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Abstract

In 2002 and 2003, the New Mexico Environment Department characterized the shape and
function of a short stream reach in lower Pueblo Canyon called P-4 West. The stream
channels in Pueblo Canyon, as well as other channels on the Pajarito Plateau, are
adjusting to increased storm water flows. Peak flows and total discharge in canyons on
the Pajarito Plateau have increased due to changes in forest floor soil conditions resulting
from the May 2000 Cerro Grande fire. The adjustments include channel geometry
changes, increased sediment yield, and associated legacy contaminant transport from
canyons within the Los Alamos National Laboratory (LANL).

This project was initiated during July of 2002 in Pueblo Canyon reach P-4 West to (1)
establish baseline conditions for monitoring changes in the Pueblo Canyon channels, (2)
demonstrate a method for evaluating, predicting, and monitoring channel changes, (3)
compare channel changes to pre-fire geomorphic mapping of plutonium-239/240
distribution in Pueblo Canyon sediments, and (4) demonstrate methods for estimating
sediment and plutonium-239/240 transport from Pueblo Canyon. It is an extension of a
project initiated during November of 2001 in P-4 East, a reach downstream of P-4 West.

We measured channel dimensions at 27 cross sections in reach P-4 West, established a
stream profile along 3,000 feet of its length, and mapped the pattern of the channel
bottom and banks of the floodplains and terraces. These measurements were used to
classify the existing stream channel in P-4 West and evaluate channel adjustments to
impacts from the Cerro Grande fire. We assessed the channel dimensions, profile, and
stream patterns in relationship to geomorphic units and plutonium-239/240
concentrations and inventories in those units measured and mapped by the Los Alamos
National Laboratory Environmental Restoration Group. We also collected storm water
samples in Pueblo Canyon to determine the rate and mass of sediment and plutonium-
239/240 transport from this area.

We found that the rates of normal channel adjustments: degradation, aggradation and
subsequent sediment mixing, have accelerated since the Cerro Grande fire. Destabilized
channel banks are mostly limited to the pre-fire active channel and lower floodplain
banks, where legacy waste contaminant inventories are the smallest. In some areas,
floodwaters have flowed over terraces, causing erosion, sediment mixing, and net
deposition on them. Where the floodwaters return to the main channel, bank erosion of
older sediment units that contain larger plutonium-239/240 concentrations and
inventories is common.

We estimate 87 mCi of plutonium-239/240 contained in 22,000 tons of suspended
sediment were transported out of Pueblo Canyon from 2000 to 2002. This is equivalent
to an average 4.5 pCi/g concentration of plutonium-239/240 in suspended sediments, an
order of magnitude greater than plutonium-239/240 concentrations realized in ash created
during the Cerro Grande fire, and 2 orders of magnitude greater than background
sediment levels. Because legacy plutonium-239/240 overwhelms the contribution of



plutonium from background and Cerro Grande ash sources, they were not differentiated
in our inventory calculations.

Contaminant transport rates as large as these have not been seen since the 1950’s and
60’s, during and shortly after a period LANL was discharging radioactive wastewaters
into the Pueblo Canyon system. Prior to the fire, LANL had estimated over 1 curie of
plutonium was stored in Pueblo Canyon sediments. We calculate that approximately 9%
of the pre-fire plutonium inventory in Pueblo Canyon has been removed. Contaminant
transport is closely associated with the increased flooding in Pueblo Canyon and we
expect transport to diminish as flood frequencies and intensities diminish.

To control the current transport of sediments and legacy contaminants from Pueblo
Canyon, we make several recommendations to the agencies involved in rehabilitation of
Cerro Grande Fire impacts. These agencies include the U.S. Department of Energy, Los
Alamos National Laboratory, Los Alamos municipality, Los Alamos County, U.S. Forest
Service, and the New Mexico Environment Department. The recommendations are: (1)
initiate bank stabilization efforts in areas impacted by flooding, (2) enhance sediment
deposition on floodplains and terraces, (3) re-evaluate forest rehabilitation in burned
watersheds, (4) reduce urban runoff in Pueblo Canyon from the Los Alamos town site,
(5) increase and improve storm water monitoring efforts, and (6) continue monitoring
channel geometry and stream characteristics.

Introduction

In July and August of 2002, and later in 2003, the Department of Energy Oversight
Bureau of the New Mexico Environment Department measured physical variables of the
stream in lower Pueblo Canyon, reach P-4 West, that reflect the condition of its channel.
This investigation was initiated to evaluate and monitor the May 2000 Cerro Grande fire
impacts to the Pueblo Canyon stream channel. We measured channel dimensions, stream
pattern, stream profile, and bed features to assess channel stability. We also collected
and evaluated storm water samples for sediment and plutonium-239/240 transport during
the summer months since the fire. This reach is upstream of P-4 East, an area where we
completed a similar investigation in November of 2001 (Ford-Schmid, 2003). Both
reaches are downstream of an area burned during the Cerro Grande fire. Exceptionally
large deposits of early post-1942 sediment containing legacy contaminants from early
LANL operations exist in P-4 West (Reneau, et al, 1998). The plutonium-239/240
inventory and contaminated sediment volumes are relatively larger than other reaches in
Pueblo Canyon. See Plate 1 for map of the area.
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In May 2000, the Cerro Grande fire burned 43,000 acres of land along the eastern flanks
of the Jemez Mountains and on the Pajarito Plateau. Approximately 1,200 acres, nearly
80%, of the upper Pueblo Canyon watershed were subjected to a high intensity burn
(BAER, 2000). A complete loss of vegetative cover (overstory, understory, and ground
cover) and intense heat created conditions that reduced the soil’s ability to absorb
moisture, thereby increasing runoff. These conditions led to a greater frequency and
magnitude of storm water flows in the canyons on the Pajarito Plateau. Investigations by
Veenhuis (2002) of 2 forest fires in the region led us to believe that channels subjected to
this flooding would adjust to these flows and contribute increasing amounts of sediments
to storm water runoff.

