widai zone of abindoned deposits on the
northwest side (Figure 13 5)  Plutonum may occur i the abandoned overflow
channel that forimea a loop south of Canjilon Hill (AA on Figure 13.5), because the
loop was active during the late 1950s and carly 1960s. it oxperienced gradual
depostion and plugging with sediments that may have included plutonium from fallout
and trom | os Alamos, However, sediment trom the Jemers River is likely to have
diluted plutomum concentrations in the man stream because of tho large amounts of
matenal contnbuted by the tributary

On the sontheast side of the nver, immedintely north of the settliement of
inchito, lovee constraction ttuncated o meander of o bhiauded chininel active bhotlwaoeen
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the mid-1940s and 1961. A portion 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 preserved 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
Greeks" and named after an early family in the area) is a northern suburb of
Albuquerque. The 5 km representative reach is similar to the 25 km of river through
the city where levees on both sides constrain the active 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 deposits.

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 tha two levees. On the east side, =oulh of the Alameda Bridge, 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 tlood
plain several decades old. A zone of juvenile cottonwood, siberian elm, willow, and
tamarisk surrounds 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 have a
variety of species not found on the old flood plain (51 percent of the trees are
tamaarisk, 11 porcent cottonwood, 11 percent willow, and 26 parcent russian olive).

Sediments reflect the ditferentiation botween flood plain and abandoned braided
channels in the reach. The older flood plain surface materials have about 30 percent
silt and clay, with a tining upward sequence from a depth of 60 cm. The braided
channol, abandonod in 1960, has highly variable amounts of fino particles, with tho
mean value of 37 percent reflocting overbank deposition in the area after
abandonment The pre- 1954 braidod channel northwest of the Alameda Bridgo did
not experionce overbank deposition, and it exhibits the reliative lick of fine materials
(3.8 percent) typical of a braidod channel.
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Figure 13.6 Riparian vegetaticn communitios along the Los Griegos representative
reach See number 7 in Figure 12.2 for location and Table 12.1 for symbals. Moditied
from Hink and Ohmart, 1984.
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Figure 13.7 Geomorphic map of the L.os Griegos representative reach. See number 7
in Figure 12.2 for location labeled areas on the map are 1A, 1982 active channel,
1B, 1982 active flood plain, 1C, braided channel and overflow area, pre-mid-1940s -
1960; 2A, pre mid-1947s-- 1960 braded channel area; 28, pre-mid-1940s. - 1960 flood
plain, except NW of Alameda Bndgo where it was a channel overflow and slough area,
pre-mid- 1940s-- 1954, 38, pre-mid- 1940s--1954 flood plain
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The geomorphologic map of the Los Griegos reach (Figure 13.7) shows a suite
of landforms and deposits unlikely to contain large quantities of sediment or plutonium.
The constriclion of the river by levees 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 landuse 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.? 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 nortneast 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 reach, occupying the
older flood plain surfaces and braided channols that were abandoned befora about
1965. On those meandering segments of abandoned channel that are not part of the
present active channel, species composition differs from tho flood plains by including
tamarisk and willow (Fiqure 13.8). The newer deposils also have less mature
community structures. Willow is clearly associated with finor matenals of filled
channels, accounting for as much as 74 percent of the trees in such aroas.

The sediments in the |1 os Lunas reach show variation vertically and horizontally.
Iin abandoned braided channel zones, sediments are coarse with 5 percent or loss as
silt and clay In abandoned flood plain zones, the fines constitute an average of 50
porcont of the materials. In the elbow area describoed above, the surface sediments
are ina (54 percent silt and clay) because of the slack water ovoerbank deposition in
the area dunng flood penods in the last 20 years  Subsurtace samples, however,
show that these fine matenals are less than 45 o deep, becinsg o sample from 45
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Figure 13.8 Riparian vagetation communitios along the Los Lunas representative
roach. See numbor 8 in Figure 12 2 for location and Table 12.1 tor symbols. Modified

from Hink and Ohmart, 1984
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Figure 13.9 Geomorphic map ci the Los Lunas representative reach. Seo number 8
in Figure 12.2 for location. Labe!od areas on the map are 1A, 1984 active channel,
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channol
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cm below the surface revealed rnaterials 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 quaritities of plutonium though no direct measurements
are available. Fine materials deposited during the 1950s and early 1960s are relatively
scarce, occurring on a few smalil 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 occuts in the deposit, it is from remobilized materials that
had been previously deposited elsewhere upstream and then entrained a second time.
Mixing and dilution by tributary sediments has probably been extensive.
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CHAPTER 14. STORAGE SOUTH OF THE RIO PUERCO
14.1 San Geronimo

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 Puerco joins the main river, bringing
with it a huge load of sediment. The Rio Grande Valley becomes much wider below
Bernardo, 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 great valley width, extensive
channel changes, and wide-spread impacts of engineering works.

The 5-km San Geronimo reach is similar to the 25-km segment of the Northern
Rio Grande betwcen the highway bridge at Bernardo and San Acacia Diversion Dam
(Figures 14.2 and 14.3). The reach has a levee and drain system on the east side,
while the embankment ol the Southern Pacific Rail Road strongly impacts the wust
side. San Geronimo was a stop on the railroad, but it is now abandoned. The
embankment constrains the latoral movement of the active channel and isolites a
backswamp and Inko area on tha west side. The flood plain and abandonod channel
aroa is moro than 2.5 km wide and is bounded by sharply defined Pleistocene terraces
of sand and gravel.

Channol changa in the San Geromimo reach between the early 1940s and about
1990 has been an adjustment from a winding branded channel 1o a meandening single
throad, and finally to o relatively straight singlo threead.  Through the 1940s the channel
was up to 1.0 km wide and nearly filled the avanlable valley floor between L aJoya,
situated on an east side terrace, and the rinlroad embankment on the west side. Neqar
San Garonimo, the railroad embankment confined the chivnel, but further south tha
river broadenced agan. A reninant of this 1940s channel (48 on Biguee 14 3) still eoastes
noith of 1 a Joya

Dechnmg water yelds and smalles flood peae after the early 19405 1ed to the
establshment ol o nortower, meandering single channel in the early 19508 (Goe Fopae
4 5 tor the annual water yield hestony and Figuee 4 /7 for the flood history) Modenate
flood:s e 1957 and 1958 brought mmon adostment:s, sud another moderate flood in
196G/ stivghtened the aigoment The abandoned, smuons channed aed s iesocated
food pluns appear ass temnants on the valley floor throughoot the reach A o 2R
on higue 14.3)  Alter 1967, only tamor adjosstments ocearted, usaally by the addition
of chinnel fadde bare,

The ppauan vegetation i the San Getonemo teach e not aes vaniabde asot esom
tea e vpedresam (Bigure 1420 Datan sindd hestoneal i mcheate thit Lok wairs
alteady esdablished m donse thckets by the nd 19305 Y Tanansh e by L the meoed
COMON pes et Provichng o continnons mone Species, ¢over in nany ane.,
Chanagees e the commmuonty straeture, however, eflect the varation i anderlyineg
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Fagure 14 2 Bapivian vegetation conmumbios along the San Geromimo rapresentative
raach  Seo number 9 n Lgure 12 2 tor location and Table 121 tor symbols Modifiod
from Hhinde aned Ohngat, 19484
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Figure 14.3 Goomorphic map of tha San Geronimo reprosentative roach  See numbaor
8 in Figure 12.2 for location. Laboelod arpas on tho map ato 1A, 1984 active channal,
1B, 1984 flood plain; 1C, 1984 overflow area, part of a briuded chinnel and bar
systom; 2A, 1950 1967 channol, pro nud 19405 1o 1950 a0 Eradod chionol, 28, 19600
19G/7 flood plain, pro mid 19405 to 1950 a braedod channet 30, 1550 1971 flood
plain, 483, 19405 1950 flood plun and beudod channel
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deposits. Mature forest stands with canopies several tens of meters above the
surface are rare, but there is cor.siderable 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/CS1 in Figure 14.2), and the willow lining the medern 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 1850 and
1967 (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 C1).

The geomorphic map shows the contrast between the winding course of
deposits of the river during the pre-1967 era contrasted with the straighter course of
the present channel. The railroad embankment forms a resistant boundary 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 Joya, but their forms and materials remain relatively undisturbed in the northern
portion of the represcniative reach.

The flood-plain deposits associated with the 1948-1967 channel systems are the
most likely aroas for plutonium storage. These areas have fine-grained materials
deposited during the period of maximum plutonium input into the system from fallout
and Los Alamos. Dilution of the plutonium concentrations is likely, however, because
the San Geronimo reach is immediately downstream from the confluence with the Rio
Puerco. The tiibutary contributes huge quantities of sedimnent with low concentrations
of plutonium that mix with those of the main stream, reducing the concentrations of
the contominant carried by tho Rio Grande. The influx of sediment also contributes to
massive flood plain deposits extending up to 3.5 km across the valley in the reach.

14.2 Chamizal

The Chanuzal reach containg 5 of the 40 ki between tho San Acacia Diversion
Dam and tho San Antonio Bridgae (Higuro 14.4). Beeause the reach lies below tho
confluonces of tha Nothern Rio Grando with the Rio Puerco and Rio Salado, the
systemos fiooded with sediments from tributavies, resulting ina tlood plain that is
2530 kimwide  Dunng the 1940s, the channel was as much as 1 ki wide with a
gontly windme couse that lached the extreme wandering seen in tho channel near 1 a
Joya in the San Geromimo reach - Only ona pronounced bond or elbow oceurred in
the Chanwzal teach nein the settlement of Ghamizal - Abandonment of the broad
brauded chinnel wirs in stages, with some pants abandoned under natoral procesises
by the e 19505 A and 38 bqure 14 4) and others abandoned as aresult of
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Syurer 3% “ceSiarpnit Map ot the Chamizal r representauve roach See number 10
in Figure 12.2 for location. Labeled areas on the map are 1A, 1984 active channel;
1B, pre-mid-1940s--1984 flood plsin; 1C, pre-mid-1940s--lat~ 19705 toud nlain and
overflow area for braided channel; 2A, pre-mid-1940s--196. braided channal; 28,
pre-mid-1940s--1962 flood plain; JA, pre-mid-1940s--late 1950s braidod channel; 38,
pre-mid-1940s--late 1950s flood plain; 4B, cleared area on unit 2B.



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). They 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 le:-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 Grande, Rio
Puerco, and Rio Salado, wherein major flow events in 1967, 1972, and the early 1980s
caused channel adjustments. Although the engineering works comj:leted 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 Marcial 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-plain 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 flourishing, but in those areas still subject to
overbank flows from the modern channel, tamarisk maintains its dominance. Because
tamarnisk is so common and other species are not especially variable from place to
placz, the riparian vegetation is not a reliable indicator of the distribution of fluvial
torms and sediments in the reach.

Sedimentary characteristics are useful tools in differentiating deposits in the
Chamuzal reach. | ood plains have consistently finer materials than abandoned
channels, and flood pliuns of diferent ages have different amounts of fine sediments.
The sediments in the mayor abandoned braided channel in the arca (2A in Figure
14.4), excluding the setthng bising, have less than one percent silt and clay. Among
the flood plun sediments, the more recent the feature., the more ine material it
contamns.  The modern active flood plain sediments have a mean of 53 percent silt and
clay, while the Hood plan abandoned in the late 1950s (283 in Figure 14.4) has 43%
and the one abandoned somewhat earlier (383 i Figure 14.4) has 29%.  As is ofton the
case with biuded sheam deposits, there s vertical varation in particle size below the
sutface

Ihe geomarphue map of the Chinmeal reach shows mostly post 1941 features;,
alt related to gently corving channels thit have chianged from acbraided 1o asinglao
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thread configuration. Given the location of the reach far downstream from plutonium
source areas (almost 250 km south of Espafola) and downstream from major
sediment sources (the Rio Puerco 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 refiect 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 avaitable in the reach.

14.3 San Marcial

The 8 km San Marcial reach represents channel conditions between the San
Antonio Bridge and the San Marcial Bridge, site of a major U.S. Geological Survey
stream gage and the downstream end of the study area (Figure 14 5). San Marcial
was founded as a mid- nineteenth century 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 . wide, but the active channel is relatively narrow, less than 60 m wide,
because of transmission losses, irrigation withdrawals, and the rmaintenance 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 Geronimo reach in
that the Southern Pacific Railroad embankment has isolated a part of the previously
active flood plain from the active channel for more than century. This isolated area at
San Marcial was a backswamp under natural conditions, and included San Marcial
Lake. Following the installation of the railroad, the lake filled with sediment and
organic debris, and it no longer exists as a body of weter.

Channel changes in the San Marcial reach have a complex history. Before
1941, the channc! in the reach was a winding, braided system that narrowed as it
passed Mesa del Contadero and Mesa Peak. This braided arrangement (3A and 38
in Figure 14.5) survived a series ot floods through the late 1930s, with the largest Hlows
of record in 1905 and 1929 (sce Figure 4.7 for the flood history of the Rio Grande at
San Marcial). The arrangement indluded a flood pliain zone along most of the reach
(3C in Figure 14.5). During the 1930s, the low was contlined to a channel on the west
side of tho valley.” Tloods in the lite 1930s and in 1941 established a new
configuration that included a broad overflow area or flood plain mmediately north of
Black Mesa (2D in Figure 14.5). 1 ow flows bifurcated, with one branch flowing along
the west side of the valley (A in Liguee 14 5) and the other along the cast side

The Middie Rio Grande Project, completed n 1953, resulted in the
abandorment of the west branch and the ditection of iows into the eastern branch
The broad overtlow surface 15 now molited from the active channel by levees
Subsequent engineenng efforts dehined arelatvely straight channel thist ot off some
maeanders along the single theead castern channel (18 0 bigure 14 45).

Ripirrian vegetation m the Sin Marcid reach s predonumantly taneuisk  The
bedrock constnction ollered by Black Mesacand Mesa Peak forees groond wiled (o

the surfaee n the geach, producmg deal condibions toe phreatophiyte growth Inone
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Figure 14.5 Geomorphic map of the San Marcial representative reach. See number
11.1n Figure 12.2 for location Labeled arias on the map are 1A, 1984 active channel,;
1B, 1984 overtlow channel, active channel during the 1970s and early 1980s; 1C, 1984
flood plair; active at least from the early 1970s to present; 2A, pre-mid-1940s to 1960s
active channel; 2B pre-mid-1940s to 1960s flood plain; 2C, pre-mid-1940s to 1960s
flood plain; 2D, pre-mid-1940s to 1360s flood plain and overflow area, probably
overflowed in 1941 which estal.shed geometry; flood flow bifurcated with one split on
each valley side; 3A, pre-1941 channael; 38, pre-1941 flood plain; 3C, pre-1941
mid-channel 1sland and channel side bar; 4A, pre-1941 lake and backswamp area
1solated by rail rond embankrnent; sedimented in by 1970s; probably not a depositon
site tor main channel matenals after construction of the ralroad.
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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, 3B, 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 populaied 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 clay. 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 further 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 sediment evidence shows that
the present channel arranqgement bears httle connection to the older channels and
their deposits. The reach preserves both channel and flood: plain deposits from three
separate periods. 1920s-1930s, 1941.1953, and post 1953 The last senes. the most
likely to contain plutonium if it were avaiable from upstream sources, 1S the most
limited in a geographic and volumetric sense. Given this fact, along with the dilution of
sedments by tributary additions and the great distance from upstream sources (313
km from Espadola). it is unlikely that plitonium occurs within the reach in major
concentrations.

14.4 Summary

The toregomg review (in Chapters 12, 13, and 14) of detalled channel changes
and resulting fluvial deposits and forms in eleven representative reaches of the
Northern Rio Grande produces; the tollowing general conclusions

1 The channel has become consistently more narrow over the past severil decades,
a process that began before the closure of Cochutt Dam and that appears in
plivces not affected by the dam

2 the channel has metamorphosed from a braded system to o single thread system

J  Ripacan vegetation communities have composiion and ‘o stractures that provide
duect inks to undetlymg ionms and sediments  andlonm and moatenals contiol
the geographeal patterns ot the vegetation within cach reach, though not
necessanly n the same way throughoot the entie Notthermn Bio Greande

4 Sediment charactensties within each teach iee also directly bnked to then fuvil
history  The vanations ine not consetent throughoot e study inea because of

tbutry nfusions A flood plinn o nodhern reach may theretore have
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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 thian 1.5 m deep, and usually less than 1.0 m
deep.

5. Plutonium frcm 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 SIMULATION 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 on the tributary 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 deposits: mixing and dispersal. Dilution
through mixing occurs when the sediments from Los Alamos Canyon combine with
sediments from the upper Rio Grande and from tributaries (Figure 15.1) containing
fewer contaminants. Dispersal at the scale of tens of kilometers along the riv  also
causes a general decline in concentrations, though as demonstrated previously, river
processes deposit the contaminated matenals in spccific places rather than diffusing
them completely throughout the river system.