These sediments contain legacy contaminants as well as fallout contaminants from
nuclear atmospheric testing and potential LANL operational emissions. Forest biomass
takes up the contaminants, as well as naturally occurring elements, as nutrients. The
contaminants are then concentrated when forest materials are reduced to ash in fires.

We found plutonium-239/240 concentrations in ash to be 20 to 30 times that seen in
reference soils. Investigations by the Oversight Bureau found that the mean
concentration of plutonium-239/240 in Cerro Grande ash was 0.24 pCi/g (NMED report
in progress), an order of magnitude greater than the upper limit of the background
concentration in soil. According to the LANL Environmental Surveillance Report
(LANL ESR, 2001), the LANL background reference value in soil is 0.019 pCi/g. This
value is the mean of northern New Mexico regional values plus 2 standard deviations,
and is intended to be the probable largest value of plutonium-239/240 in background
soils.

The weighted mean concentration of plutonium-239/240 in storm water suspended
sediments is 4.5 pCi/g., 20 times greater than the average value we measured for the
Cerro Grande ash. We found that the legacy component of plutonium 239/240 in storm
water greatly exceeds the contributions to contaminant transport from background soils
or ash. Because of the magnitudes of differences between the background, ash, and
legacy components of plutonium-239/240 in sediments being transported by storm
waters; and because we found ash was removed from the watershed within the 3 year
period of this study and that legacy plutonium-239/240 continues to be transported at
increasing rates, we did not differentiate between the fallout, ash, or legacy plutonium
transport yield in this study.

Additional discussions of contaminant transport in ash are found in Appendix A.

Despite some successful watershed rehabilitation, storm water runoff and sediment yield
increased significantly after the Cerro Grande fire. This is consistent with results after
the 1977 La Mesa fire and the 1996 Dome fire as discussed by Veenhuis (2002), who
found that peak discharge increased over 100 times in the first two years compared to
pre-fire conditions, and decreased rapidly after that to 3-5 times pre-fire flows. Before
the Cerro Grande fire, lower Pueblo Canyon geomorphic characteristics were the result of



the adjustment of its boundaries to the pre-Cerro Grande fire flow and sediment regime.
Pre-fire historic aggradation-degradation cycles have been documented and are discussed
in Reneau and McDonald (1996) and Reneau et al. (1996, 1998, 2003). Since the fire,
the channel changes have accelerated to compensate for increases in discharge and
sediment yield. The channel changes are leading to transitional stream classifications and
display a state of disequilibrium, instability, or departure from the channel’s potential
form and function.

A stable stream channel is able to maintain its plan form, channel dimensions, slope, and
bed features while consistently transporting its sediment load without aggrading or
degrading the channel form. If the stream equilibrium is impaired, or forces that formed
its character are unbalanced, it moves into a state of adjustment striving to achieve
equilibrium.

In order to evaluate the channel characteristics of Pueblo Canyon reach P-4 West, we
measured channel dimensions at 27 cross sections along a 3000-foot section of this reach.
We surveyed the stream channel thalweg, the water surface, and the lowest bank feature
along this section producing a channel profile. We mapped the stream pattern by
recording the thalweg and bed feature positions with global positioning and geographic
information system tools. We then used stream classification methodologies developed
by Rosgen (1996, 1994) to categorize the stream channel at each cross section. Stream
features were finally compared to geomorphic mapping completed by LANL’s
Environmental Restoration Project, Canyons Focus Area. LANL’s Environmental
Restoration group is now part of the Risk Reduction and Environmental Stewardship
division (RRES), and renamed the Remediation Services program (RS), or RRES-RS.

To evaluate sediment and associated contaminant transport we deployed portable Isco®
programmable liquid samplers in Pueblo Canyon and sampled storm water runoff. We
programmed the Isco™ samplers to collect an array of samples that represents the
changing characteristics of a storm runoff event. Samples were collected on the rising
leg of the storm hydrograph, and then at 45 or 60-minute time intervals along the falling
leg. Commercial analytical laboratories analyzed the samples for suspended sediment
concentration, dissolved plutonium-239/240 concentration in water, total plutonium-
239/240 concentration in water, and plutonium-239/240 concentration in sediment.

In this report, the term plutonium will be used synonymously with plutonium-230/240.
Analytical methods we used for this study are not able to distinguish between the -239
and -240 plutonium isotopes and plutonium-238 was consistently measured near or below
the analytical detection limits and therefore not included in the transport evaluation.
Additional discussion regarding analytical methods is included under the Methodology
section.

Setting

Pueblo Canyon is a 10-mile long, narrow canyon that crosses Santa Fe National Forest,
Los Alamos town site, and LANL. The watershed area is approximately 5,400 acres (8



square miles). The upper third of the watershed, 1,450 acres, in Pueblo Canyon was
severely burned during the Cerro Grande fire and is above the Los Alamos town site on
the eastern flanks of the Jemez Mountains. Ash from the fire contains residual fallout
contaminants and Pueblo Canyon sediments contain LANL legacy contaminants that are
susceptible to transport.

Our study site in reach P-4 West is in lower Pueblo Canyon, approximately 900 feet west
of the original P-4 East study site, and 5.5 miles downstream of the watershed area
burned during the Cerro Grande fire. Plate 1 shows the varying intensities of the burn in
shades of gray. The reach is near LANL’s eastern property boundary and almost 1 mile
above the Pueblo Canyon confluence with Los Alamos Canyon. San Ildefonso Pueblo is
adjacent to LANL’s eastern border and the Rio Grande is approximately 5 miles
downstream.

The Los Alamos town site wastewater treatment plant, the Bayo plant, is approximately
one-half mile above the P-4 West reach and 2 miles above the Pueblo-Los Alamos
Canyon confluence. The plant’s discharge flows through P-4 West and P-4 East to the
Los Alamos Canyon confluence. LANL maintains a rain gage in the Los Alamos town
site, North Community. It is in the upper Pueblo Canyon watershed. They also maintain
2 stream gages, gage E055 in upper and gage E060 in lower Pueblo Canyon. The
Western Regional Climate Center installed a Regional Automated Weather Station,
referred to as the Pueblo RAWS gage, in the burned watershed area in 2000.

The elevation of the Pueblo canyon channel ranges from 9100 to 6300 feet. The stream
slope diminishes from approximately 10% in the upper watershed area on the mountain
flanks, to 4% through the town site, to less than 2% at the P-4 reaches above its
confluence with Los Alamos Canyon. Pueblo Canyon generates a well-developed
floodplain in its lower reach associated with the smaller gradient and wider valley floor.

Mixed conifer forests had covered the mountain slopes in the National Forest before the
fire. As the elevation declines eastward in the canyon, dominating ponderosa pine forests
change to mixed ponderosa and juniper-pifion woodlands at the lower elevations. During
the initial recovery stages of the burned forest, aspen and oak trees, forbs, and grasses are
replacing the burned mixed conifer forest. Success of this recovery has been limited by a
drought being experienced in the United States Southwest. The greatest recoveries are on
the north slopes and in the canyon bottoms. The south facing mountain and canyon sides
and steep slopes are experiencing limited regrowth. The ponderosa and pifion forests are
presently experiencing severe impacts from the drought. More than 85% of the pifion
forest has died from a pine bark beetle infestation, exacerbated by the drought.

Steep valley walls, colored light stippled brown on Plate 1, confine the alluvial filled
canyon bottom in Pueblo Canyon. The valley walls are made up of Quaternary
ignimbrite and pumice deposits of the Bandelier Tuff. Welded tuff units are comprised
of the Tshirege and Otowi Members, the Tshirege Member being the youngest and more
densely welded cliff-forming unit. Air fall ash deposits within the Bandier Tuff include
the Tsankawi and Guaje Pumice Beds. These rocks form vertical-ledge mesa tops and



steep colluvial slopes above the canyon bottom and are sparsely to densely covered by
juniper and pifion forests. In some areas of the P-4 West and East reaches, stream
channels have incised through the alluvial fill and into fanglomerate units of the Puye
Formation. The Puye Formation is more resistant to erosion and forms grade controls in
the channel where incision to bedrock occurs.

Prior to the fire, LANL studies in Pueblo Canyon indicated contaminants were distributed
throughout the canyon floor sediments. The primary source was radioactive wastewater
discharge from TA-45, active from 1944 to 1964. Throughout the report we refer to
legacy waste or legacy contaminants as those discharged from 1944 to 1964 into Acid
Canyon and subsequently redistributed in Pueblo Canyon.

Contaminants found in the sediments include americium-241, cesium-137, plutonium-
238 and -239/240, strontium-90, uranium-234, -235, and -238, polychlorinated biphenyls
(PCBs), and other semi volatile organics, antimony, barium, cadmium, copper, lead,
mercury, silver, and thallium above background and some above LANL screening action
limits. Screening action limits are defined concentrations in samples, that if exceeded
require further action.

A risk assessment in Pueblo Canyon (Reneau, et al, 1998), before the Cerro Grande fire,
indicated the conditions in Pueblo Canyon posed acceptable human health risks and did
not require immediate remedial actions. This assessment included possible warranted
remedial actions following additional sampling and assessments, and presumed that
contaminants in sediments carried by floods are stable or have been declining for
decades, and that redistribution of contaminated sediments will not result in future
increases in contaminant concentrations in downstream areas. Since the fire, sediments
that required additional sampling and assessment have been eroded and transported
downstream, contaminant transport rates have increased, and contaminants are being
redistributed downstream onto San Ildefonso Pueblo lands and into the Rio Grande.