Further understanding of the conseaquences of the nver's complex contaminated
sediment processes mght be obtaned from three sources: direct measurement,
laboratory experiments, or numerical simulation, but only the last alternative is a
workable possibility. The direct observation of these mixing, difusion, and deposition
processes in the Rio Grande 1s impossible, so that detailed empincal dita about them
is unavailable. In order to be workable, laboratory experiments must duplhcate the
significant components of the real system using tumes, and physical models of the
system require changes m scale that may result in inaccurate representations of the
actual system  Sedimaent in physical models must be smaller than in their real
counterparts, for example, but because tho waler connot be "scaled down® in tho
maodel, the fing sediment i the kiboratoty behaves differently from the more conrsoe
sediment it represents in the real system, itis thereforo bkely that the only avenuo to
detailed analysis of the operations of the system ol contaminant transport and storge
in the Ro Geandoe is through o numencal simulation modaol

The term "model® has o vanely of mcanimgs, but in the present context it refers
to an mtellectual stracture that s asunphiication of realty.' Tho river system is too
complex for complete descaption, even using all the known relationshipe amaong niver
relited vinnmbles  The basic adjustable vianables of the system aue channel widih,
depth, gradient, veloeity of flow, amounts of wites and sedunent, sediment size, and
hydiauhe toughness = Although hydeaahe and geomorptue theornes indiciate how these
variibles are reladed to each other, the nomber of equations based m fundiimentiyl
phyacal connections e less than the nombes of vinablos, so that the problem deties;
firnte colition Sunphheations and empaoe ally denved functions substtato tor the more
desarable fimte solutions, sind the resalt ey acre resentation thit s an umperfeet
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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 intervene 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
of such models are usually relatively simple mathematical statements that connect
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 model for analyzing the concentrations of
plutonium in sediments of the Rio Grando is that it be a simple, dynamic, spatially
variable sediment transport and storage model based on the distribution of force and
resistance in the system.

1. Simple. 1he objective is to construct a program that operates in a personal
computer environment without need for large machine support, with an
interactive design so that the user doos not noed to be a spocialist.  Although
some hydraulic models presontly in use require detailed survoy data, the
objectivo is to make data demands simplistic, without need for oxpensive data
not found in presontly availaible data bases such as stroam gauge records and
acrial photography

2. Dynamic 1The model should be capable of simulating the passagoe of tima by
upditingg itself, taking into account changes to chivinel geomaotry resulting from
sedimentation or erosion so thit the noxt timo unit in the simulation accuratoly
accounts lor the products of previous operations of the system,

3. Spatially variable 1he modal should tako into account the variation from place o
place in tho physical charactoristics of tho stroim channol and in the naturo of
tho dischargoe of witer and sediment. The model should be more than a simple
mput/output structure, and should depict ntermal geographic viviation along the
sttesun channel

1 Transport and Storage 1The model should bhe able to track the sunounts of
sedmment ind contanvnants thit are mpat, ontpot, and stored of vanous
location: within the system e also necessary o acconnt for remobilization of
nuterals temporanly deposited within the system and neqe the chinnel



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 Outline of the Model

The model developed 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 langua
ge consisting of about 1300 statements 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 vsing BASIC are
that it is automatically available on most IBM-compatible personal computers without
the need for additional compilers, and it is easily modified by users who wish 1o
enhance its calculations by inserting more sophisticated mathematical statements.

The goneral structure of the RAT is to define river processes in a series of
linked channel segmoents. In this case, the simulation is limited to the Northern Rio
Grande from Otowi to the headwaters of Cochiti Reservoir. Although it is theoretically
possible to simulate the river over much greater lengths, the calculations become
unwieldy. Simulations of prosent processes and predictions of tuture processes must
focus on the Olowi Cochiti Reservoir reach, because the reservoir is the termination of
downstream sediment transport.  ECach channel segment has its own physical
characteristics such as longth, width, depth, and gradient. The program
mathematically passes water, sedimont, and contaminants through the sequonce of
sogmonts, calculiating tho force available for transport, the rosistinco of the segment,
and resulling crosion or deposition within aach segment.

Alter calculating the processas for one sunulited day, tho program changes the
physical charactwistics of each channel sogmont to account for erosion or deposition,
and thon bogins agan with calculations for tho next day.  An internal accounting
systom tracks tho amounts of sodiment and contaminants stored on lost from cach
sogmont as waoll as tho amounts roloasod lrom the lowor ond of the st sogment (that
15, depositod in Cochiti Rosarvorr smder prosont conditions) — Thoe model calculations
ary mostly invisiblo to the usor, who se0s only a computer screen thit sk for ingaat
of viious kinds and that provides prompts to tho user asking tor choices in soeries of
oplions exorased while tho progeum is running

Tho specific structura of tha RAT consists of a seties of caleculitions contoamed
within a loop and connectod to a sones ol dativ oetrices or artays. Tho program
bogins by askang the user to Solect a nver system for analyse Two options o
available: a simpledic throe sogment synthetie test systom tor experimental purposes
or thoe Nothern Hio Grando - Tho Northorn Bio Geande option mcludes; datae descnbing
27 soegments of the stream baginnmg at Otows, mmediately apysteeam from the
confluence with Lo Aunos Canyon, and ending ot tho headw:aters ot Goelaty
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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 imarnally 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 Reservoir. The characteristics
recorded for each segment are segment number, downstream dJdistance 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 chanrel gradient, mean
channel width, mean chzannel depth, hydraulic roughness of the channel, the
cunmulative channel bed area from the beginning of the entire set to the end point of
tha segment, a number to connect the segment to the passage of flood waves, and
the time unit number. For the sake of simplicity, the calculations assume a rectangular
channel (Figure 15.6). The channel segments are 200 - 2010 m long, with their
specific starting and ending points determined by geomorphic conditions along the
river. For example, narrow reaches for some segments while nther segiments are
wider and contain some space for sodiment storage. Senerany, wide and narrow
segments alternate with each other long the channel. The time units range fromm 1 day
to any maximum number, but practical programming limits the realistic maximum
number of simulated days to about 10.

Once tho prcgram establishes the iniial geromorphological environmental matrix,
the user inputs daily moan discharges that entor at the upstr. unm beginning point of
the entire sct of segments. The input of discharge values by the user causes tho
prograin to establish a second data matrix or array for hydraulic values within each
stream segment.  Thoe hydraulic matrix, like tho ono for the goomorphic parametors,
has threo dimensions  segment numbiers, segment characteristcs, and tima units.
Again tho seament numbers range from 1 to 22 and the time units from 1 to about 10
The hydiaule charactenstics of the channel segments are segment number, an
unadjusted discharge value denved trom the input data, the totil within tho segmoent,
an adjusted discharge viduoe that accounts for the transmussion losses, depth of flow,
velocity of How, stream power per unit area of the channel bed, and strequm power at
tho downstream end of tho cross section  All the bydraulic calcubations and
subsequent sodiient and plutomum transpont calculitions use the adjusted dischingo
Calcalations tor the components of the hydradhc matnx use standaed, widely aceeprted
formulie employed by geomorphologets and hydiaulic engmeers (Appenedis J)y -

Usimg the hydaahic matnia, the BRAT progeam calealites values lor a third matrix or
array that describes the sediment systom segment by segment through the entire senes
Liko the other ostoces, the sedment matrxe has theeo donensaones segmaoent nomburs,
chivactenstics, and e units - A before, the Sogment numbers nge from 1o 22 and
the time units trome 1o about 10 The chiractenstics recorded n the sediment matnx aro
sedgment nuomber, sedment transport capacity, sediment nput to the segment, sedunent
output rom the seqgment, tho change m sedimeant stocage donng each time anit, aeeanning
total to account tor sediment stored or ocoded rom the segiment from the begumomeg of
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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 part, 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, Pants F, G, H, and 1). It is also likely that contaminated sediment from Los
Alamos Canyon travels as bedioad, because of the relatively cot'-se materials involved.
From a regulatory siandpoint, bedload calculations are of greate. interest, because the
infusions denved 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
specitying the locatiun and timing of the input (by segment number and time unit
number), and by drtailing the total mass of sediments and plutonium concentration of the
input  The systermn 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. In the case of the Northern Rio Grande,
the simulations depict introduction of corttaminated sediments from Los Alamos Canyon
which joins the strear.. in segment number 2. The program assumes that fallout-derived
plutonium n the system occurs in sedimnnt entering the segment series from upstream
in bedload concentrations of about 0.0025 pCi/g.

The RAT program completes its basic calculations by using these input dita to track
the plutorvum within each segiment and to construct a fourth matrix or array. The
plutomum matrix has the usual three dimensions of segments, charactenstics, and time
units wth the same e ranges as betore. The plutonium matrix characteristics are
scgment number, mass of plutonium input, plutoniur concentration of the input sediment,
mass of plutonum output, plutomum concentration of the sediment output, mass of
plutonium storage in each time urit, total mass of plutorium stored trom the Loginning
of the simulation, concentration ol plutonum in stored sedunment, and time unit. Theso
calculations amoret tao simple accounting (Appendix J, Parts J and K)

After completing the caleulations and mserting the resulting values in the respective
matnices, the RAT determines whether or not the simutation is complete. It the user has
speafied the simulatior: of only one day, the progrem proceerds to preparing the data tor
dhsplay I the user has speahed moro than one simulited day, the program returns 1o
the enviconmental matoecand adjustss the mitial conditions and segment charactenshes 1o
reflect the results of the processes dunng the fiest day. The program change:s segmaents
with stored sediment by making them more nivrow and shallow, and chinges elevations
thit ultmately caose changes iy gridient - The progrivn mathematically distibutos the
stored sediments throuqghout the segment evenly in the dewnstteam: direction, while
reductions an the crons sectional arei iue such that 80 pereent of the reduction ocoues
i the depth and only 20 percentin the widthe i other svordes, whien channel agoradiation
oceurs e mostly by verhical acerets i It oeromion e the cive, the progrien
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mathematically enlarges tha 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 the observed 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 calculations for the hydraulic, sediment, and plutonium
matrices as described previously. Additional updates of the environmental matrix and
additional subsequent calculations occur 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 the RAT includes the primary data concerning water
discharge in the main channel and the infusion of sediment and plutorium from Los
Alamos Canyon. The daily discharge values for the Rio Grande may be actual values
taken from the gauging record at Otowi so that the resulting simulation reprosents an
interpretation of a known event. The discharge values might also come from
hydrologic simulations of past or anticipated future events, or they could be
experimental values used to test the response of the system to a variety of inputs.
Realistic values for discharge range from tens to hundreds of cubic meters per second
(Table 15.1, Figure 15.7). Stream gage records show that over periods of ten to
twenty days tha discharge in the Rio Grande varics by 15 percent or less under tho
cunditions prevailing at the times of the major infusions from Los Alamos Canyon. At
other times, changas of an order of magnitude are possiblo

The program assumes for the purposes of simulation that the Rio Grande
transports an amount of bedioad sediment that s equal to ts bedload transport
capacity. Therclore, once the user assigns an input dischinge, the progrium calculites
the amount of bedload thit the discharge can transport. given the considerations of
the geomorphology of the chinnel.  The calculations use that 8- as e input and
output of bedload sedunent for the first segment  For subsequent segments
downstream, howaver, the amounts of input and oumput may be different tor each
segment, because the inpet depends on condhiions: upstream, whnle output depends
cn condibions within the segment The differences hetween nput and output lead to
erosion or sedimentation within cach segment

The wnser specihes the nature of the mtusion of sediments into the maun channel
hom 1L os Alamao:, Ganyon i forre ways location, tune, imount of sedunent, and
plutonium concentration  Beeause of the spatad Stracture of the model, Tos Alamos
Canyon enters the man streim n seqgment nomber 2, and toae urnit refors o the
simiulted day of the mfuraon, generally the st day - The quantitiess of sedunent
empticd mto e raun hanned by iesh floods on the tinbotary, iecsumed 1o enter all on
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higure 15 7 The anmual flood sonios of the Rio Graesde it Otowd, showing the probablo
rofum intarval of anneal floods of vanous magoitudos. | or exaongbo, iy oo Bood
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a single day, reasonably would be 5,000-15,000 Mg. The cor: nntrations of plutonium
during the four years of primary concern, 1951, 1952, 1957, and 1968 were probably
1.700-3.000 pCi/g (Table 15.2), with lower quantities of sediment and lower
concentrations in other events. The amount of water contributed 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

The program presents data resulting from the calculations as tables of numbers
exiracted from the various matrices or arrays within the program. Four types of data
are available. In each case, the data are organized by stream sogment and time unit.

1. Geomorphologic data describe the chivnel characteristics such as width and
depth, and derive from the environmental matrix. These data can roveal the
responses of the channol to various inflows of watar and sediment.

2. Hydraulic data doscribe tho behavior of the water flow in tho channol segmaonts
and are mostly uscful for program calculations. They describe the amount of
power available to transport sediment through the system

3. Sediment data describa tha movement and storage of bedioad sediment in the
centire channel system scegmaoent by segment.  Chiinges in storago in a particular
sogment through time can help expliun tho dynimies of plutonium in the
system

4. Plutonium data, mcluding inventory amaounts and concentrations in bedload within
cach segment, represent the most important ontpat of tho model. The data can
trace mixing and diffusion processes from tho segmaoent where the infusion
oceunod

In presenting these data to the user, tho BAT constracts dita ables for displiy
on the computer screen or prnted on paper - The progean presents the didi
otganned according to spatial or temboral vigintion B or the spatial viviabion
approach, the table contiune the type of data chosen by the user topresented for one
time penod theough all the seqeents o s form, plotonmme data can reveal the
geoggapbuec locations (dentiied by cogment nomber) of phuatonmem stoaege sathan the
system Forthe lemporal vanation appnoach, the table o doto contamne, vilues;
desentang conditions i a saingle segment (chosen by the aser) over all the time
penods smuliated by the program - In the temgoral form the progeam showes: e
biviedd chamges m plitonem mventory and concenteation for o particalia streiem
secpment of mtereest

Heguudless of the micthod of orcanesneg the ditay for ontpat, the proggeam
e atees the sunonnt of photonom et pasesees completely throogh the senes of stieam

secpnents T plutomum wees probably deposated mand along echannelk, downstreim
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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 calculates the
probable concentration of plutonium in these downstream deposits.

At present there is insufficient empirical data to completely assess the accuracy
of the mode! predictions, though some comparisons between model predictions and
observed 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 as those 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 concenlration values within an order of
magnitude of actua! values is probably the best that can be expected, even with more
sophisticated calculations. The inventories of stored plutonium are reasonably
accurate, because the problem of prediction is actually an issue of distributing a
reasonably well known quantity of input material.

In summary, the RAT is a simple computer program that simulates river
processes that occur over a poriod of days within 22 river segments along the
Northorn Rio Grande. The program allows the non-expert user to simulate past events
or to experiment with hypothetical situations that might develop in the future. The
program produces information about plutonium concentrations and inventories that are
accurate of least to within an order of magnitude.  The primary value of the simulations
1s o determine geographic and temporal variations in concentrations or invontorios.
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CHAPTER 16. SIMULATION RESULTS
16.1 Introduction

Simulations using the RAT program outlined in the previou. -hapter provide
insiyht to the magnitude and speed of mixing, dispersal, and concentration ot
plutonium in the bedload sediments of the Northern Rio Grande. T"e model also can
account for simple channel adjustmonts (Figure 16.1). This chapter explores the
results of operating the model to define how plutonium concentrations in stcred
sediments along the Rio Grande respond to four major controls: 1) variation in the
mass ol input from L os Alamos Canyon, 2) variation in the concentration of input, 3)
the passage of time and continuing operations of river processes in the main channel,
and 4) increasing distanca downstream away from L os Alaunmos Canyon.

While the results of the simulations could be presented as tables of nuinbers,
interpretation of the data is easier it they are presented in graphic foom. The numerical
results of simulation runes provide dita suitable tor use with standardd, commercially
available graphics programs for use with personal computers. The graphs presented
in this chapter are products of combining the data generated by sumualations with
SIGMAPL O1 Version 4.0, a graph program created by Jandel Scientiic, Inc. Results
in ench graph appear as lines that represent interpolations between the datay points,
provided provided by the sunulations  The ines are cutne sphine curves that closely
approximate the gencrial rends of the data through mathematical smoothing and
nterpolation hetween given points  Each graph presents the resalts of 40 50
simaliions Beeauso of the magmtude of potential error n the calcalations,
simplificitions in the simulation process, and the smoothing ot data, tho graphes: do not
represent precee predictions Vialues for a pariculin place at o paricular ime cannot
be visually extrac ted trom the dagiams  The graphs repeesent intormative: general
trends, however, and they are uselol sources of generaleations about the opetation of
the niver and plutomum system

16.2 Varying the Input Mass

Figore 162 showe the resullts of the RAT progeame for 10 camulited days
of nver procecssesan sedqment nombier 2ol the 1o Guande (Jocated on Brgoee 19 3)
the plotoranm concentrationo ain injected sedinraents was 30000 pCilfg, o repesentative
value (Table 15 2 Throughout thes chapter for preceaon acd sunpiccity,
measterentoue m e g 0y 00010 pCir/g) The gpaphom brgqure 162
incicates that at the pot oo frome o Alamaoes Canyors waes 2500 Mg (Gnaumonnt
smaller than the mjectiones dunng the tour most umperstant yeor) and the deachaege of
the Rio Girande waes 50 cabne imeter s per second, alter 10 daye the cone entration ol
phatonw in sediment stored along the Bio Grande i segment D wonli he aboot 120
Gz Alter 10 days of misandg and disperaon the concenteion of platomionmy in the

bedioad dechined more than 9% percent rom the valoe seconn the npat rome Lo,
Aliuncr,

A candation tor aboot 10 daysor, areasonabile approsimation to whiat probably
happeneoan the Blonthesny Fio Geondes lncthao prenodd of toe e Bl ely that seslimney ot
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would have entered the river, mixed with other materials, and been deposited at some
point downstream. Remobilization, remixing, and further dispersal probably results in
further reductions in plutonium concentrations. Therefore, we would expect that the
simulation results produce maximum probable values for plutonium concentration. In
actual measurements, we would expect to observe 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 quanitities that are huge in comparison with
the amount of material introduced from Los Alamos Canyon. Because the bedload
sediment decending the river from upstream contains only 2.5 fCi/g of plutonium from
fallout, the mixing rapidly decreases the concentrations from the tributary. The mixing
process is powerful, bacause 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 concontrations 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. '

These operations of the model show why plutonium concentrations are
relatively low in bedload deposits along the main channel. The simulation indicates
that using realistic values for the 1952 infusions from Los Alamos Canyon (original
concentrations of about 3,000 fCi/g in about 6,000 Mg of input to the main river
flowing at about 68 cubic meters per second), concentraticns of plutonium in stored
sodimont clong the Rio Grande would be about 190 fCi/g alter 10 days. Because the
systom probably operated for a longer poriod bofore the ftinal deposition of these
sodiments, it is likely that furthor mixing occurrod and that tho value of 190 fCi/g is an
expoctod maximuim.