Reach P-4 has the largest estimated inventory of plutonium of any of the Pueblo Canyon
reaches, due to an exceptionally large volume of mid-1940’s and mid-1960’s sediments
with relatively high plutonium concentrations. The LANL RRES-RS group estimated a
plutonium inventory of 158.5 mCi in P-4 West, of which 9% is stored in active channel
units and 91% stored in older over bank and abandoned channel units. The highest
concentrations were found in older post-1942 abandoned channel units, and in over bank
units.

The active channel floodplain in reach P-4, colored light green on Plate 1, is covered in
most areas by thick marsh grass sustained by an almost daily discharge of effluent water
from the Bayo wastewater treatment plant. Older post-1942 channels that have been
abandoned and subsequently sediment filled are colored shades of brown on Plate 1.
Sagebrush, forbs, and sparse grasses cover these geomorphic units. The banks that
confine the existing floodplain were formed as the active channel incised into these post-
1942 units. Pre-1942 channel units, colored stippled green on Plate 1, are terrace forming
and have been covered with post-1942 flood deposits. Ponderosa, pifion and juniper



woodlands cover these older units. Since the Cerro Grande fire, accelerated channel
adjustments are occurring within the active channel; banks formed in post-1942 sediment
units, exposed to high floodwater stages, are eroding; and sediments and debris are again
being deposited on terraces.

The LANL RRES-RS established unit classifications, used in this report, describing the
sediment geomorphic units in Pueblo Canyon. Labels consisting of “c” depict active and
post-1942 abandoned channel units. Labels consisting of “f” depict post-1942 floodplain
deposits. Quaternary and terrace deposits formed prior to the establishment of the
Laboratory are labeled “Q” and “Qt”. Further classifications are designated by numerical
suffixes. For example, the label “c1” designates the present active channel. Older
channels, often abandoned and sediment filled have sequentially larger numbers. In this
report the “c6” units reflect the oldest post-1942 channel units. They form terrace and
stream bank units derived from active channels abandoned and subsequently filled during
1935 to 1954.

More than 1 curie of plutonium remains stored in Pueblo Canyon sediments from the
original LANL wastewater discharges that occurred during the early days of operations.
A total inventory of those discharges is unknown. Before the fire, LANL estimated that
approximately 394 mCi, 38% of the plutonium inventory was in the active channel and
most susceptible to remobilization (Reneau, et al, 1998)

Methodology

We evaluated the hydrology, channel characteristics, and sediment and contaminant
transport using the methods and data sources described in the following sections.

Hydrological Evaluation

We evaluated the available storm water discharge data (rates, volumes, and frequency)

from the LANL E060 gage located in Lower Pueblo Canyon. LANL publishes these data
in annual water reports such as the o
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Figure 1. Stream and rain gages in Pueblo Canyon



elevation 6356 feet). Flow data was not evaluated at the E055 gage in Upper Pueblo
Canyon, although it was used as a storm water sampling location.

We evaluated precipitation data from LANL’s North Community meteorological station
and the Western Regional Climate Center’s regional automated weather station referred
to as RAWS. These databases are on the following web sites: http://weather.lanl.gov/
and http://www.wrcc.dri.edu/losalamos/. The gages are located in Pueblo Canyon’s
upper watershed; the North Community station is in a western Los Alamos residential
area (latitude 35° 54’ 2" N, longitude106° 19" 17" W, elevation 7421 feet), the RAWS
location is in the burned watershed area (latitude 35° 53’ 41" N, longitude 106° 20" 38"
W, elevation 8500 feet). Precipitation summaries were also found in the LANL
document “Precipitation Events and Storm Water Runoff Events at Los Alamos National
Laboratory after the Cerro Grande Fire” (Koch, 2001).

Field Morphologic Measurements

We used basic survey equipment and methods described by Harrleson (1994) to measure
the dimensions and features in the P-4 West channel. We measured horizontal and
vertical distances of channel features along 27 cross sections and a longitudinal profile.
All cross sections were located perpendicular to the channel, and deposition, terrace, and
vegetation features were noted. A longitudinal profile of more than 3,000 feet was
measured through reach P-4 West. The longitudinal profile included measurements of
the thalweg, the active channel bank, and when present, the water surface and abandoned
floodplain banks developed by incising channels. The linear and vertical measurements
for each cross section and longitudinal profile are compiled in Appendix B.

Treatment of Data

We used a Microsoft Excel spreadsheet developed by Dan Mecklenburg (© 1999
Riverdm, Ltd) to evaluate our field data. The program generates cross section and
longitudinal profile figures. It also calculates the dimensional and hydraulic parameters
listed throughout this report and summarized in Appendix C.

Global Positioning System (GPS) Use

We used a Trimble ™ GeoExplorer I1I hand-held Global Positioning System (GPS) unit
to determine the coordinates of the ends of each cross section and patterns of the thalweg
and terrace features. We transferred these map features as well as theme coverages from
LANL’s Geographical Information Laboratory (GISLab) into ESRI Arcview 8.3°
Geographic Information System. The LANL RRES-RS group’s geomorphic mapping of
Pueblo Canyon is an example of the thematic coverage provided by LANL GISLab.
These tools were instrumental in preparing figures for this report and evaluating the
geomorphology and channel meander geometry in the P-4 West reach. The coordinates
for the cross section end points are listed in Appendix D.



Comparison of the features we mapped to those mapped by RRES-RS before the fire
places the cross sections, current stream pattern, and stream and terrace bank features in
context with conditions before the fire. This provides insight into the stability of the
geomorphic units in Pueblo Canyon containing legacy contaminant inventories.

Stream Classification

We used the measured channel dimensions, longitudinal profile of the valley and stream,
and the mapped plan view of the channel in lower Pueblo Canyon to classify the P-4
reach. We used a stream classification system, described by Rosgen (1996, 1994), to
classify the channel at each cross section, predict changes in the reach, and establish
references for future monitoring of stream conditions in lower Pueblo Canyon. The
system uses measurable morphological features and their relationships to provide
consistent and reproducible descriptions and assessments.

This system uses dimensionless ratios of basic morphological measurements to classify
stream courses into eight basic morphological stream types (A, B, C, D, DA, E, F, or G).
These measurements and ratios are listed below and classification criteria is shown in

Table 1:

e Entrenchment Ratio (W fpa / W bkf) = Flood Prone Area Width / Bankfull Area

Width

e Width / Depth Ratio (W bkf/ D bkf) = Bankfull Area Width / Bankfull Mean

Depth

e Sinuosity = Stream Length / Valley Distance
e Slope (%) = Stream Elevation Change / Stream Length

Table 1. Classification Key for streams (Rosgen 1996)

Stream Type | Entrenchment | W /D Ratio Sinuosity Slope
Ratio
A <14 <12 1.0to 1.2 0.04 to 0.10
B 14t02.2 >12 1.0to 1.2 0.02 to 0.039
C >2.2 >12 >1.2 <0.02
D N/A >40 N/A <0.04
DA >2.2 Highly variable | Highly variable | <0.005
E >2.2 <12 >1.5 <0.02
F <14 >12 >1.2 <0.02
G <1.4 <12 <1.2 0.02 to 0.039

Values of Entrenchment and Sinuosity ratios can vary by +/- 0.2 units, while
Width/Depth ratios can vary by +/- 2.0 units (Rosgen, 1996). When application of these
variances resulted in a possible change of classification, we noted both Rosgen
classifications, and noted the possible transition of the stream section.
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Determination of Bankfull Discharge

The stage of bankfull discharge is the single most important parameter used in this level
of classification. The correct field identification of bankfull discharge indicators is
necessary to identify the channel width, which is required to estimate the entrenchment
and width to depth ratios, and is related to the channel pattern. By identifying these
morphological indicators, we were able to estimate the discharge that formed it.

Bankfull discharge is the dominant or effective flow rate primarily responsible for
forming and maintaining the stream channel, and transports the bulk of the available
sediment over time. The bankfull stage corresponds to the discharge at which channel
maintenance is the most effective and results in the average morphologic characteristics
of channels. A correlation also exists between bankfull discharge, its channel dimensions
and pattern, and watershed size. Additional references from Rosgen (1996) describing
bankfull, dominant, frequent, or effective discharge, include Wolman and Miller (1960),
Andrews (1980), Leopold et al. (1964), and Dunne and Leopold (1978).

Northern Arizona University (NAU) conducted a systematic study on the geomorphology
of 75 reaches of streams and rivers in New Mexico. Their study showed a strong
correlation (R* = 0.90) between watershed size and bankfull channel cross section area
(Knight et al., 1999). The area of Pueblo Canyon watershed upstream from the P-4 reach
is approximately 8 mi>. According to the New Mexico regional curves in the NAU study,
the predicted cross section area for streams with an 8 mi® watershed size is 13.8 ft’, the
95% confidence interval ranges from 7 ft* to 28 ft*. Figure 2, from the NAU study,
demonstrates the relationship of watershed size and channel cross sectional area in this
New Mexico study.
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Figure 2. Bankfull Cross-Sectional Area as a Function of Watershed Area, All New Mexico Sites, (Knight
etal., 1999)
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Cerro Grande fire impacts to the upper watershed area have changed the flow regime in
Pueblo Canyon. This changing flow regime complicated bankfull determinations. The
maximum peak flow since the fire is 144 times greater than any recorded before May of
2000, and the average of all peak flows is about 11 times those measured before the fire.
These increasing flows have altered, obscured, or abandoned pre-fire bankfull indicators.
Abrupt bank slope breaks, change in vegetation, water staining, and scour marks are
examples of bankfull field indications. In most cases, the stream channel was already
adjusting to this new flow regime before we began this study.

We made linear and elevation measurements of all deposition and erosion features found
at each cross section. We plotted these measurements, developing cross section charts
that are presented in Appendix E, and used the channel dimensions and relationships in
our classifications. The bankfull features resulted in cross section areas ranging from 7 to
34 ft %, Initial estimates of bankfull discharge, based on these cross section areas, specific
slopes of the reach, and an estimated roughness coefficient resulted in discharges ranging
from 28 to 303 cfs. In areas that demonstrated the least impact to the changing flow
regime, the estimated mean bankfull discharge was 49.5 cfs. Figure 3, from the NAU
study, indicates that the bankfull discharge for an 8 mi* watershed is 56.5 cfs, the 95%
confidence interval ranges from 15 to 150 cfs (Knight et al., 1999).