Tho amount of discharge in tho Rio Grande also strongly influences tho
concontration of stored plutonium, because low discharges produce relatively slow
mixing, whilo high discharges aceelerato the mixng and produce declining
concontrations.  For examploe, cortinuing tho example of tho 1952 conaitions outlinad
above but assuming a dischargo of 200 cubic meters por second, tho resulting stored
plutonivm concontrations aro not 190 1Ci/g but are doprossed to about 80 1Gi/g. At
high discharges, immense quantities of sediment (with fow plutonium concentrations)
enter tho system from upstream.

In anuther exavnple, using realstic vidues for the 1957 intasions: (instead ot
thosio of 1952) from L os Aliunos Canyon (concentration of about 3,000 1C1/g, abot
15,000 Mg of mput, and main channel dischinge ol about 1220 cubse meters por
second), smuliations reprasented i bigrono 16 2 suggoest tesulting storage
concenteations ol about 2001Ci/g  Theso results explain why deposits dating from
195 (with concentrations of about 190 1G:/q) and 1957 may reasonably bo oxpected
to contiun similin concentiations of plutonmum, aven though the 1952 sediments woere
deavad from an mtueaon neess that wass only one thind s kuge e the 1997 ntusion



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 Varyiny whe 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
plutonium concentralions also playing a role. Increasingly high discharges in the main
channel cause increasingly large decreases in plutonium concentrations through
mixing even on a restricted time scale of one day. Discharge variation has a greater
depressive eflect on the higher concentrations as shown in Figure 16.3.

The range ol discharge values that probably occurred during the actual
infusions of plutonium from Los Alamos Canyon in the years 1951, 1952, 1957, and
1968 was about 15-120 cubic meters per second. The mass used in the simulations
shown in Figure 16 3 was the amount from the 1952 case when concentrations in the
tributary sediments was close to 3,000 fCi/g. Alter a single simulated day, the
concentrations in main channel sediments in segment number 2 were about 1,200
ICi/g. Subsequent oparations of the system resulted in further decreases in plutonium
concentrations, and deposition of the materials is not likely to have occurred until at
least several days later whien discharges decreased.

Simlation results shown i Figure 16.3 indicate discharges in the Rio Grande
dampen the range of vanation in input concentration.  Hor exampie, consider the input
concentrations that are 1,000 5,000 tCiyg At discharges of less than about 20 cubic
meters poer second, plitonium: concentrations in man channel deposits hiawve o rango
ul neuly 2,000 1C /g, At dischinges ol greater than 200 cubice moters par seeond,
however, channel deponsit concentraions have a rang ol only about 1,000 (CGi/g

16.4 The Effcct of Time

Once materals from Los Alivmos Ganyon enter the B Geande, misangg ang!
downstrean dispoersion oceur guichly as acresalt of surposingly powettul main streaun
processes, even b low discharges Simalations asang the RAT progeaum to mumig the
operation ol the system over simulided ten aay penods show that dunng the sunulided
penod, platormum: concentrations iy hedioad sedunent dechne by about B0 49O pereent
depending on the diesc e an the man channel (Fgoee 16 4) - The declhines resalt
becaose the sunounts of sedaoent from the tobatary are sanall withy resspect to the
arhountoc trareat i the man channel, and becaose the plitonim concenteations in
tho bedload contnibated by the mam channal from upstream fallout are raelatively low

The 195 corae o use il examnple of the chianges over ime i plotonium
concenttation m segment nomiber 20 whete L os Albunos Conyon omes the Rio Greande
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In that year, Los Alamos Canyon contributed by flash flood 5,730 Mg of bedload
sediment with 3,073 fCi/g of plutonium to the Rio Grande when the discharge in the
main stream was abou't 68 cubic meters per second. After 10 simulated days, the
plutonium concentration in bedload sediments in segment number 2 was about 200
fCi/g. Although this scenario is probably a simplification of actual events, it indicates
why the resulting depo-its along the main channel were likely 1o 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.?

As in previous simulations, increasingly high discharges result in decreasii.g
plutoniuni 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 more gradual in all the discharge
examples. The slight increase in concentrations between days one and two ior the
discharge of 10 cubic meters per second in tigure 16.4 is an artifact of the cubic spine
curve used to represent the data rather than an actual increase.

Over periods of several days, operations of the main river cause infusions of
different concentrations to decrease toward a common, relatively low value. higure
16.5 shows the results of sirnulations for the 1952 case by plotting the plutonium
concentrations in segment number two for a variety of initial concentrations.  The line
in Figure 16.5 representing 3,000 tC1/g i close to the probable actual value for 1952
Although the range in concentrations on simulated day one was 4,000 1Ci/g (that is,
tha range trom 1,000 to 5,000 fCi/qg), after 10 simulated days this range had declined
1o only 250 Ci/g. Depasits along tho main channel trom a vivicty of infusions from
Los Aliunos therelore may aot exhibit radicaily different plutorium concentrations even
it thay had such diferences at the times of mjection.  The prmary ddferences, up to an
order ol mpnnitude, that are likely to be observisle in deposits are those between
materialt ¢ ovea rom L os Aliunos and those denved from the upper basing of e Rio
Grinde. Such ditferences e in fact observed in depe 1 de senbed provioasly for o
depositional nrea at Buckiman (see Chapter 12)

15.5 Gecgraphic Variation

e calculations descrnbed above have celetenced processes occurmng m a
smgle: seqgment of the Rio Giraode, the confluence iawea withe [ os Alimos Ganyen, As
sediment and plotooiim move downestreain througn i senes ol soceessive segments
n the Hio Greande, some seqgments Store maotenal whilee others merely teansport the
madenid, through o the nest segment doweesteeans The resalt e substantiod
yoeagraphue varation n plutomom concenteations and eventory mesedaments along the
o Geondoe

As o exaunple, cale alatienes orang the BAT progrom provided datac lor three
stnulated dayes and the 19°%0 coee valuess impat meees 5720 Mg, mpat plotonwm
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concentration = 3,073 fCi/g, input plutonium amount = 17.6 mCi, and Rio Grande
discharge = 68 cubic meters per second). The calculations indicated the plutonium
inventory for each of the 22 segments of the Rio Grande between Otowi and the
headwaters of Cochiti Reservoir, 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 alternaiing seqinents are obvious, because those with
storage have shallow gradients, sediments along the channel edges, and sometimes
mid-channel bars at low-water periods. The segments without storage have steep
gradients, ne mid-channel bars, and canyon walls that decend to the channel margins.

Several variables control the amounts of sediment and associated pluionium in
those segments with storage. Although the amounts of sediment moving downstream
exert some impact on inventories, the geomorphic and hydraulic charactceristics of the
slorage segments are also important. One segment may store iarge cuantitics simply
because space has been available for the material on the canyon floor, as is the case
in segment number 2 at the mouth of Los Alamos Canyon or number 8 nenar Buckman
(see locations on Figure: 15.3). Other segmonts, such as number 18 in the depths of
White Rock Canyon, have relatively little storage. even though they are long, because
strep slopes near the channel restrict available space for deposition

The distribution of stored plutonium shown in Figure 16.6 that resulted from
thraee simulated days of nver processes shows that the greatest inventory of stored
materials occurs in segment number 2 at the mouth of 1os Alamos Canyon, but there
i5 no consistent decrense innventones downstream from the entry segment,
Inventones gencerally decrease to segment number 10, but are Luger thereafter, The
amount siored in the Cochiti Reservar segment s larger than i seameents immedintely
upstreann, because the wesevorr segmaent collects all the material caahing the canyon
system. Thas circumestinee oceurs under present conditions witly the reservor in
place, but dispersed deposition of most bedload from White Rock Canyon probiably
oceurred in thee Gochiti Pueblo Santo Domingo PuchHlo reaches of the Rio Grande
(typdiedd by the Pedia Blanca representative teach descobed i Chiapter 13) inthe pre
reservon petiod

Longer samulated penode show that without Luage floods, there e slow
movernent of platomomy tromethe large mventory at the mouth of 1os Alamos Canyon
theough White Hock Canyon ta the reservonr segment af the downstiesun end - ivage
flocds aceelerite the movement  The propothion of the ot plutoninen mventory
stored within cach seceoent rennnes coreastent with the Lagest amaounts, (o adition to
the maves at Fose Alimoss Conyoncand mnmeditely downedreanm 1o Buckman) focated
hetween the confiuyences of the Tio Geande with: Paganto and Water Canyons inud
heldow the confluepce vath Dogales Canyon (Bguress 1y ound 0 The altimate ©de
o the plitorona =tore d aloneg the i channed downesteeoam frons Otawe s teanepont
nter Cochity Hesweevens, v processs ileely fo requee decicdes, on centone, depenchneg on
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Figure 16.6 RAT simulition rosults showing the geagraphic viriition of amounts of
storod plitonium resalting from threo smubitod days of Bansport ianed stoago after an
injueuon of contanmated sediment from a flash dood in T os Alivmoes Ganyon, a
tributiry in sagmant 2 Tho sauulation parimiowrs wero sl to tho conditions; ikoly
to havo occurtud in 1945, The sizes of tho cubes ive proportional to the amaount of
plutonium storod in each sogmont, with the nu.anbor m the cube idontifyineg its
corraspondingg segment . Seqgmonts without storod seeimont or plutomium ive neot
tepnesiented by cubes See Liguie 192 for nmore detaaled loeation map
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the discharge 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 in sediments impacted by a single event
vary by about 50 percent as a result of differential mixing, deposition, and then
subsequent remobilization. Therefore, the deposits resulting from one release from
Los Alamos Canyon and stored in several diffcrent scgments of the Rio Grande may
not all have the same plutonium concentrations.

16.6 Conclusions from Simulations

Simulations of river processes using the RAT program produce the following
guneralizations about the tate of bedload plutomum released into the main stream by
flash floods in Los Alamos Ganyon.,

1. Mixing with large quantities of sediment from tho Uppaer Bio Grande basin and
downstream dispersion causes a dechno in plutonium concentration in
sediments nnpacted oy contnibutions rom L os Alamos Ganyon. River
procosses and the geomorphology of White Rock Caniyon resalt
concentration of stored plutonium at particular locations along the man
channed, and thoere may not be o dechne i downstream concentrations;

2. Platonium concentrationss in sediments released from Los Aiunos Ganyon
decrease by about H0 percent upon entty into the fuo Girande

J 1 deichiuges an the o Grande do not dechine precgpitously, plotonmium
concentrations decrease rapudly withun the tiet 4.6 days after the releaee, with
more gqeadond decreases theroalte

1 By the tme thet plutonm beanneg sediments ave deposated, platonim
concentrtabions decrease o the ange of < 100 1IG1/qg

v Bocause ol the compleoaty ot ddfeonog inpot meeeaes impnt coneenteations, timne o
depoation in the miun channel, and dischorge vanation m the B Caando,
dferent teleaeaes from Loy Aunos Canyon may have sanubane or racheaty
diferent plutonmem: concentration:s after deposation e pective of thea aated
cone entnanons,
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6. Of the plutonium released from Los Alamos Canyon in bedload, most is likely to
remain within the White Canyon segments of the Rio Grande. Before the
closure of Cochiti Dam in 1973, some sediments probably deposited in the
Cochiti Pueblo-Santo Domingo 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 thai almaost all ot the plutonium
prasently stored within White Rock Canyon and at the mouth of Los Alamos
Canyor. will move to deposition sites within the: reservoir.
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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 environment 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. 8. Department of Energy urders: number
5400.1, "General Environmental Protection Program,” ana number 5484.1,
"Environmental Protoclion, Safety, and Health Protection Information Reporting
Requiroments." The general philosophy underlying these regulations and the
approach of the laboratory to meeting them is to provide data to document
compliance, identity temporal trends, provide knowledge 1o the public, and to enhance
goneral understanding of environmental processes. Boecause of potential hazards to
human health, the program emphasizes sampling ot arr, water, <oils, and foods.

The laboratory efforts focus on three geographic areas. First, workers sample a
series of “regional” sitos in northern New Mexico with the intention ot providing
inforrnation from environiments unaffected by laboratory oporations. Second,
“porimeter' sites within about 4 km of the laboratory boundanes provide data on arcas
potuntially affected by tho laboratory and that serve as a "np wire” to detect any
significant movement of contaminants from the laboratory - These sites include arcas
frequently usod by the gereral pubhic  Third, "on site” siample locations within the
laboratory boundanes assess potentially impacted areas that are not generally
accessible to the publie

The results of the present work in the Northern Rio Grande indicite that
laboratory surveilince and momtoring tor plutonivm should include a moro retined
prograun for sedment quality. The movoemaent of sedmment rom 1 os Alamos Canyon
and other potentinlly contaninatod canyons s the miost hkely vector by which
platonmm will cxit the aiboritory ste - As indicated by Tane et al (1986), this process
1 relativeiy slow, but nevitable, so that oventually all the plitomuam: stored e cinyone
allovivny will move into the Bio Grande  The resalts of the prosent Stody adiceite G
these miateris are hhely to be stored acshort distanee down the oo nver e alluvid
deponits cither dnectly aceesisibile to the publie: (soat Buckman) or indiectly
aceestable to the pubhe as reservor deposits (in Cochit Resetvon)

A relined siumphng and momtonng program tor plitomom i sediment shieuld boe
dive by a plulosaphy that haes the tollowing general objectives

1. An accurate inventory of plutonivm stored in sediments In Los Alanios
Canyon. An gccurate aenesamient of the sunount ot plutoomm stored in Los Aoy

Canyon Fonob yet avalable atmaatess from adoumestative secords sageest ae ittle o
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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... 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
well-informed management programs if the magnitude of the contaminant loading
remains little known. Further studies of channel and fiood-plain alluvium in Los
Alamos Canyon that include a more dense sampling network to supplement data
already collected and published may provide a useful assessment of the total amount
of plutonium in the system.

2. An accurate understanding of the temporal trends in the movement of
plutonium into the Rio Grande. The movement of plutonium into the Rio Grand is
an irregular process that has been estimated using the raethods established by Lane
et al. (1985). This model should be solved each year and the predicted outputs of
plutonium shoutd be perioacally collated and published. Otherwise, the significance of
the plutonium inventory in the canyon and its impact on the main river and Cochiti
Resorvoi cannot be assessod.