Bankfull Discharge vs. Watershed Area, Gage Sites
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Figure 3. Bankfull Discharge as a Function of Watershed Area, New Mexico Gage Sites, (Knight et al.,
1999)

Because of the variability in our initial flow estimates, and the expected channel
adjustments, we re-selected bankfull channel features at each cross section that generated
a 50 cfs effective discharge. For any given storm water runoff event, we assumed that its
peak flow and flood duration should be nearly constant throughout the reach due to its
relative shortness and lack of major tributaries. We also noted that when we subtracted
the highest peak flows from 2001 and 2002 (1440 and 583 cfs), the average peak
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discharge rate of the remaining 35 flows was 48 cfs. Many bankfull indicators at most
cross sections in P-4 West were already correlating to this flow. This resulted in a
reduction in the cross section average to 17 ft* in areas where braided stream patterns and
wetland conditions prevail. The cross section area dropped to an average 11 ft* in areas
where single-thread channel patterns and probable channel incision exists. These values
are close to the 13.8 ft* value predicted by the cross sectional area versus watershed size
regional curves generated by the NAU study.

The changes in the Pueblo Canyon watershed have increased the flow and sediment
regimes, which are influencing its channel morphology. Rapid stream adjustments to
increasing flow and sediment transport currently recognized in the canyon include
deepening and widening of the channels, straightening of the stream pattern, and
increasing the channel slope. Slower responses not yet recognized include lateral
extension and redevelopment of new floodplains at the new lower base elevations.
Figure 4 demonstrates an example the changing shape of the channel in Pueblo Canyon.

Cross Section 10 in Figure 4 demonstrates an example of the initial deepening and
widening stages of the channel evolution in Pueblo Canyon. Cross Section 10 was
measured in the mid sub-reach section of P-4 West and further details will be described
in a later section. In this example, we identified channel features formed in response to 3
different flow regimes, at 300, 50, and at 10 cfs. The 300 cfs flow was modeled from
bankfull features along the original floodplain. The floodplain was formerly well
armored by marsh grasses. High magnitude and frequent floods are currently eroding the
floodplain banks and the bank armor is no longer able to preserve the original channel
form. Currently the banks are unstable, commonly undercut, and sloughing into the
channel. The original channel at the floodplain elevation was probably similar in cross
sectional area to the 10 cfs channel at the bottom of the 300 cfs channel.

The small capacity channel formed within the larger, is temporary and developed in
response to daily wastewater treatment plant discharges that approximate 10 cfs flows.
The banks are very fragile and storm flows regularly obliterate these features. The 50 cfs
capacity channel is more stable and has developed in response to the probable dominant
bank forming flows. These flows are the most frequent or of longer duration than others
seen since the fire.
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Figure 4. Cross Section 10 demonstrating the water level stage heights for 3 discharge rates.

Initially, the channel rapidly incised and widened in response to increased flows. The
bankfull width to depth ratio increased and the entrenchment relationship diminished.
Entrenchment is the width of the flood prone area relationship to the bankfull area width.
In this case, the width of the flood prone area decreased in relation to the width of the
bankfull area reflecting a deepening channel and abandonment of the original floodplain.

As the burned watershed recovers, we expect the flow regime to diminish and stabilize.
A new state of equilibrium, responding to this smaller flow regime, will eventually be
achieved. Lateral extension of the banks will continue until new floodplain areas are
established. Renewed sediment deposition will develop a new series of point bars
increasing the sinuosity. These features will allow the channel width to depth and
entrenchment relationships to develop that are capable of sustaining the new flow regime.
Although the channel morphology will gradually achieve stream morphology similar to
that before the fire, advancement of the tributary drainage network will continue far into
the future to compensate for the new base level that now exists at the lower elevation.

Storm Water Monitoring

Shortly after the Cerro Grande fire, we began a Laboratory wide storm water monitoring
program to evaluate transport of contaminants associated with the forest fire.
Unexpectedly high plutonium values were recognized in the Pueblo and Los Alamos
drainages and we began to focus our storm water monitoring in Pueblo Canyon.

From 2000 to 2002, we collected 66 storm water samples from 12 runoff events in Pueblo

Canyon to evaluate plutonium-239/240 and sediment transport in the canyon.
Commercial analytical laboratories analyzed the samples for a variety of chemical suites,
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including semi-volatile organics, metals, radionuclides, general water chemistry, and
physical parameters such as suspended sediments and particle size distributions. By 2002
we were concentrating our measurements primarily on total plutonium-238, and -239/240
in water and in suspended sediment, total suspended sediment concentration, and
sediment particle size distributions in storm water, though we continued to analyze a
subset of samples for metals and other radionuclides.

Polychlorinated biphenyls, mercury, selenium and gross alpha were detected above New
Mexico’s livestock watering and wildlife habitat water quality standards. Our evaluation
of metals and other radionuclides (e.g., gross alpha, gross beta) in storm water runoff
suggest that elevated levels of these constituents in burned forest materials (ash) and
eroding upland soils were significantly reduced due to sediment deposition in wetland
areas of the middle and lower portions of Pueblo Canyon. In contrast, total plutonium in
water and in the suspended sediment fraction increased as storm water passed through
Pueblo Canyon leading us to focus our monitoring program on plutonium transport in
Pueblo Canyon.