3. An accurate understanding ot the geography ol plutonium In sediments near
the laboratory, including detalled mapping of sediments and thelir plutonium
content in 1 os Alamos Canyon and along the Rio Grande between Otowl and
Cochiti Rescrvoir.  The results of the present work mdicate that plutonium in
sediments s bhely to be spatiadly varable. Most of the montonng efforts of the
iboratory heretofore have focused on temporal variabilty e the case of plutonium in
seduncnts, it appaus that the geograplucal location of the deposit (combined with its
aue) 15 the most mportant predictive tactor in assessing ts potentiad for plutonium
contents  The sediments in Logs Alamos Ganyon shoulkd therefore be sampled and
nipped it aseale that seieets this vanation, rather than merely sampling "a channel
area” and "icllood plun avea ™ The present work mdicates theat detailed mapping with
penodic updates would be pradent Tor the deposiional ireas between the confluence
of Lo Alrare, Canyon aed the o Grande and Cochitt Reservonr

4. An accurale assessmoent of the distribution of sediments and plutonium In
Cochiti Reservorr. An aco urate interpretation ot plutomum: concentrations; in
sedunents frony Cochut Heservor i not possable given present montonneg imethods
The teservor s accomples distibution of deltouc iud decep wider sediment:s thit
remaunes unknown, and the natore of these deposats intluences the ainformation
avatilable rom sampless The saunples muost be charactens o aceording to their
processs hetones (b ass delto, toeibadity conrent depos, and deep waden ine deposit)
and precrae locabon on the reservonrs floor rather than merely i label sach e "upper.®
"michdies " or "lowet rescervone A the twenty et century approaeches sud mone
pltorue e from the wibotatory coters the saedimene sy atem, the reservor will Become
oty e e angly impeotlant mondonng fargel, becaose it representts the altmiate resting
plac e ol all contarmmatescn e sedanent systeme above the dom e To prepiae tor s
cortanty, she reservon sedimestaticn processes and deposats should bemapped n
debol and smontored fromme ocsedime gologe al perspective e well e from a tadiologeal
e
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5. A two-part approach to the above points that includes engineering-modeling
activities and empirical-sclentific veritication of the conclusions. Two primary
approaches to explanation for the envircnmental processes with which a monitoring
and surveillance program must deal are those based on engineering-models and
those based on empirical-scientific methods. Both approaches are required.
Engineering rodels such as the computer models by the Hydraulic Engineering
Center for estimating water surface profiles, sedimentation, and scour (known by thair
acronyms HEC2 and HECB) provide useful and detailed predictions Their major
weaknesses are that they include many assumptions not adequately met in an
unstable channel environment, and they require large amounts of high-resolution input
Scientific models based on empuical data (such as the present wora) provide more
convincing conclusions because the data are “real” rather than generated. but the
empirical approach is severely limited by lack of data from critical locations  Both
approaches sulier from the requireinent to sometimes make weakening assumptions
cuch as stationarity for ime or spatial series.  As a result, long term averages
substtute for vanable dati, and potentially important details are lost  For these
reasons, a combimiation of the two approaches is no st likely to supply usetul
explanations for the movement and storage of sed ent borne plutomium

6. The development of simple computer-based modcis that accept as input the
annual survcillance data and that produce as outputs annual assessments of
plutonium flvx and storage in the ol. site and perimeter stream systems. 1The
explanation of sediment and sediment bomne phatomium: mobility and storage can be
most effective for o monitoring and samphing program i the esplanation resultss n o
sumple genetab maodel established for nse by non specaats The model should be
sunple, becawse detinled specihications for the environment of its appheation are ikely
to be mated T or example, while maps with contour ntervals of less than 1 meter niay
axist for os Alamos Canyon, they e ol avaalable tor the Rio Grinde between Olown
and Cochitt Reservoir — The maintenance of such maps would be probabitively
expensive m o any case because the contiguration of the channel of the nver changgess
with cach maor flood  Therefore, aomaodel that meludes simplifyimeg aesamptions aad
thit ke caleulationes tor mean condiions tather than speciie events g, most ikely
to be effective Such a model woeuald acecept aes mpot mdormation frome sheam gueineg
Sites o water i ssedient desehurges i well e the prodducts of the ongoingeg
plutonm omplma eftorts - The model should bee workable e anomteractive progeam
desagned fer standoud, low Coved personal compiiten so that o can be gsed by

non Spectale s and can be oaploamed o non techioeeal Taiepoacpe o regobates o the
public:

/. The estabi'sshment ot a reqronal context that includes budgets for all the
major contamunants tor which the laboratory Pas a montoring responsibility in
order to provide s environmental context tor the laboratory operations. Ho
culable b national st ek et o chenmeal s coahioloope b quality e cedinment,
o that reponed concentiations and ameonts of v o Storoage of plotoniim are

dithe ol tov e o the near fatoee, the ol to thentegpeetahion paaobilem e, o
prestle cteonte<Uon teported datae Concentradion dlato preonede s me omipsletes i e
obveeeral puoc eseaesoswithont e lochoeg e sl e Heoee, aned ool oo e,



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 longer term basis, the laboratory should consider
the development of national sediment quality standards for plutonium and other
contaminants.

8. The development of a prcaram to assess isotopic ratios In order to
discriminate 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 Alamos may be
larger, while in other deposits the contribution ot 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 plutonium-239,240 is about 21, while for plutoniur
released from Los Alamos, the ratio is much higher. Plutonium isotopic rauos for
sediments in Los Alamos Canyon are significantly different from those tor fallout, so
that it may - possible to use the ratios as labels for plutonium found in flooc’ ~ain or
reservoir scciments. Because of the relatively high levels of plutonum in G+
Reservoir, establishing the origin of the material will provide improved understanding of
the plutonium budget. A similar approach using lead/zinc/copper ratios has proven
workable in a aryland strcam in Arizona (Graf et al., 1991). Erel et al. (1991) have
suggested the same strateqgy for lead/cadmium ratios in a Sierra Nevada stream.

17.2 Specitic Procedural Recommendations

The specific procedures for collecting sediment samples in the hield tor
plutonium analysis can be improved from a geomorphological perspective with the
adoption of the followng pomts.

1. Sample site selection for dynimic interpretations. Wherever possible, samples
for the analysis of plutonium conter® m niver sediments should be collected ot stream
gage sites  Collection shotad melude . uspended sediments and bedload cediments at
Chanutar on the Rio Chama, Embudo and Otowr on the Bio Grande, and at gaqging
sies m b os Alamos aid Fgoles canyons These collection sites provide the
framaoework for understanding the movement and storago of total amounts of platomum
i the sediments near Los Aliimos A Otows, tho location of the sample site s
cspecilly cntical, bee wise sediment for analyss must be taken at the gage site o
immediately apstreame 10 e tiken even a tew meters downetream liom the gaigo
location, the Samples may nclude matenal from - Los Alimos Canyon, thus providingg a
falscompression of the aamouts in transitn the Bio Geande betore it seaches thao
confluence with the tnbotary

2. Sample collection from both suspended and bedload materials. Proviow,
analy e by the | nvieonimiental Sorvenllanee Ciroupy (vanious yeaons) has shown that the
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plutonium conteni of suspended sediment is greater than the content of bedload
sediment. The present work shows that the difference is critical in understanding the
regional dynamics of plutonium as it moves through the river system. Further, inputs
from Los Alamos are likely to emphasize bedload. Therefore, both types of sediment
should be sampled from e.. h collection site on the river. The majority of “river
sediment’ samples assessed for plutonium content in the past have been bedioad
samples drawn from the margin of the active channel. Plutorium content of these
samples is useful information, but it should be supplemented with data concerning the
sediments in suspension 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 on the floor of Cochiti Reservoir (derived mostly trom suspended
seaiments) 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 sedimeiit and soil samples. The interpretation of
plutonium concentration data for suspended sediment, bedload sediment, and soil
samples is severely limited in the absence of information on sediment particle sizes.
The reporting process should include for each sample some indication of the particle
size distribution. The sumplest approach is an assa2ssment of the percent fine material
in the sample. the percent by weight of the sample composed of particles smaller
than 63 microns in diamweter. Particle size data are critical, because most of the fallout
plutonum s associated with the smallest particles, while most of the plutonium from
Los Aunos s associated with Targer particles

4. Documentation of sample sites. It s unlikely that anraal surveillanee reports
have enough spiace 1o completely document each and every samgile site tor every pint
of the repoart Interpretation ot the sediment data, however, requaes improved
repotting of the location of the sample site that ncludes o detanled map ot the simple
arcavat a scale of atleast 124, (K0 For cach site, o copy of a small section of the
U.S. Geologieal Survey quadiangle covenng the auea with the site promimently marked
would sorve as a uselul record that could be Lsed by future workers who need to
reoceupy the site to mamt.un i continuous record of samples  This aceunate
geographic record would also amprove aterpretation ol the reporded plutonium
concentrations by futtne tesearchers, requlators, and the pabhe

5. Improve the sample design in White Rock Canyon. With the pavisiage of timie,
the movement of plutonim depved from Ees Alamos ard contaouted to the Bio
Grande will resulom Lrger amount:, of platonmm from the labotatory i the general
naver system The imovemen® of thes platoomem through Wiatee Rock Canyon to Coclut
Reservor will hecome o pomt ot mereasang nierest tor the montonng and sutveillanee
progeam - At present, the sampling of “niver sedimern edload matenalsy m Whne
Rock Canyon e not ciealy defimned Samples taken "ot Pagato Cangon, Sandia
Canyon, Ancho Canyon" tor exqunplo, nught Ho tiken above o bhelow tho confluenco
witir the tibatauy e cach cove acenticad eewae ointerpreting whiether or not the saunple
meludes matenals trom the tibotary. Whether the scunple weres deawn feon the lef* o
nagbt bank e oo unportant reae A e ardered appeoach with i docomented
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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 soll 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 cffect since
1979, has produced valuable information and should be continued. The focus of the
program should be on Cochiti Reservoir as the primary recipient of inputs from Los
Alamos and fallout plutonium. The major control site for the reservoir program should
continue to be Abiquiu Reservoir, because it is located upstream from the laboratory,
but Rio Grande Reservoir, in the headwaters of the system, should also be regularly
included. The fallout plutonium entering the Rio Grande Reservoir is a usetful
comparative value for Cochiti because the mountain reservoir probanly represents tho
maximuim loading to be expected without faboratory contributions.  Abiquiu represents
local conditions near | os Alamos, but because thero are two major resorvoirs
upstream from it on the Rio Chama, Abiquiu is not likely to receive much of the fallout
plutcnium eroded from the high elevation portions of the watershed where it was
probably deposited in the greatest quantities.

I joles Canyon in Bandelior National Monument should be sampled annually for
plutonium in suspended sediments and in bedload materials. T rijoles Canyon provides
the hest control sde (with condiions unattected by iboratory releases) for conditions
in Los Alimos Canyon Both stream systomes onginate m the upper slopes of the
Jemes Mountounes, have steep gradients to the Rio Grande, transport lagh quantities of
sind and Lkuger size pachicles, denved most of ther sedunents tom the Bandeler T,
and hawve o semiand Chimgte waith sl natural vegetation - Suspended and bedload
mitenals m the Rio Grande o Bermaldillo also provide amportant. contextual information
1y ansesting e anpact of Tos Aliamos on the entiee systom

Flood plivniveas m the Santa Chaa reach, the potion of the Rio Grande
hHetween | spadolivand Otowi provide uselul conirol sitess for flood plams and charneel

deposits bhelow the contluence o Los Alunos Canyon and the naun stiesan The nver
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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 laboratory contributions.

17.4 Summary

This 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 Nationz' Laboratory. The
work has shown that plutonium yield from the 71,740 sq km system above Elephant
Butte Reservoir 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 that the
processes 0’ 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 Los Alamos National Laboratory. In general, these
recommendations emphasize more accurate reporting of the location of samples,
inclusion of sediment size characteristics in data collected, and more attention to flood
plain reservoir sites in areas close to Los Alamos and to suspended sediments.

This work also began with a series of eight specific nbjectives. The following
paragraphs summarize the cor.:lusions recarding their points.

The Environmental Context. The piysical environmental context of tho laboratory
includes a varicty of process regions. The mountain arcas contribute most of the
water in the system, some of tho sediment, and significant amounts of the plutonium
because of fallout.  Erodible soils are scattered throughout the Northern Rio Grande
Basin, but they are ospecially prominent in the central and lower basin.

Water and Sediment Budgets. The mass budgets for water and sediment in the
Northern Rio Grande show that downstream from Otowi, the amount o water available
for sedimoent transport declines. Sediment storage is therefore prominent in the central
and lower areas of the basi, On an average basis, only H0 percent of the suspended
sechment and 20 percent of the bedload that enter the system leave to be deposited in
Hlephant Butte Reservoir,  iho remainder, 50 percent of tha saspended load and 80
percent of the bhedload remiuns ininternal storage

River Channel Change. The nuyor chinges within the channel system resulting fiom
thiss storage process love meladed inereasimagly wide flood pluns, abandoned aind
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clegged 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 Technilques. The near-channel deposits resulting from the deposition of
sediments can be identified and mapped using historical aerial photography,
vegetation associations, and field reconnaissance. Standard U.S. Geolcgical Survey
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 likeiy to contain plutonium from
fallout. The plutonium content varies from one deposit to another as a function of the
datc of deposition, origin of sediments, and sediment size characteristics.

Plutonium 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
Grande, 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 yecars represent the major impact of the laboratory releases.
Concentrations in such dcposits, howevor, are below hazardous levels.

Geography of Storage. The importance of bedload transport and the likelihood of
early deposition of such matorials below the confluence of Los Alamos Canyon and
the Rio Grande moan that the geographic distribution of plutonium from the laboratory
in the system is limited. Plutonium from Los Alamos is likely to occur in deposits near
Otowi and noar Buckman. Before the closure of Cochiti Dam in 1973, it may have
traveled as far south as Pefla Blanca. Transport of laboratory materials in identifiable
quantitics below Peita Blanea is unlikoly, and dilution with sediments from other
sourcos probably makes recognition of laboratory conitributions below oo Blanca
impossible. After 1973, almost all plutonium in the fluvial sediments near 1L.os Alamaos
havo been stored as reservoir sedimants behind Gochiti Dam.

Sampling Program. T[ho design of a simple, defensiblo sampling progrivn for
survoillanco and monitoring by 1 os Aliamos National | aboratory deponds on tho uso of
distar provided by this report concarning tho lociation of probable storage areas for
plutonium in Rood plaing and resonvoir sodimonts. - Ay ongoing progrivn should
sanple suspended and bodioad sediment e a systenatic, repoetitive tashion in
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mapped, marked sites associated with stream gages where possible. Control sites
enhance the utility of reported values from primary nmonitoring sites.

Data Bank. The appendices of this report provide a compilation of the available data
concerning 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 uncertair., 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 than 2,000 years. |f
the rates of erosion and transport in Los Alamos Canyon observed over the past 40
years prevail, the canyon will contribute plutonium from Los Alamos for 100-6C0 years,
depending on the magnitude of the original inventory. Rates of transter 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 the next several
hundred years, Cochiti Reservoir will continue to store sediments and plutonium in
increasing amounts from upstream sources. Over the same time period, the nature of
the channel ot the Rio Grande is likely to continue in a depositional mode with
aggradation, but it is unlikely that upstream dams will completely eliminate large floods
and associated channcl adjustments.

Channel changes with the establishment of a braided system followed by a
gradual return to the present gcometry are possible within a few hundred years.
Sediment and plutonium stored in flood plains, abandoned channcls, and channel side
bars are likaly to be remobilized during the changes, resuming their movement
downstream. Tho result will be temporarily incroased rates of deposition in Cochiti
Rosorvoir.

Long term economic developmont may result in increased amphasis on control
of the channcl of the o Grande in the t spatola and Santa Clara Pueblo areas
immaediately upstieam from Otowi. It such development produces engineering efforts
that result in i straught, narrow channel of the river there, assessments of the potential
erosion mpacts at Otowr and Buckman would be requited  Remaobilization of
previously stored sediment and plitoniom oceurrod atong the Rio Grande downstream
from chimnel works elsewhere in the system (as shown by the regional plitonivnm
budget for tho 19705 which responded o engimeenng works completod m the 196G0s),
A similar 1esponse is likely in the Espanota-to-Buckman reach with increased
deposition in Cochitt Reservair it channolization ocems in the | spanola area

The natural envieonment of the river system e anstable oven Tong time penoddss,
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Figuro 17.2 An oarly 18005 woodcul showing tho charactor of the Rio Gr nde in
northorn and contral New Moxico bofore the channol changes and engineoring works
of tho past contury (Denver Public Library, Wastorn History Gollection, Photo #07031).
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but so is the regulatory 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 environmentai quality. It seems reasonable that this trend
will continve. 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 Sudget 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 contrioution 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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APPENDICES

APPENDIX A. UNITS OF MEASURE

A.1 PREFIX TERMS FOR UNITS OF MEASURE

Term Power of 10
exa- 10"
peta- 10"
tera- 10"
giga- 10°
meqa- 10
kilo- 10
hecto- 10’
deca 10'
dect 10"
cent 10’
1 10"
mcro 10"
nano 10°
prGo 1Y
femto Ic "
atto 10"
Note  from Weast (19RR, p 1 19H).

Symbol

2/9



A2. UNITS OF MEASIRE FOR ISOTOPIC PUCAY RATES

Medium Pico-Curies Common Useage International System
Air 10 ™ uCi/ml 1 pCi/m’ 0.037 Bq/m’

10 "™ uCi/ml 0.001 pCi/m’ 0.000037 Bq/m’

10 " uCi/ml 10-6 pCi/m’ 3.7 x 10-8 Bq/m"
Liquids 10* uCi/m 1 pCi/l 37 Bg/m’

10 " uCi/m} 0.001 pCi/l 0.037 Bg/m’
Solids 1 pCi/g 1 pCi/g 37 Bq/kg

1 fCi/g 0.001 pCi/g 0.037 Bg/kg
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A3. CONCENTRATION AND RIVER FLOW CONVERSTIONS

Metric Units

English Units

Concentrations

River Flows

img/i, 1 g/m

lug/1, 1 mg/m
1m

1,220 m’

1 1/s, 1 dm'/s

1 m'/s

0.028 m'/s

1 ppm

1 ppb

0.00084 a. ft

1 ac ft, 43,560 ft’

15.9 gal/mia, 0.0353 ft'/s
35.3 ft'/s, 2.28 x 107 gal/d

1 ft'/s
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APPENDIX B.

B1.

Year Water Flood Sediment

(ac ft) (cfs) (tons)
Gage 2775, RI0O GRANDE AT EMBUDO
1890 1030000 6070
1891 1280600 8550
1892 1040900 6660
1893 633000 5100
1894 529000
1895 867000 5010
1896 495000 2980
1897 992000 8740
1898 969000 4700
1899 348000 1620
1900 540000 5410
1901 542000 7400
1902 306000 2500
1903 1020000 15900
1904 250000
1905 1500000
1906 1200000
1907 2000000
1908 670000
1909 1300000
1910 890000
1911 1100000
1912 1500000
1913 479000 2080
1914 953000 7190
1915 962400 7330
1916 995000 8560
1917 1220000 8600
1918 485000 3580
1919 975000 7280
1920 1430000 12700
1921 1170000 14400
1922 911000 7500
1923 772600 4640
1924 1227000 8780
1925 430400 1580
1926 814100 5500
1927 877200 9500
1928 673300 580
1929 135600 5850
1930 592300 2240
193] 367000 1740
1937 30000 7180
19133 44100 4300

WATER AND SEDIMENT TRANSPORT DATA

WATER AND SEDIMENT DATA FROM STREAM GAGES
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Year \Water Flood Sediment
(ac ft) (cfs) (tons)
1934 282100 832
1935 643300 5900
1936 522900 3630
1937 892500 6630
1938 790400 5440
1939 522100 2410
1940 316600 199¢
1941 1341000 12000
1942 1503000 10800
1943 418509 2220
1944 955000 8770
1945 674700 5380
1946 308300 1950
1947 474300 4080
1948 993700 10200
1949 859600 9990
1950 341200 1470
1951 246600 710
1952 777300 8720
1953 373300 2000
1954 267600 1860
1955 283400 2200
1956 242000 1020
1957 753400 5000
1958 860500 6840
1959 253900 2760
1960 427900 2320
1961 408200 2340
1962 599300 3980
1963 280800 966
1964 226200 92%
1965 719200 5200
1966 527600 1950
1967 366300 3550
1968 561800 3270
1969 590500 3140
1970 583900 7250
1971 391100 1860
1972 324800 1090
1973 879700 6620
19/4 329000 1050
1975 615900 3’00
1976 503600 2790
1977 723100 7480
19/8 323700 1490
1979 1128000 9000



Year Vater Flood Sediment
{ac ft) (cfs) (tons)

1960 762300 5080

1981 2523010 2930

1982 61 .00 5010

1983 861700 5660

1984 734500 6010

1985 1297000 8420

GAGE 2900, RID CHAMA AT CHAMITA

1913 258000

1914 469000

1915 666000 5980

1916 645000 6000

1917 526000 4600

1918 25000 2630

1916 602000 5500

1920 710000 15000

1921 384700 2850

1922 329300 3210

1923 409000

1924 547700

1925 255400

1926 488400

1927 604600 6180

1928 337200 5300

1929 420000 10400

1930 381600 5170

1931 195000 i8jo0

1932 820000 90

1933 2700 8040

1974 115600 160v

1y35 354100 7100

1036 505700 5510

1537 1691700 0h10

1938 446600 3360

193y 321100 1600

1940 230600 3360

1941  B/5400 9910

1447 851800 ainun

19479 /HY600 LARMH

1944 327]00 1y

194% 416100 LAy,

1946 1447:0 /400

1947 7260700 260

1948  15880C BT S SR

1949 478500 R T PO

ta 104100 1160 10800

tare 144%00 1410 %R0PDY

| ed L4500 LAKD L0906

AR YA 1140 hlenly

juha 176600 2000 10810 AR

19%% 142400 R PIA LU RY B

176 14400 1IN syuny

IRLYS LrAon EATTIEEEE R Y ¥ AN

1748 ht.1 0nD TR T 1N

ey Sianon Ihine 107054

Vin W40 470 146600

e cRATO0 roy  jedhony

190 411400 W/0 1¢1MN8

[T AN BT K TR T} LU S RTTY)

1.4 147100 AL 1.0 an

| RKTTLON, AR RT3 W R

o

83

Year \Mater Flood Sediment
(ac ft) (cfs) (tons)

1966 385700 3590 2227058

1967 209100 8150 3016743

1968 273900 2170 2013011

1969 416700 10000 984180

1970 265300 2270 677598

1971 188200 3880 373822

1972 170000 2350 319352

1973 437900 3310 668771

1974 3137600 1180 283163

1975 409100 2790

1976 385500 2210

1977 199200 3880

1978 343800 3150

1979 471300 410

1980 667500 4330

1981 283600 2220

1982 481500 3730

1983 569200 4140

1984 533700 4840

1985 536200 3920

GAGE 3130, RIO GRANDL AT OTOW!

1895 8630

1896 777000 5250

1897 1750000 15300

189+ 1260000 7010

1899 567000 n710

1900 739000 7790

1901 848000 8400

190¢ 456000 6980

1903 1650000 19600

1904 360000

1905 2190006 19800

1906

907

1908

1909

1910 1320000 18700

e 14060000 1700

pits 2150000 /1700

1) 178000 09w

1114 1430000 pidn

191h 164010

191¢ ‘Ng 14]0n

Tay 7 w00 10d0g

(N 746000

jola 1600000 11400

1976 1o P

I R RN T 17000

190 PR L0400

Tye V1000 7%50

tiea e 1400

1y AT H L4

Tz Lydonoe

14927 1812000 Tonn

1928 1060000 LU LTI

1 0 gag 1 1h00

[ R TUNEES R ] nhen

[ I L I FYS 11000

(KL AR 14400

194 g HAOD



Year \Mater Flood Sediment Year \ater Flood Sediment

{ac ft) (cfs) (tons) (ac ft) (cfs) (tons)

1934 414000 3iso GAGE 3190, RIO GRANDE AT SAN FELIPE
1935 1015000 8220
1936 1062000 9350 1926 1387000
1937 1703000 10800 1927 1648000 14000
1938 1264000 7740 1928 1154000 11000
1939 888700 5710 1929 1274000 22600
1940 554400 2330 1930 1077000 5840
1941 2311000 25000 1931 613000 10500
1942 2405000 16400 1932 1720000 14200
1943 717300 7.00 1933 847000 6200
1944 1287000 10400 1934 409300 2260
1945 1140000 10400 1935 1051000 22000
1946 456000 2610 1936 1108000 10900
1947 730300 5740 1937 1844000 27300
1948 1362000 12400 4306000 1938 1194000 12500
1949 1304000 10700 3681000 1939 885700 6650
1950 663400 4590 1733000 1940 569800 3880
1951 395400 3440 900743 1941 2463000 22600
1952 1378000 9700 4473402 1942 2456C00 18900
1953 548600 3300 732109 1943 785500 10600
1954 450600 3100 1329497 1944 1317000 11600
1955 432000 5140 2430691 1945 1208000 11200
1956 377100 1850 714319 1946 466500 4830
1957 1297000 6650 4557348 1747 719900 5580
1958 157600 11000 7562178 1948 1343000 12500
1999 5049800 72740 142449) 1949 1785000 10500
1960 A21000 4490 2074261 1950 663000 3950
196i 64000 "o 1971894 1951 363900 3?10
1967 1040000 1400 324297% 1952 1350000 11500
i963  4“4H,9800 2670 862093 1953 527400 10200
1964 23R3/00 2720 946606 19540 427900 4660
1965 1178000 7660 33//878 1955 447300 17400
1966 944800 3600 2755645 19% 366300 8700
1967  5HR04%00 9520 26450967 19%/ 1276000 12000
68 84%4%700 A490 2571694 19%8 1499000 10700
1969 1048000 6760 18239345 19459 490500 4400
1970 490000 Hanh0 1919043 1960 A03400 4450
1N71 HHeS00 1820 1105621 1961 670900 7440
/¢ H1%00 3440 1464404 1967 1007000 1380
173 14494000 nino 4997418 1963 543400 3710
in/4 HB7400 1760 LYRRLL 1904 164900 2h0
197% 1066000 S070  1h70h 44 1965 1143000 10900
KN 936400 4400 1R9N 1966 427400 10600
/2 435500 070 RG24 1967 H0H400 13700
1MIR 700700 40,0 1170811 1968 899400 4140
179 17on00¢ 5200 259%N64 1969 1029009 h.0
10 1440000 n20 1%812% 10 949600 A65Q
ot nan100 KL K] LA INI 1an (YR hh40

IR R IR RAGD 1260 1917 w04200 w20
Vel AR DL LLVATIS I TN ] 1974 1442000 w20
LTI S Y WG4 ame 4nih 4

| RO L I N LATEG 1400 207040



Year \Vater Flood Sediment
(ac ft) (cfs) (tons)

1974 656500 1810

1975 1010000 4710

1976 862700 3130

1977 395900 2720

1978 651300 3640

1979 1666000 7550

1980 1450000 7130

1981 528400 8850

1982 109"r00 5180

1382 1516000 7100

1984 1315000 9220

1985 1755000 8290

GAGE 3290, JEMEZ RIVER BLLOW JEMEZ DAM

1943 16300

1944 45910 2420

1945 15360 1360

1946 13540 1670

1947 20180 3510

1948 42220 3570

1949 54930 1300 502800

1950 10710 6430 255600

1951 13840 7000 7902319

1952 33020 2700 515377

1953 7640 ile 61695

1954 70180 1930 6909/0

1955 19730 1070 76A?%8

1956 13200 1230 228489

1957 315050 704 319488

1958 111000 7870 6B/843

1959 27980 1990

1960 4/810 112

1961 %3070 1190

1967 43840 1630

1961 70910 606

1964 19310 %30

1964 mnso 61l

1966 79870 1R00

196/ Jilo 18%0

1568 51550 1790

1969 "410 1140

1970 43370 an

1911 14070 (YA

19717 InG20 1190

19 179000 2920

1974 16060 370

197% LERYA 1740

1976 14040 276

17 14100 200

19/8 JOR?0 hot

1979 100000 400

1980 [ ER ) ni

19n] laaz0 an

1907 44110 hy'

19 101600 1.0

1904 "Milo [FX]

Ny 100000 ho

GAGE V100, RTOD GRANDE AT AL RUGQUE RO

jua,;

FL RG]

PRI

BH

Yaar \ater Flood Sediment
(ac ft) {cfs) (tons)

1943 540100 4490

1944 1183000 11400

1945 1065000 11700

1946 282900 4700

1947 549900 6460

1948 1229000 13100

1949 1206000 10800

1950 490400 5200

1951 241400 8940

1952 1269000 9600

1953 375200 7920

1954 278400 5720

1955 2788000 7960

1956 242600 4880

1957 1199000 A780

1958 1585000 12700

1959 368600 2070

1960 372700 4800

1961 559200 6770

1962 923600 6570

1963 431700 2480

1964 210800 1920

1965 1049000 87720

1965 812780C 66450

1967 419900 13300

1908 /61800 460

1969 948/00 6480

970 niilon HA40 3444903

1971 %w00200 K6H0  7hH44409

1912 18.1000 4380 2478717

1973 1471000 N570 BO017443

1974 £24700 7080 1045303

197% 0749200 6160 7080/%87

1976 144400 1340 1621401

1977 72577100 2190 491804

1978 531800 AHN0 174441

1979 1638000 R6H0  1HAGIZGL

19m 1412000 1600 946

1981 411100 21 RURYAA]

1967 101000 hAh0 [{LETIIN]

1983 1490000 Hon 1424704

1904 1167000 900 1197000

198%  1n6inon D470 1444141

GAGE 150, RTO PIERECO NTAR BERNARDO

1n40 1700

141 7100 1nnon

142 47060 1900

AULE o/t 11100

1944 11410 11000

14y P WAL hehd

1MA6 0/60 Hio

1na7 Hh' unty

194n 10n00 1) 6idoun

1940 RY RNl L s ennon

171490 1,000 Al4G Moo

[R1Y | Sonn AN AL WY,

1% i TR T DY R

19 e Y U XTI YY)

19%4 T 140 10 14220

nyt o

oo



Year \ater 1lood Sediment Year \Vater tlood Sediment

(ac Ft) (cfs) (tons) (ac ft) (cfs) (Lons)
mirh mmm mimme e e eams 57 " 1iga - © " [5%0%D
1956 12280 5200 3423769 19/8 ale 703
1957 85960 5680 18054868 1979 507 562
1958 44150 5340 8077030 1980 9494 220100
1959 21470 4020 5018884 1981 2054 31200
1960 17560 3880 415650/ 1982 17319 320000
1961 22150 2470 4548008 1983 895
1962 10150 900 1448547 1984 7730
1963 19890 1210 3076277
1964 18590 2640 2917346 GAGES 4584 AND 358%, RIO GRANDI AT
1964 0410 A210 3807918 SAN MARU 1AL
1966 19760 1800 J34%2A0L4Y
1967 17180 1860 12247979 189% 17900
1918 27030 3420  49409%] 1896  5BR%00 ~C00
1969 76210 JH80 4919448 18497 1548000 21809
1970 26710 AU40 2R?22.020G 1894 1160000 16800
1971 9130 1300 188H6LG] 1899 241400 4660
1972 61510 92?70 9490477 1900 487000 8500
1973 60110 320 /94AN7) 1901 612000 9110
1974 6100 2900 1141388 190/ 740.00 14100
197% Mia0 3h/0  GA?1AN] 1901 1301000 11000
1976 1940 27800  17344% 1904 178000 1900
1977 74040 Wio0 43%%/08 190% 27817000 50000
19784 Ju60 1110 40570 1906 141 1000 14100
19/ ?h700 1960  4I64h04 o7 227000 20600
1o 1an40 2400  IRI0/4n 108 ALY 4970
1ui] 1 L8100 160 20M0R0 1909 110000 14700
1un, [RRT: I} ML 408071 1N anling LETH
LR 17170 [ L TUNS DY 1911 147000 1000
14K4 S UL 1ot MhlRnh74 1918 14000 1hino
1, RERUD) 1400 Jmhi? 1l 47 1100 11400
1ul4 1111000 LRLD)
GAnt %40, RIO SALADD NEAR SAN ACAL (A 191 1461000 14400
1M 141000 1H800
14n Tuhl 180 1917  1i0%000 11400
1nan oy 404 19ln Jaaon thnn
140 a4l [T 119 W /7000 1300
1] 1.0 1 L'o0 19, 1920000 1/non
1 LY. UTH R 11 147uomin 1400
Il My 1 bty 10 luddnnn
144 AN 11000 191 gndbon UL ]
1% AR T 4400 194 1N 1 e
1t A4 i s [ T v
147 1 0 s LS annn 1 nnn
' n ny 1%,/nn I Linnoon 1 tnnn
[HLY] Jomy R ViR 17 v 7500
I 4114 44,0 L 10 47000
1961 IBLIS 1000 M yionpn Linn
1, ny Lo Iy 4] Houn nn
Pt 101/ A 17 1440000 1.'Ann
1.4 nyag, 1 neagn [N EX) 11 han LS00
1an, 11441 0 14l S un o]0
1ane. LA nno ey s 9 e 1 wnnn
1t 17411 171 [WAIETA 1916 Ny nL4n
| e (DTN Jodan | AL 1947 " omn WL
(NI 1 g [ T [ LR A 1M [ungnnn f4ln
1'n 1t daer Y] Sl hAm AR
4] FIREL L TR O 14 [ XK1 ERN Jaln
| [ N1ILN Laden 1141 c44oeem yAnon
1" [A] 1 Linn 14, L oen [LE K
jutd Y A TR 1141 Ad It 4400
). 1175 . ntn IBEL] N e -
11/ (Al [ E LT 14 g H AN

26



Year \Mater flood Sediment
(ac ft) (cfs) (tons)
1946 224900 2010 1442100
1947 419200 5680 3104449
1948 1036000 11700 4295000
1949 1031000 9560 4467000
1950 364100 2570 1711000
1951 132900 1760 1045075
1952 957000 1910 5445927
1953 286800 2200 1867315
1954 198500 3980 3016557
1955 257900 4160 4857440
195 174800 1160
1957 972300 8590 1i6iella
19% 1391000 9570 18137243
1959 341900 1820 2052034
1960 563400 4080 37231684
1961 437700 4300 2298082
19672 148100 5350 ?244%49/%
1963 404500 1760 13644/
1964 164200 2760 69496
1965 294600 1770 h9398HL
1966 4RY0 1510 264947
i967 63010 6160 2631789
ly64 201600 4240 6661007
1969 164900 J180  28HHHLA
1970 9810 W20 184.4/99
1971 nel 500 A409]
1917 18900 JR00 14000600
174 4Mn 100 v il 10461149
1974 14040 1R 41000
1927 oVW/suo (AN FUIRE N
19/ 411900 JU9000 201440/
1 S 10 A400,.01
19/0 nalon H 1) I T L FL
1979 1416000 phiu KL jun00
19080 1/e0000 [ VNV RTITN ]
1941 1o rom o Sehad
19n, S0 00 NS0 10200
ot 114000 LY T (T T L
1w AN L00 LY T | AR
oy )OS an T
Nale U tealogioal tareer ddata