We evaluated the contribution of fallout plutonium and plutonium contributed by the ash
produced from the Cerro Grande fire and found them to be a relatively small component
of the total plutonium inventory transported from Pueblo Canyon. Our evaluation also
suggests the contaminant inventories in ash available for transport was removed during
the 3 year period of this study. (see discussion in Appendix A).

Commercial analytical laboratories performed plutonium-238 and plutonium-239/240
isotope measurements on our storm water and suspended sediment samples. Plutonium-
238 levels were consistently low and are not included in further discussions except that
legacy plutonium could be identified by consistent plutonium-239/240 to plutonium-238
isotope ratio differences seen between background and LANL derived plutonium.
Legacy plutonium-239/240 concentrations are consistently 2 orders of magnitude greater
than plutonium-238, while background concentrations of plutonium-239/240 are
consistently one order of magnitude greater than plutonium 238 concentrations.
Plutonium-239/240 isotopes are indistinguishable using alpha spectroscopy and the term
plutonium is used in this report to reference the -239 and -240 isotope combination of
plutonium.

We evaluated 3 different forms of plutonium in storm water: dissolved plutonium,
plutonium adhered to sediment particles in storm water, and the total component of
plutonium in storm water. In 2000 only dissolved plutonium was measured. In 2001
total plutonium, plutonium in suspended sediments, and dissolved plutonium
measurements were made. In 2002 only total plutonium and plutonium in sediments
were measured. Plutonium is relatively insoluble and we found that total plutonium was
measured at levels consistently 3 to 4 orders of magnitude greater than its dissolved
phase.

In all, 15 measurements of dissolved plutonium, 51 measurements of total plutonium, and
49 measurements of plutonium associated with suspended sediments were made. In
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addition, 50 total suspended sediment measurements were made during 2001 and 2002.
In 2002, 20 particle size distribution analyses of sediments were included.

We evaluated transport conditions in Pueblo Canyon by grouping our samples into
reference reaches above and below the confluence of Acid and Pueblo Canyons and in
Acid Canyon. Ten samples were collected in Acid Canyon and the south fork of Acid
Canyon, below an area that received LANL legacy waste materials during the first 20
years of Laboratory operations. Fifteen samples were collected above the Acid and
Pueblo Canyon confluence reflecting background conditions. The remaining 41 samples
were collected below the canyon confluence to evaluate contaminant transport in Pueblo
Canyon. Thirty-five of those samples were collected in lower Pueblo Canyon at the E060
storm water gage to evaluate transport of plutonium and sediments beyond Pueblo
Canyon. See Appendix F for tables of analytical data used in this evaluation and Figure
F1 for sample locations.

Our sample collection techniques included grab samples and automated sample collection
methods and follow procedures described in the DOE OB Standard Operating Procedures
for Sampling and Analytical Activities (Englert, 1996). Seventeen grab samples were
collected. Grab sample methods consist of submerging appropriate sample containers
into the storm water flow. Forty-nine samples were collected by automated Isco®™
devices.

We deployed portable Isco® programmable liquid samplers in 2 Pueblo Canyon locations,
at LANL gage stations E055 and E060. Another sampler was installed in lower Acid
Canyon just above the confluence with Pueblo Canyon. Single Isco® sampling units are
capable of collecting 24 discretel-liter samples in varying programmable arrays. The
samplers can be programmed to begin a sampling routine based on storm water stage
height and the sample collection intervals can be based on elapsed time or flow.

We programmed the Isco® samplers to collect an array of samples that represent the
changing characteristics of a storm runoff event. Samples were collected on the rising
leg, near the peak of the storm hydrograph, sometimes referred to as the first flush or
flood bore, and then at varying time intervals; for example, 45 or 60 minutes, along the
falling leg. Two to four 6-liter samples were collected for each storm event. Isco®
Model 3210 Flow Meters activated the sample routines based on water level rise. When
the water level reached a height we predicted as storm flow, the flow meter enabled the
sampler and started the sampling routine. The flow meters also recorded a hydrograph
and sample history. The sample histories include the time and flow rate associated with
each sample. We verified and correlated our sample collection history and hydrograph to
LANL’s rated gage stations.

The U.S. Geological Survey (USGS) recommends using equal-width-increment (EWI)
sampling methods for producing the most representative stream flow samples. These
methods create water quality cross sections across a stream. Automatic pumping
samplers with a single-fixed intake, like Isco” samplers, are sometimes used to collect
samples at remote sites or small streams with flashy hydrologic responses (Shelton,
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1994). Samples collected with automatic pumping samplers can introduce an unknown
bias and should be compared to EWI coefficients. These coefficients should be
developed to determine the relation between the constituent concentrations at the single
fixed-intake location and their respective mean concentrations in the EWI cross section.
For the purpose of this report, EWI procedures were not followed and some unknown
bias may exist.