MY



82. WATIR, SIDIMINT, AND PLUIONIUM DATA FOR LOS ALAMDS CARYON

Year  Mater flood Sedment X Pu Pu (yr)

(ac ft) (cta) (tonz) (mCi) (mC1)

1943 22 66 466 0.00 0
1944 198 631 8393 2.80 2.798
1945 0 0 61 ?7.73 0.03
1946 78 80 61l 3.1% 0.32
1947 1 ? 65 .20 0.05
1948 0 0 61 3.24 0.04
1944 0 0 61 1.79 0.0%
1oty ] 20 1 3.3% 0.06
1941 216 6B/ 9814 20 725 16.9
19%? roY 186 6316 37.86 17.6]
1953 ? 4 1?2 .89 0.01
1954 40 179 1006 40.75 ?.46
19hh 91 783 fIfd 49.4%8 8.A3
19%6 0 0 0 49 .58 0
19%7 434 h49 10470 93.53 41.94
19%8 63 704 70L2 100.RY9 1 16
19%9 M Y by 10?7 63 1 14
1960 0 0 14 103 38 on
16l 1] hy 44.) 105 /8 7.4
e 0 1 148 106, 60 0 48
1'm] AR L e 116 74 10 0/
1904 0 0 0 lle /Y 0
1904 14 u S . T Y| LT
190h 10 i 1n% 1¥7 14 0Nt
196/ 1M i 41 117 R 10 'd4
19061 N 0.4 14170 1" 20 s1 A2
1909 Pl 144 PR Ind 16 4 "
1970 [}] 1] 0 Ind 10 [}}
171 110 4; Al 164 W0 na;
1 0 L} 0 ibd “H 0
LT X 1m (T Y] (¥ LT e m w oM
1174 h 0 1™ | WA P IR 111
nm [] h " 170 A "
1n h N 12} 170 N LA |
a7 | ] [ 17v et 0 oM
1M 1o S0 L1 UL T O I T I P A L
19/ 10 i LA In] I8 1 40
1'n 0 0 1"t 1K) W 0 nan}
1l b n 1 o 0
I, n \] | LV O
19Ny 41 N ELY, 1 Jn S
1ind n 0 I /n n
1'mn q1 A]14n1 nn n4 S anng
' [} S4nn 1nn 4 y hWhon

N Iy 1 dgta v valon! caens by 10 0 e
wosapp U ol Laee Pin Cymgn, aml hecbey g 1antay o 1l
190 alabay Tromn Pl gmae ot al (100 Y s v ch P Eenent
Lo vy, The compal tha bty of The Lwo ddata wels 1y
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B3. SUMMARY DATA AND CORRELATIONS FOR GAGING STATIONS

(Values in English Units with Metric Units in Parentheses)

Station - -
Warer Yield
1. Chama 390,623
1184 ,966)
? [mbhuo 117,154
(307,807)
3. Oty 1,049,492
(443,678)
4 Alamn 63
98
5 lehpe 1,011,4¢9
(489.5610)
6 Jems 42 .68Y
{30.,4/8;
1 Allwper [ RL L UK]
(%G7.474)
B Puereo RFAY AL
(?%.1051)
7 Saledn 10, 4]
(1, 161)
it Maanw? AN, 0
(W, /00
Natpe no ata

* sl tuoaent data

I 1ood

4,451
(?,597)

5.044
(31,412)

8,426
(4910)

164
(?34)

0,99/
(%.51)

2.44)
(1.014)

7.0
(4,10M

‘.'II.I
(v.nil

9,86l
(7.400)

Annual Mean (Stamdard Deviation)

Sediment

1,513,500
(1,201,135)

7.164,396
(1.431,926)

?.24]1
(1,027)

A2 ,071
(791,541)

1,946,901
(1.04% 108/)

w114 004
(4,410, o)

‘nh 14'"'
y W Tha)

(T AN
(4, e 4n7)

Correlation Coefficient

Wal /F1 Wat/Sed F1/Sed

0.56 0.64 0.41
0.88
0.81 o™ 0 L8
09 009 09
0 6;

0720 N 14 04

0/ 0¢7h 0 i
e/ 0N 0/
i . .

D0l N

Yoars

13

%

LY

hu

44

46



B4. MASS BUDGFT DATA SUMMARY NEAR LOS ALAMOS

(Values in English Units and Metric Unita in Parentheses)

Station

1. Rin Chama near Chamita

?. Rin Graes at Embudo

o Ro Grande at Otowy Beodie

4 1oy Alamos Canyoun

Y Rio Grande an White Rock Canyon

Water
Yield
(ac ft)
and
(10" m")

144,500
(176.290)

246,600
(300.842)

394,400
(478.3r1)

236
(0.740)

394,646
(A? 6/h)

Max
Flood
(ft's")

and

(m" s')

1,400
(19.2)

710
(19.9)

3,440
{96.3)

6a/
(19.7)

3,440
(96 1)

249()

Suspended
Sediment
(t)
and

(Mg)

580,201
(56,358)

.'0,542
(?490,796)

900,743
(817,154)

9,814
(8,903)

910,57
(A20,047)

Bedload
Sediment
(t)
and

(M)
9?.83¢
(84.217)

5} .28/
(46,128)

144 119
(130, 74%)

9,814
(B,9041

Ih3, 943
(139, 0648)

Total
Plutonium

(mC1)

1.28

1 4?7

16.90

18 1?



B5. MASS BUDGLT DATA SUMMARY NLAR LOS ALAMOS -- 195¢

(Values in English Units and Metric Units in Parentheses)

Station

Rio Chama near Chamita

Rio Grande near tmbudo

Rio Grande at Otow) Bridye

lox Alamos Canyon

Rio Grande 1n White Rock Canyon

Water
Yield

(ac ft)
and

(10° m")

566,500
(691.130)

171,300
(948 3006)

1.178,000
(1.(H1,160)

230
(0.780)

1.,.328,8.\0
{1,681 448)

Mazx

Flood
(ft's")

and
(m' 3')
5,880
(164.6)

8,720
(244.?)

9,/00
(271.6)

GR7
(19 ?)

v, 100
(271 )

291

Suspended
Sediment
(t)
and
(Mg)
3,390,906
(3,076,230)

1,082,496
(982 ,040)

4,471,402
(4.05%8,270)

9,814
(8,904)

4,400,010
(4,067,174)

Bedload
Sediment
(t)
and
(Mg)
542,545
(492,197)

173,199
(157,126)

115,744
(649,32.)

Y.4814
(8,%01)

T4 L
(:H8,770)

Total
Plutonium

(ml21)

0.87

6.24

! 06

16.90

24 6/



B6. MASS BUDGET DATA SUMMARY REAR LOS ALAMDS -- 1957

(Values in English Units and Metric Units in Parentheses)

Station

1. Rio Chama near Chamita

2. Rio Grande

3 Rio Grande

4. los Alamns

y Ko Granue

near Embudo

al Ntownr Bridge

Canyon

i White Rock Canyon

Water
Yield

(ac ft)
and

(10* m")

522,900
(637.938)

753,400
(919.148)

1.297,000
(1,582 .340)

431
(0.578)

1,297,433
(1,482 Aa68)

Max

Flood

(ft" s ")

and

(ms")

4,280
(119.8)

5,000
(140.0)

6,650
(186.7)

649
(18.2)

6,0M0
(186.27)

92

Suspended
Sediment
(t)
and
(Mg)
3,344,250
(3,033,904)

1,213,090
(1,100,515)

4,557,348
(4,134,426)

16,470
(14,941)

4,5/3,818
(4,149,68)

Bed1oad
Sediment
(t)
and

(%)

£3%,080
{435,425)

194,096
(176,084)

729,176
(661,508)

16,470
(14,941)

144,646
(646, 4%)

Tntal
Plutonium

(mCi)

0.81

7.19

41.9%

51.14



B7. MASS BUDGET DATA SUMMARY NEAR LOS ALAMOS -- 1968

(Values in English Units and Metric Units in Parentheses)

Station

Water
Yield

{ac ft)
and

(10* m")

Rio (‘(hama near Chamita 278,900

Riuv € ande

Rio Grande

Los Alamos

R10 Grande

(340.258)

near Embudo 366,300
(446.886)

at Otowi Bridge 855,750
(1,043 .94}

Canyon T8
(0 3%0)

in Whiie Rock Canyon a4hh, 98/
(1,044 104)

Max

Flood

(ft’ s ")

and

(m's")

2,170
(60.8)

3,550
(99.4)

4,490
(125.7)

924
(2h.9)

4,490
{17h.9)

293

Suspended Bedoad Total
Sediment Sediment Plutonium
(t) (t) (mCi)
and and
(Mg) (Mg)
2,013,011 322,082 0.49
(1,826,203) (292.193)
560,683 89,709 3.58
(508,652) (31,3R4)
2,573,694 411,791 4.06
(2,334,855) (373,577)
14,100 14,120 ?1.82
(12,610 (12 ,810)
?2.ha7,81% 424,911 7% .88
(2,347 ,660) (A6, 300)



B8. ASSUMPTIONS AND DATA SOURCES FOR MASS BUDGET CAlCIAATIORS

Drainage Yeara Annual Fean
Station Area of  Mater Flood  Suspanded  Bedload  Plutonium
(ka") Record (10 m') (w'a ") (mg) (mg) (»C1)
1. Rio Chama 1 ! 1 1 1 4 8
2. Embudo 1 1 1 1 1 ] 5
3. Otowi 1 1 1 1 1 4 8
4. Loy Alamoa ? k| k] 3 3 6 3
5. San Felipe 1 1 1 1 - - -
6. Jummz River 1 1 1 1 1 6 8
7. Albuquerque 1 1 1 1 1 4 9
8. Rio Puerco 1 1 1 1 1 7 10
9. Rio Salado 1 1 1 1 1 6 10
10. San Marcial 1 1 1 1 | 4 9
Sources: 1. U.S. Geoloyical Survey data, WATSTORE and Larthlnfo Inc.
2. Meazured by digitizing U.S. Geological Survey rrpographic maps.
3. Data fram L. J. lane, used 1n preparation of Lana, Purtymun, and Becrer (198%5).
4. Calculated as 14% cf total load (16% of suspended load): Garde and Raju (1985), p. 62.
% Calculated as the (ifference belween Rio Chama and Otowi stations.
6. Calculated as bedload equal Lo suspended load.
7. Calculaled an 71X of total load (41% of suspended load): Simons et al. (1981), p. 53,
8. (Calculated by multiplying contentrations Limes maxs lor suspended sediment and bedload
arnd cumming for total; -oncentrations calculated as mean values published by loa
Alamos National laboralory 1n various surveillance reports.
" Calewlated as an 88 usrag data Tor Rio Grambe at Bernalillo
10 Calculated as in M using mla tor Tevjoley Canyon, the most nimilar o vi-onment for

whith data exist
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89. ANNUAL BUDGET CALCULATIONS FOx SUSPENDED SEJiMENT, 1944-1985

(tons per year)

Storage
Year Otow! Alamos Jemez Albuguer Puerco HMarcial Oto-Alb AlL Marc Oti Marc
1948 4306000 61 514537 4364260 1634000 4295000 456338 1703260 2159598
1949 3681000 61 502800 3538210 576900u 4462000 645651 483.210 5481861
1950 1733000 77 255600 19610:0 2753000 1211000 27647 3503030 3530677
1951 900743 9814 790239 3492734 4613496 1045075 -1791938 7061155 5269217
195 4473402 6316 515327 3057870 2953332 445922 1937175 565280 2502454
19583 732109 12 61695 3031635 6953247 1867315 -2237819 8117567 5879748
1954 1323497 1006 690970 2290725 14778779 3016557 -269252 14052947 13783695
1955 2420691 2783 768258 3103649 18315560 4857440 98083 16561769 16659852
1956 714319 0 228489 2007069 3423/G9 1113186 -1064261 4317652 3253391
1957 4557348 16470 319488 2804035 13054868 11636118 208v271 9222785 11312056
1958 7562:78 2062 GB7843 23983688 A0: N 18137243 4268395 -6081525 -1813130
1953 1424491 532 447031 896440 5038884 2052034 375614 3883290 4858904
1960 2074261 154 450960 1892193 4150507 37236R8 63 182 2325012 2958194
)6l 1971899 443 471793 2489954 4548008 2298082 - 45819 4739880 4694061
1962 1252975 138 465325 2158715 1448532 2454975 1530733 1152272 2713005
1863 862093 2772 397709 1004865 302627) 116447 257709 3894695 4152404
1564 946606 0 38553s 9d542u 2917346 69596 386719 13793176 4179895
1965 3377878 J163 429616 286C004 3807918 5939886 92798531 748836 1678689
1966 2255645 165 445454 2279176 3523635 2063992 477088 5543819 5%65907
1967 2650962 4197 449386 4956701 17257979 2633789 -1852156 1458089] 17728735
1968 2473694 14120 471369 1475209 4940551 6561067 1583974 -245307 1338667
1969 1823935 28099  aB81511 2134i49 4:iD348 288RABFA4  ]74156 4164633 433889
1970 1939043 0 501599 3444903 2822326 1843799 -100426] 4423430 3419169
1971 1!05e21 247 386979 2544489 1888661 34691 -1051647 4398449 3346817
1972 1444464 0 409308 2428212 9490327 1400586 -554440 10517853 9963413
1973 3937338 3955 654953 8017443 7958371 10561149 -33611%° 5414665 2053468
1974 823346 129 381365 1045303 1141388 410605 159539 1776086 1935675
1975 1525534 99 541266 2807587 6829451 7791192 /40688 18-,846 1105148
'9/6 1839982 77 377577 1621401 1734453 (014487  459628% 1341367 1937652
127 8yY5924 8 374944 491805 41455/08 4460201 TROU/1 387117 1167384
1979 1170813 3198 427127 /74449 4785726 1594187  B7ZL6R4 340208 484476
1679 2595964 426 637629 1046126 3490564 NSL19600 1387893 3176910 -178901/
1980 1538175 183 480550 79945 1810746 58730606 126491, 302374 2037467
1981 436460 390491 an, ]y 2093080 2716584 433286 77297311 703545
1967 1578209 441433 849813 4408074 :0760893 1161700 5507986 4333106
1903 1466723 h64609 1325704 1876008 7888052 /u%628 113660 1019288
1984 1468574 456294 1127008 2678574 1482381 127770 /3933721 3171091
1985 7727140 560476 1443353 JA9RYB7  J7293367 18447213 |L4R5/8 33927791

Grand Total :-

Stovage, Albyquerque lo San Marcial

Storage, Gtow) to San Marcial -

142,617,011

Storage, Otowr to Albquersue - 12,309,416

- 130,747,694

Storage for Yo Alb roach overestmmated due 1o vegression ipaceuracies that

295
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B10. ANNUAL BUDGET CALCUCATIONS FOR BEDLOAD SEDIMENY, 1948-1985
(calculated tons per year)
Storage
Year Otowi Alamos Jemez Albuquer Puerco Marcial Oto-Alb Alb-Marc Oto-Marc
1940 688960 61 514537 698281.6 669940 687200 505276.4 6B1021.6 1186298
1949 588960 61 502800 566113.6 2361600 713920 525707.4 2213793. 273950)
1950 277260 77 255600 313764.8 1128730 193760 219192.2 1248734. 1467927
1951 :44]118.8 9814 790239 558837.4 1891533. 167212 385334.4 2283158. 2668493.
1952 715744.3 6316 515327 489259.2 1210866. 871347.5 748128.1 828777.8 1576905
1953 117137.4 12 61695 485061.6 2650831, 298770.4 -306217. 3037122. 2730905.
1954 212719 4 1006 690970 366516 6059299. 482649.]1 538179.5 5943166. 6481345
1955 388910.% 2783 768258 496583.8 7509379, 777190.4 663367.7 7228773, 789.140.
1956 114291.0 0 228489 321:31.0 1403745, 178109.7 21649 1546766. 1568415.
1957 729175.% 16470 319488 448645.6 7402495, 1851778, 616488.0 5989362. 6605850.
1958 120994L 2062 687843 637390.7 3309532. 2901958. 1262463. 1044963. 2307426.
1959 227918.5 532 447031 143430.4 2065942. 328325.4 532051.1 1881017. 2413098.
1960 331881.7 154 450960 302750.8 1704167. 595790.0 480244.8 1411128. 1891373.
1961 315503.8 443 471793 198392 .6 1604683, 367693.1 389347.2 1895382. 2284730
1962 520476 138 466335 345394 .4 593898.1 392796 641554.6 546496.5 1188051.
1963 137934.8 é772 397709 160778.4 1240773. 21831.57 377637.4 1379720. 1757357.
1964 151456.9 0 385539 151268.1 1196111. 11135.36 385727.8 1336244 12719).:.
1965 540460.4 3163 429616 460928.6 1561245. 950381.7 512310.8 1071793. 150L11CA.
1966 36h0203.2 165 445454 364668.1 1446740. 42238.72 441854.0 176v169. 271.023.
1967 474153.9 4197 449386 793072.1 5025771. 421406.2 BA664.76 5397437. 5482102.
1968 4i17v1.0 14120 471369 236033.4 2025625. 1065770. 661246.6 1195(38. 1857135.
1969 241829.6 2899 481511 341463.8 2016937, 462218.2 434/75.7 1896]178, 2330954 .
1970 31v24n.8 0 501599 551)84.4 1157153. ?95007.8 260661.4 1413330. 1673991.
1971 1768499 ) 247  38L979 407118 2 774351.0 55%0.56 15700/.1 117591R 1332925
1972 2341):.2 0 409308 388513.9 38Y1034. ?724109.7 255108.3 4055437 4310546.
1973 6395%/4.0 3955 6494953 1282/90. 3262932. 16H9/83. 1%691.7 78559349, ¢871030.
i974 131735.6 129 Wl3nYy 167248.4 467969.0 &694,496.8 3459B1.2 569%20.7 415501.9
197% 2440485.4 Yy wilenG 449213.9 2800074, 1246490, 336236.5 20072698, 2338934
1976 294497 .1 11 Ay 2994240 711125.7 322317 9 412676.9 648231.9 1060908
1977 143%0/.8 L T4 JH688.8 1785840, 713632.1 439/71.0 1150896. 15906/ .
1478 1R/3430.0 RILT 72 123911.8 196195.6 ?55229.2 493/38.2 64878.72 NhHB61L.4
1My) 415403.2 42h b3, . 79%380.1 1433571, 1363136 758029.0 365831%.4 1123’64
A0 246100 183 AN 17,0 1 742405 8 939690.5 611241.6 /75693.3 Li5548.3
1901 69434 A 0 J004hY1 63001 . 6h BHA107 B 434653.4 397422.7 4B6513.0 BR393Y, .2
1942 292%/21.6 0 441433 13%970.0 1807318, 1721742, %57984.5 721%4%.7 179%30.2
184 23467 6 Q ho4009 217112.6 769161,2 462008.3 HB/172.0 S19187.6 1106349,
190 244971 & 0 4h06794 1091534 .6 109021Y%. 237176.1 499730.1 10%2%/4  15%210%.
1984 41042 4 0 HH0AZ6 2309360.4 1493420, H20937.9 J6H831.9 1097419, 18GA2H] .
S 17014767 6430004 HOAAYL
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Bli. AMRAL BUDGET CALCALATIONS FOR TOTAL SLDIMINT, ;348-198%

(alculated tons per year)

Storage

Year Oto Alb Alb Marc Oto Marc

1948 96iEl4 4 238428] 6 1244896
194y 1171358 & 7940003 6 w221 62
1950 246839 2 A75]1764 3 4. 24604
195 1406403 9¢ 9344313 8 /3::/710 24
1952 2685303 17 1394057 B 4079360 92
1943 2544036 16 11154689 47 B6IN6.: ~°
1954 ?RB927 52 1999A]13 27 207645040 /9
19%%  Th)anD 72 23790%47 "4 24551997 /b
L 10426;7 HB8644:r &7 4APIE0E %)
19%2 ‘ChL9 08 1RZ1S7VA 6 17917906 AB
1958 WLeLESA 4 LAGELEN S I Y 494296 9
1Ly 1%0766% V& L&l 4 2720C7 46
19C2 1.17425 K8 1736145 A7 4RA9LGT LY
196] Wdingk ? GRANL7RT R 69I874]
Lak? 22C,787 6 169A7ER N2  JuUClO0SF 12
1963 PRL A6 AR BQ7441Y AT 5909 W)
1964 IYA4T W R12947C w6 597 1BR7 AN
et 14474 KA LRPOF PN D4 1267794 ]
19¢¢ Bhivdy 04 JILCHBR PN BTTONG By
1967 176789 724 ,99IR4’R 1] IATI0RY? N0°
JWLE 27400« YNORBL n AINLRCY 24
iqe, tCHN/] Te GOLOR]] 7B GARUIRL D4
Wi 43849 & HRARIGO V LCa-ien )
171 BYAGLAA AR 5748 uN &blate; -,
tayy f9914; KR 1A&S742u] ~L 4Rt 00,
A 1ALSC B RZ7060A % AUTRUR N

theld ROTLS N CNAGE TR PRAND S L
Jra? RARS4A 11 \AadD he
Tan “het i LR L L R [T] LY B |

AT LT PR B LY P R PR L N
PR T P PO | Y AT I LT LU P T
HU R ¥ DN | JRIINTIG 4 Lhh]% W
TuMG IRIELY U kA ML) W4 TRapu) )

18] LRI A0 B TR A JORTAN /4
HCL I W UL L I E TR L LY LY L L
H L TR ML | RiRE & 2124047 14
HLL T L B T ¥ LN [ 73 WU L
HLTT LI IS U Y -S| RYTPRR N B TR N, 7 JUR KN

L R LN IO S UTIF T RN I AT R AT R
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812. SUSPENDED, BED-, AND TOTAL LOAD SEDINIRT BUDGET SUMMARY,

CRITICAL YEMRS
(Mg)

Station 1951 1952 1957 1968
SUSPENDED SEDIMINT:
Otow 817,154 4,058,270 4,134,426 2.134,85%5
Los Alamos 8.903 5,730 14,942 12,810
Jemez 716,905 467,505 289,840 427,626
Rvo Puerco 4,185,364 2,679,263 16,379,376 4,487,068
San Marcia’ 948,097 4,940,540 10.5%6,286 6,042,920
Suspended Storage 4,780,214 ?.010,276 10,767,298 1,714,439
ALDLOAD SEDIMINT -
Otow 110, 144, n49, 1423 6hl . 4500 A28 N
los Alamos 8.0901% 5,730 14,947 17.810
Jumez 716,904 467,500 789 A0 421,626
Rio Purrio 1,715,794 1,098 ,44A8 6,710, 544 1,817,648
San Maroial 15].69% 190,481 1.08%, 00 9h: Ab/
Redloal Slovage 7,470 80/ 1.440,'70 ho4e, o 1,084 /94
10ial P OIMENY LDAD
01wt 47 AN 4,707 Wit [ UL RT | S I0M 4
1oy Al amae, 17, R0 11,400 /0 AR .0
L IR i iln W1 WA AL N
Eeoy aevr n, a0l el W 111,10l S04 e (R IT?
an Marogl 1,00, 1R} EW AT AL | Y LU 1.000, '8/
Total “larage 7,000 m) on, 1% W hIR EN TS L
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APPENDIX C. SEDIMENT PARTICAIT SIZE DATA

Sample Map Landform Sampla Fines

[ ] Unit Type Depth (cm) (X)

SAN MARCIAL REPRESENTATIVE REACH:

1 Marcial 1A Active Channel 30 10.68
6 Marcial 1A Active Channel 5 30.53
7 Marcial 1A Active Channe! ) 49.08
B8 Marcial 1A Active Channel 5 45.3/
9 Marcial 2A Abandoned Channel 30 ?.5?
10 Marcial 2A Abandoned Channel ) 2.5%
11 Marcial 2A Abandoned Channel 5 0.84
12 HMarcral 2A Abandoned Channel 5 ? 66
14 Marcial 2¢A Abandoned Channel 60 0.99
16 Marcial 70 Abandoned lood P 10 ?? 85
17 Marcial 20 Abandaned Flood Pl 5 3] B4
18 Marcral ¢D Abandoned | lood Pl b] 30 49
19 HMarcral 20 Abandoned Flood P1 5 10 01
70 Marcial 20 Abandoned | lood P 60 78 09
21 HMarcial 7D Abandoned I 1ood P1 90 3y 4
272 Marcial JA Older Aband Channel 30 1153
?73  Marcial 3A Oider Aband Channel Y 14 4%
74  Marcial JA Older Aband Channel L) 9y 14
2%  Marcral JA Qlder Aband Channel 5 16 &4
?h Margial JC Aband 11 P] or Har zr 17 ub
77 Marcial 3 Abamd F1 PY a1 Bar Y n an
78 Marcial 3C Aband F1 Pl or B, ) 27w
79 Marval W Aband 1 P1 or Rar LY e? 1
30 Marchal A Aband 11 P or Hay 60 10 20
il Mareal AC Aband F1 P or B ) Y4 4

CHAMIZAL RIEPRISENTATIVE REACH

32 Chamizal IF Active 2 lood Plamn \0 1"/
13 Chamizal I Actiee Flomd Plawn Y W 44
4 (hamzal I8 Active Floml Plamn h YA W
in Chamizal I Active Flomd Plan .4 46 nh
6 Chamizal A Aband Brarvd Channel ] [T ]
V7 Chamy zal fA Aband Bravd Channed n [
W Chami zal A Aband HBravd (hannel Y 7 14
19 (ham zal MR Aband ard hannel h ooy
40 (hamizal 7B Ahandoneld 1 lagd Pl 10 Ah YA
41 (hamizal M Abandoned 1 lood 11} ([} [
A7 Chamzal SR Abandkared 1ol '] A oy
41 (hamizal /R Abandoned Flowd P n A 11
44 {(hamizal MY Ahandonsed T losd P N LN
A% {hamigal /I Abhandoned | Yamt 11 n 4, W
Ab Cham 2al N Nger Aband 1) M 1Y) 4\ 0
A7 (hamzal U Obder Aband £ 111 Y [TUN A
AR {hamiza) 8 OVeder Abamd 11 1) N R
A9 hami za) H Dl Abard 11 " XY}
SO Chamy zal S ALRand Brand (hanned n 06l
W Cham zal MV Aband Beand Uhanne! N 0l
L (ham zal M Aband Beand thanned N 0l
Y e gal S Aband Neacd thannel . n 4

SAN GERONTMO REPRESINTATINVE KEADH

YA G anoan W ALand Doy 11 in 4, "
WL i W Ahaml Bhder 11 P hi W ih
W L oo IV Abandd Uldder B P ' i 10
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117
118
119
120
121
12?
123

rio
174
1?5
126
RIO
127

128
179

Coronardo
Coronatlo
Curonedo
Caronado
Coronatio
Coronado
Caronado

2A Abandonad flood Pl
2A Abandoned I lood Pl
2A Abandoned llood Pl
?A Abandnned Flood Pl
1A Active Channel
1A Active Channel
IA Active Channel

PINRCD ? KM ABOVI RIO GRANDi

Punrco
Puer co
Puerco

1A Active Channel
IA Aclive Channel
IA Arliva Channel

SAMADO 2 KM AHOVI RIO GRANM :

Salado
Salada
Salado

1A Active Channel
1A Active Channel
1A Active Channel

M HA BLANCA RIPRIS'NIATIVI RIAUN.

130
141
112
(KN
1.4
[REY
1in
14/
1.8
(RL]
140
141
14/
141
144
14h

Pefa
Pei\a
Perva
Pea
Privi
Peita
Peva
Pea
Pona
Pena
Fona
Peora
P'orw
ety
[T ]%]
Popwr

4A
aA
4A
4A
L1}
4H
40
4H
hi
L]
W
i
X

Older
Oliber
Older
Older
Aband
Aband
Aband
Ahand
Otk
Ol
OV
Olibey
Abaml
Abantl
Alhamli
Al-ar. !

OLOME HEPRESTNTATEVE REACH

146
147
14K
141

150
1
1%
Il
14
1wn
14
1.7
1L
1"
1
1l
104
1on
10t
A
fnn
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1'n
12

AL MO © ANYON
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ungle (hannel
Single (Channe!
‘ingle {hanne)

Har
Har
Ry
Har

{hanarel
I Boyeanpe!
{hannel
-l

Joi

17
4)

1
1/

0
10
3
n
AR
41
7
R] |
7
4

-~ h

.59

)

2,
hh
U]
kR
o’
Ri
L1
i1
na
n
47
LT
1]



171 Alamon
174 Alamon
17% Alamos
1’6 Aiuans
207 Alamny
203 Alamox
204 Alams
205 Alamos

Road V1A F=live Channel

TIA Acuive Channel
T1A Active Channul
TIA Active Channel
T1A Active Channel
TIA Actrve Channel
1A Active Lhannal
T11A Actave [inod Plain

BUCKMAN RITPRISENIATIVE REACH:

177 Huchman
)JI% Buchman
179 Buckman
180 Huthman
1A1 Buckman
187 Huckman
184 Buchman
184 Buihman
18% HBucikman
186 Huchman
A7 Buikman
1A B knuan
189 Bt kman
1M Hukman
" Ruckman
197 B hman

?8 Inactive Bar, lower
78 Inactive Har, lower
78 Inactive Bar, | neer
7?8 Inactive Rar, | ower
1A Active Channel

1A Actlive Channel

1A Active Channel

1A Active Channel

I Abasd Single Channel
db Aband Single Channe'
A Abamt Sangle Channel
S8 Aband Sumple Channel
I Inactive Har, Uppe
i Inactive Har, tpgun
8 Inactive lar, Hppm
7B Inactive Bar, Uppme

IRLJOIIS REPRISINTATIVE RIALNH

9% tryqales
19 1y joley
197 Ty inles
1 Lorgoles
9 b qoeles
fon oy jolee
Jib benjoles

Trsbulary b an
Tributary Fan
Tvthutary I an
Trabutary Fan
Larusdrine
eyt ine
[ETRTIA R RIITY

ven hes s Chaplers 1S, T and 14

JO

S T T Y N N

IR R R O A N RN B i ol ol

-~

SOVt NO

17
a4
ny
{1}
1t



Partition

OB NN DWW

-
- e N

17

Di. PARI[TIONS fOR CHANMIL AND 100D FiAIR ARIA MEASURIM RIS

Starting Point

0ld tapatola Bridge
Midpoint 1

Otowt Bridge
Midgoint 43

Rio da los I rijoley
Reservioir Center
Cochit ) Dam
Midpint 1%
Galesteu Hrudge
Mudpaint #/

San lelipe Briuye
Midpoint 19

Jemez Riven
Midpoint #11
Bernalyllo Brvdge
Mirdpoint #1)
Alameda He nokge
Mudpuint 215

Gld Town Brdege
Mudpoint 117
Barveiona Br vnijge
Mudpoint #19

1% bvage
Midpant #,1

Los | unas Br vkge
Mudpeant 800

Tome Grant Boundary
Mudpoinl 8.4
Relen B e
Mudpoant 8.7
Boupue M tilyge
Miudgenint 89
Hernar ko Wy ok
Mudpoant g1l
Canuda Am by
Mulpoint #14

“an Acan gy Dam
Mudpnim #4h

Parhl v ta g
Mugmint 847

worlh 'wvvra by
Mubkunint #11

Wan Antonye Bvdge
Mgt 244
Mo Lyn wer

n'nlul the Raa Wt b

Atk ggraen Poeqet wilh fovwr apr el gon g

Lnding Po it

Midpoint 1)

Utow Bridye
Nudpoint 83

Rio de Los Fryoles
Rexarvoir Cecler
Cot hity Dam
Mudpoint 84
Galestro Hrudge
Mudpoint 87

San lelipe Pradge
Midpoint Y

Jmez Ryver
Mudpoint #11
Hernali 1o W vkge
Midpoint #1113
Alameda Brvdge
Midpotnt #1%

0l Town Bradge
Mizipoint #17

Hars elong Bevdge
Midponint #10

I % Byvikge
Mudpmint #:1

Los Lunan B vdbge
Muldpoint #°10

Jomw (pan! foumbary
Midomnt AN
Kelen Brdye
Mudpoint 8.7
Novvaque 16 ke
Mydpmint £.1

ey nat o e velge
Mudpoant 814
Canaula A hay
Mudpoint #ud

qan A ta e
Midpoint #
Fuehlito Revgye
Mudpoint #47
Wafh v areg and
Myddpminl F10

wtnt Aot om0 vafyge
Murhpunaint 241
[[TFENTIT A TLEY
LITUTHLER A X 1

Lan Marral I oodge

" A|-|..-n-||- n,’

HI8)



l'artion

Channel }1 Plain
Distanee Ciam Dist Tot Area Chan Aredbep Area sq km/km aq km/km
7 0497% '.039/5 4 69411 0.5904% 4.10J66 0.0838/3 0 “R2Y?6
9 91410 16.9%793 5 0477 1.41684 4. 40888 0.142974 0.44%2819
15.6/914 30 6470/ 1 “048 0.98%22 0.51958 0 077023 0.03174943
11 14933 43.7814 1.17924 1.026/73 0.15%%1 0.0/8087 0.011%98
11 44./7814 0 0 0 0 0
11.%3 66 3114 0 0 0 0 0
] 09287 1) 40977 6 10936 1 0748% 5 0445) 0.14%1437 0 709248
J 178%0 76 SB/83 4 BAYG1 O 48147 4 70417 0 1514% 1.3/726/1
Loynhhi B 4441 4 OBH11 O A’GH 4. 227%0 0.14484%7 0 H41111
4 BH00H 87 40349 4.44209 0 YD1 3 55079 O 1849, 0.242100
LOMM Y2 4G4 3 04981 0 40RZ4 7 61147 0.08LILY O LH1dh/i
4 14840% 90 61600 4 $2008 0 72578 3 6042 O 1749% O ALANAL
1 4RR07 9B 104LH 2 29920 0 47018 1 92414 0 2%768 1 292464
hoel290 108 7171 2 94?1 0hhL4 1 BHLZ29 D LB79R0 0 44510/
11 OH4HL 114 RDIY b D6dnh 0 441N 1 o4 0 219400 0 27m9]
6 Bt 101 G1HL 4 07411 I 4R4! 2 w9 0 217781 O IHOOR,
4 20661 10N BN 1 w2207 0041 1 0/402 0 2146AY 0 #hNALY
9oARG TS 40 4 78t 1 J4led 4 1S 0 T8AANG 0 M2
WoORled 140 40N P sS4l ) Dih4h ] HOMLH 0 208700 O 296/78)
SN 1AL W02 1 208 0 AN 0 RS 0 171007 0 2000
honnhin 140 mWeL A0 ] 004 ALV O IR 0 RSN
PLCR0A S AL L T 0 20181 1 A4S 0 1Y D 40020
LoInAZY 1N A Y o2t 0 AN 4 LdstT 0 TeiAld O RELAAYS
I GG 170 1000 10 temd 2 A0el BoTovt o 12elio 0 o4, 900
ot P20 0ma P Lot 0R0A0 L e o 1220 0 WA
SO 12N T ) ZAAAR O 4RO/ L Seiet 0 0TS 0
L NN A L Y I LT 2 T O L L T O LT T Ry S R R R ML TR I IR
G oMY I engd L RZUEN T ot S REARD O TROAT4 O 4 a0
AL LU LI T BT P 1 ond 4 a4l 0 14020, O 4Nl
LAY SO GRS 9uadh D KRR S W2 0 L an 0 @i
Jouwlad o 2R a2 dn 1 TR 4 ol o 14190 0 wl /77
J LAON! I 6l W RLIAL LSRRG A NS0T 0 ToRt 0 bl
WSRO ST 1 ATl L ORS L A0e 0 Jen/Rt L 44N
R T TTLY S A PRTTTCR I AL L I PO VN I LR U O I F T I B ALY 14N
1 a0 A e D AAYEE O 1819 0 M 0 o7% 0 TRAYA
L A F I T TV 7 O R 7 O R WA B L VLY BN RS VR P I VF AT
[ I N T A T 1T A BT IV 7 S B Y LT R TP T I LY AT U T A R AN V)
[T L N A TR I B N T [ PR R W F (U L L A AR T S R L LT LY
M R iy Ry ] R G e o addan o 7nom,
LA T S P I TN 7% B 117 A I T LA Linl 0 oldnd o Lo iy
L I LA R STV L P T I I TITIW T IR AL NI LY P I L HTANTI
[T T PRI T 18 B M T T I S W LA BT RN LN N IR T I IV IR
[T IRTIY R TR I B A SR FYTY R TR TN T WE R Y DO TR BV LR B I P AN
[PEEF ILULR ¥ ST TRC A SRUTP TR T TR I | Y L I L N TR U T W LI TN (T T |
E (CR U B | Sl LAt S e ] ) AR [RENIE!
17 4'0 1 i L LI B AT [P T Y Wt U 0N B I R WL A
C I LI T R LA | LT IUY IR R |

[ LY B IR PR B

oty el Phe afoen Vream o pu ol aee | osere Appeandes 11

J04



APPERDIX E. PLUTONIUN DATA

E1. PLUTONIUN CONCINTRATIONS IN RIVIR WAUIR (pCi/1),
NORTHLRN RI10 GRAND

Plutonium- 238 Plutonium-239,240
Sample Site . . .
mman at. dev. # meAn st. dev. #

1977 1988:

R0 Chama at Chamita 0.004] 0.0114% 1/ 0.0178 0.0224 17

Ko Grande al (whudo 0.0103 0.021% 18 0.0106 0 0144 18

Ria Grande at pluul 0.0016 0 01’4 17 0 0040 0014t 17

Rio Grande at Couinty 0 oorhy 0.0140 1A 0.0074 0.0194 18

Ryo Grande at Hernalyllo 0 ony/ 0 o012} L} 0 0048 0 0i1% 18

Jemes River at Jomes 0.06'Y J 280 18 0 0004 o orn/ L]

A1l ates, 1977 1988 O 0L/8 0 0421 106 0 000 0 0740 106
19/4

All Sites 0 oone n 0 001k n
1974

All Sites 0 0060 n n oo 1R
/74

All 'atey 0 o Al 0 ooln A
ALl DATA, 1974 190R 0 004N [ n on4gl 1th

Note  Data from [ an Alames Halumal Lalu atory, pabil vsbeed Ynvorommental fagpver e o Repeer s,

)



E2. PLUTORIUM CONCENTRATIONS IN RIVER MATER (pCi/)),

TRIBUTARILS IN THE VICINITY OF LOS ALAMOS

Plutonium-238 Plutonium-239,2%0
Sample Site  -eessmmssseescseco-e- meseesesssoceseeeoos
mean st. dev ’ maan st. dev ’
1977-1988:
Los Alamos Reservoir 0.0047 0.0215 16 0.0116 0.0228 16
G je Canyon in Upper Area 0.0005 0.0208 15 0.0101 0.0171 1%
Irijoles Canyon at Park HQ 0.0126 0.0240 17 0.0142 0.0249 17
Frijoles Canyon al Qutlet 0.0011 0 0137 8 0.0021 0.009/ 8
Pajarito Canyon al Outlet 0.003% 0.0126 A 0.00'6 0.0105 8
Ancho Canyon at Outlet 0.00% 0.0130 9 0.00/9 0.0107 9
A1l Sites 0.004%3 0.019i 13 0.0090 0.01/8 13

Note. Data Irom los Alamos Nationel laboratory, published Environsmental Surveillance Reporls
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E3. PLUTONIUN CORCINTRATIONS IN BEDLOAD SEDIMLNTS (pCi/g),

NORTHERN R10 GRANDE

Plutonium-238

Plutonium-239,240

15

16

Sample Site = --mmme-sse—--o-m-sseo ceeememeeoceeon oo
maan st. dav. mean si. dev.

1974-1986:
Rio Chama at Chamita 0.000!1 .0008 15 .0015 0.0029
Rio Grande at Embudo 0.0003 .ooll 16 .0033 0.0025
Rio Grande at Otowi 0.0003 .0014 16 .0106 0 0171
Rio Grande at Sandia Canyon -0.0011 .0027 8 .00?1 0 0022
Rio Gande at Pajarito Canyon -0.0007 .0024 7 .00?3 0.0031
Rio Grande at Ancho Canyon -0.0014 .0026 8 . 0069 0.0065
Rio Grande at frijoles Canyon 0.0010 ,00% 6 .002% 0.0040
Rio Grande at Cochitj -0.0024 .0079 ! .oong 0.0149
Rio Grande at Bernalillo 0.0004 .0014 14 000 0 0041
Jemny River at Jemes 0.000% .0016 15 0040 0.0044
All Sites, 1974 1986 0.000; .0004 3 0044 0 00R6

Note:

Data from tos Alamos National |aboratury, publyshed by Purtyimun

Ju/

19/



E4. PLUTONIUM CONCENTRATIONS IN FLOOD-PLAIN SEVIMENTS (pCi/g).
NORTHERN R]O GRANDE

Plutonium-238 Plutonium-239,240

Sample Site semmeeiecsmesscmmcnes cemeimmmmmmmemeeoee-

mes at. dev ’ mean st. dev
Active Bed Sediments 0.0018 2.3758 ? 0.0027 0.0003
Levee, Bar, Santa Clara Flood Plain 0.0006 0.0010 5 0.004% 0.0041
Slough, Santa Clara Aband., Channal 0.0013 ¢.0017 3 0.0097 0.0118
Tributary Channel Across Flood Plain  0.0002 - 1 0.0006 -
Mean "Flood Plain" (Znd & 3rd above) 0.0009 <oz 8 o 0567 0.0075

308



€5. PLUTONIUM CONCENTRATIONS IN RESERVOIR SEDIMENTS (pCi/g).
NORTHERN P10 GRANDE

Plutonium-238 Plutonium-239,240
Resurvoir Year = m-memmsemsmememeccemes emesicemecmceecamee
mean st. dav. # mean st. dev. #
Rio frande 1986 0.0009 0 o011 3 0.0177 0.0184
Heron 1982 0.0006 0.0007 3 0.0134 0.0122 3
1984 0.0005 0.0005 3 0.0093 0.0155 3
1985 0.0005 0.0003 3 p0.0112 0.0064 3
1982-1985 0.0005 0.0005 9 0.0114 0.0114 9
E1 Vado 1979
1982 v.0003 0.0006 ki 0.0095 0.0077 3
1984 0.0004 0.0001 3 0.0047 0.0072 J
1985 0.0003 0.000: 3 0.0073 0.0005 3
1987 1985 0 000} 0.0003 9 0.0073 0.004] 9
Abiruru 1982 0 000% 0.0003 ? 0.009/ 0.0048 ?
1984 0.000/ 0.0004 3 0.0l2. 0.0063 3
1985 0.000/ 0.000% 3 0.0088 0.0009 3
1986 0.0003 0 0001 3 0.00/7% 0.0017 3
19457 0.000? 0.0001 3 0.0038 0.0051 3
198F 0.¢003 0.00"? 3 0.00/4 0.002¢ 3
1987 1988 0.0004 0.0003 17 0.0081 0.003] 17
Cochiti 1987 0.0009 0.0004 ! 0.01/8 0.00/2 !
1984 0 0007 0.0011 3 0 0197 0.0140 k|
1984 0.00:6 0.0006 7 0.0241 v.00/3 ?
1986 0.001~ 0.000% 4 0.0217 0.0001 4
ion/ 0 000R 0 GO0/ 3 0.ullhH 0.0118 J
1188 0 001/ 0.00?1 3 0.0121 0.0079 3
1988 _ 188 0 0011 0.0013 ¢ 0.018% 0.0082 7?7
Al Reserverrs 1942 1948 n.0oon} 0 000/ 60 0.012/ 0.00/4 no

Note  Data from los Alamos Nalranal Labmatory, published Lavitopmental Surverllance Repmts

J09



E6. PLUTONIUM CONCENTRATIONS IN FLUVIAL SEDIMENTS (pCi/g).

LOS ALAMOS CANYOM

Plutonium-238

Plutonium-239,240

Sample Site 00000 cememmemesseeccsceo-s memmmeeeemeeeceeomeeo
mean st. dev. # mean at. dev. #
Acid Canyon'
Acid Wier (16,400) 0.1293 0.1788 12 13.3491 7.1115 12
DP Canyon'
DPS-1 Site (13,980) 1.0883 1.4854 23 2.1574 2.4081 23
DPS-4 Site (13,680) 0.1218 0.0576 17 0.4797 0.2/01 17
Pueblo Canyon’
HamiYton Spring Bend (12,850) 0.0035 0.0034 14 0.4994 0.3947 1°
Pueblo Site 1 (15,900) 0.0066 0.0158 1] 0.0639 0.1665 11
Pueblo Site 2 (14,150) 0.012/ 0.0094 11 1.8849 1.6705 11
Pueblo Site 3 (10,050) 0.0086 0.0l71 1? 2.0816 4.4321 1?
Near SR 4 (7,650) 0.001/ 0.0046 16 0.6581 0.70??2 16
Ll os Alamos Canyon
Reservoir Site (19,800) 0.000/ 0.0009 3 0.0660 0.003/ 3
Bridge Site (16,600) 0 0010 0.0014 1?7 0 0071 0 0074 12
LAD 1 Srte (17,0800) 0 0107 0.0/ 1/ 0 6/04 090896 1/
G5 1 Sate (11,000) 0 D6?? 0.851" 16 0 172 02/6/ 16
LAD 1 Srvle (9,%00) 0 0764 00274 16 0 'nwil 0229 16
TAD 4 % Site (8,000) 0.1044 0.0971 10 0 40608 U 4186 10
LAD 4 Site (7.%00) v.0/ U. U4 ) [{IRRTR) 0 14/ fi
Near WP 4 (7,7%0) 0 0ALn 0 omh 1Y 0 2443 0 20 Ih
Totavy (4,0800) 0oLy U 0l/4 1 0 /218 0.2146 1h
Mowr (A00) 0 0064 oann 1n 01rn o1vn s
ayu Canyon’
Neer SR A (1, 000) 0 00lh 0 noy/ 11 0001 0 ooll |
Guaje {anyon'
Neap WR 4 (2,400) 0 000N 00014 17 0 00,4 0 nolo 1¢

“ate Royle

J10
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' Small canyons witn waste disposal sitesy
" Connects Acid Canyon to Los Alamos Canyon.
" Canyons not directly affected 'y waste si1tes that are tributary to Los Alamcs

—anyon
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APPENDIX F. TOPOGRAPHIC MAPS:
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APPLIDIX 6. SOURCES OF ALRIML PHOTOGRAPHY

U.S. Geological Survey, U.S. Bureau of Reclamation, US Army, U.S. Air forca.

U.S. Geological Survey
EROS Data Center
Souix Falls, Souwth Dakota 57198

U.5 Department of Agricultura, Soil Conservation Service, Aqricultura)
Stabilization and Commodity Sarvice:

U.S. Depariment of Agriculture
Aeria) Photography Field Office
User Sarvices Branch

2727 Wesi, 2300 South

P_.0. Box 30010

Salt Lake Crty, Utah 84175

Pre 1941 Pholography of U S Department ol Agriculture Soil Conservalion Service

General Services Adminiatration

Nalional Archives amd Records Administration
Cartographic and Architectural Rranch
Washington, D C 20408

Pre 1950 fairchi1d Aer1al Phntography

barrcho i Aevaal Phologr aphy Collecbion
/o Dallas D Rhoads

Department of Geology

Whittier Colleye

Wttier, Caltforma 40H0R
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[1 Paso, Texas
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APPINDIX 1. CONIACT PLRSONS IOR RID 1M GRMAT ION

US Bureau of Reclamation
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APPINDIX J. BASIC FORMA A USED IN THE RAT PROGRAM

A. Equation of Continuity

where:

W .

D.

v

B. Transmission Losses

whoro

C. Velocity of Flow

whotp

Q
Q

L

A,

<

5

Q=WDV

- original unadjusted discharge (m” s ')

channel width (m)
channel depth (m)

valoclly (ms')

Il
Q, -0 L, (¥ a)
1

adjustad discharge (im' ')

original unadjusted dishcargo (in''s ')

transmission loss rate (m' s ' 'm*)
channol segiiont numbaor

channel bed area In segimoent n (m’)

Voo PR

volocity (ms')

Manningy's hydraulic roughness coofliciont (0 01 0 044)

hycdalic adiug detined haolow (in)

channol gradiont

J17



D. Hydraullc Radlus

where:

E. Depth of Flow

whore:

W -

D

D
Q
w

v

WD

R= Go+m

hydraulic radius (m)
channel width (m)

channel depth (m)

depth of flow (m)
discharge (m’ s ')
width of flow (m)

volocity of flow (m s ')

or, allornativoly in some casos

whiro

F. Uriit Stream Power

whuotn

k

D ( C)” 0.6
) (’, w:;l/))

shape paamotor (1.0 for leoad, shallow channols, -

othans)

W pabvy

unlt steeam power (Nm' 5' ot W)
donedty of the flukd (1 em'Y)
aecoleration of gravity (181 m s¢)
depth of flow (m)

volod ity of flow (m s ')

318

10 for



G. Stream Power

where:

S = flow gradient

Q =pgDWVS =pQ=0W

Q - stream power (N s ' or W)

p - density of the fluld (1 g cm?)

g - acceleration of gravity (9.81 m s’)
D depth of low (m)

W  width of flow (m)

V  voloclty of flow (ns')

S flow gradiont
Q discharge (n"s')

w  unit stream power (dofinod abovo; Nm's' or W ?)

H. Sediment Transpert Capacity

whory

1] "l
i w N I T
{ala

Vi

i total load vansport (kg s ')

w  unit stream power (dofined above, Nm' s ' or Win ')

o, ihodload efficiency tetor (usually 0 11 - o, = 015)
tma  coofficiont of friction (about 10 Tor bodload particles)
u o veloclty ms )

Va  sottling velocity of particlos for a given size (m s ')

Note  the fiest torm inside the parenthesios on the tght side of

the equiation is tor baedload, the second tonn
Inside the parenthene 6 lor suspondod loqd)



I. Sediment Continuity Equation

oM, 3M, oM

ot ot ot

where: M, - sediment mass total in storage in & channe: segment (Mg)
M, = khput mass from channel segment t:pstreain (Mg)
M, - ouput mass to channel sagment Gownsiream (Mg)
t - time unit (day)

J. Plutonium Continuity Equation

wheore P, plutonium mass In storage I a channel segiment (mCi)

P, Ihput plutonium mass from chaniiel segm ¢ apstroam
{mCi)

P, output phtonlum mass to ciuanel sagmoit downstroam
(mCi)

1 Ume unit (day)
K. Plutonlum Concentration in Sediment

)
) t,1,v

’I'l'“"'.'." M

[

whoie P ...  platonium concontiidlon in orad, inpat, on outpaat
sedlinom

P, plutonium miss o stored, input, or outpur sediment
mass (1CI/y)

P Dlatonium nuess i stored, inngt, or outpat sedimoent
s (1G1H/0)

fande ey thow (1995, taal (1Y)

320
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