Plutonium Analvtical Measurements

Commercial analytical laboratories analyzed the storm water samples for total plutonium
concentrations, dissolved plutonium concentrations, plutonium concentrations in
sediment, and total suspended sediment in water. Plutonium is measured by alpha
spectroscopy after a whole water, filtered water, or residual sediment sample is digested,
chemically separated, purified, and fixed onto a planchet. The procedures used by our
analytical laboratory are similar to DOE/EML 4.5.2.1 and meet or exceed the
requirements referenced in EPA Procedures 907.0 and 908.0 (Paragon Confidential
Standard Operating Procedure 714 Revision 5, 1999). Suspended sediment concentration
is measured by centrifugation methodologies and is equivalent to ASTM method D
39777-97. Plutonium and suspended concentration data are compiled in Appendix F.

Radionuclide isotopes emit alpha particles at discrete energy groups. Analytical
laboratories use the energy level of these emissions to identify individual isotopes, and
the rate of the alpha interactions quantifies the concentration in a sample. Plutonium-239
and plutonium-240 alpha emissions occur at approximately 5,155 keV (keV = 1,000
electron volts), and plutonium-238 emissions occur at 5,499 keV (Knoll G. F. 1979). The
resolution achieved by alpha spectroscopy methods is not adequate to resolve between
plutonium- 239 and -240 isotopes and plutonium-238 is consistently found at a small
fraction of plutonium-239/240. In this report we refer to plutonium as synonymous with
plutonium-239/240.

The types of analytical plutonium measurements we made on storm water samples
collected during this study period included total plutonium in whole water samples,
dissolved plutonium in water samples filtered through a 0.45 micron filter, and plutonium
adhered to sediments separated from the sampled waters. Total plutonium concentrations
are essentially the combination of the plutonium in its dissolved phase and the plutonium
in the solid phase of a sample. Plutonium is fairly insoluble and dissolved plutonium
measurements were not commonly made after the 2001 storm water season. Those
measurements of dissolved plutonium were very close to, or below laboratory detection
levels.

We evaluated plutonium mass transport in storm water from the total plutonium
measurements. Plutonium measurements in suspended sediments provided a method to
evaluate the variability in the plutonium inventory transport. It provided information
regarding other variables associated with plutonium transport, for example the source of
sediments and plutonium transport associated with different particle sizes of sediment. It
also provided part of the quality assurance evaluation for each measurement. The
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insolubility of plutonium provides a very close relationship of total plutonium in water
and plutonium in suspended sediments. If the suspended sediment concentration and a
value for total plutonium in water or plutonium in sediments is known, the alternate
plutonium value can be calculated for a cross reference.

Mass Transport Calculation Methods

We calculated plutonium mass transport for individual, sampled runoff events using
relationships between total plutonium concentrations in water and flow rates, and
estimated transport for events not sampled using peak flow and mass transport
relationships. Sediment transport was determined using similar relationships and
methods, except the suspended sediment concentrations were used in place of plutonium
concentrations.

Plutonium mass transport calculations for individual runoff events were based on
regression equations that described the relation between the paired concentration and
flow values for multiple samples collected during the event. The linear, power,
logarithmic, or exponential equation that described the best fitting trend line (equation
producing the best coefficient of determination (R?)), was used to calculate the plutonium
concentrations for 5 minute intervals throughout the event hydrograph. The storm water
gages operated by the LANL RRES-WQH program, automatically records flow rates in 5
minute intervals. Integrating plutonium concentrations with associated water volumes
provided the mass transport value for each interval. Reiterations of the calculation can be
totaled for any time interval during the event to calculate the plutonium mass transported.

We saw relationships demonstrating increasing concentrations of total plutonium in water
and suspended sediment as flow rates grew. Strong linear and nonlinear relationships
developed, represented by the coefficient of determination (R?). This value describes the
percent of variation that can be described by the regression equation. Nonlinear
relationships were represented by power or logarithmic equations. These type
relationships suggest the rates of concentration increases were not uniform. The value 1,
for the R coefficient, indicates the regression line can explain 100% of the variation. We
also found many of the non-linear relationships (i.e., exponential) are close to linear,
indicated by the exponent approaching one.

To determine these relationships, we developed scatter or x-y plots for the paired data of
each event that we sampled, where x is the independent flow variable, and y is the
independent concentration variable. We used Microsoft Excel to fit trend lines through
those data points to develop the regression equation that best described the data
relationship. Predictions of concentration values for the remaining flows recorded during
a runoff event can then be made using this equation.

For example, the power equation, y = 44 * x*’* R?=0.99, did the best job expressing the
relationship between suspended sediment concentrations and the paired flow values for
samples collected during a runoff event that occurred June 22, 2002. The dependant y
variable represents the suspended sediment concentration of a storm water sample, and
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the independent x variable reflects the flow in liters, that existed while the sample was
being collected.

The coefficient, 44, describes the rate of suspended sediment increase relative to
increasing flow rates. For each unit rise in flow there is approximately 44 times the SSC
unit (to the 0.74 power) rise in suspended sediment concentration. The 0.74 exponent
describes the degree of linearity, where values close to 1 describes strong linearity. The
coefficient of determination, R* = 0.99, describes the adequacy of the regression curve in
expressing the relationship of suspended sediment concentrations and flow rates for the
samples collected during the June 22, 2002 runoff event, where values close to 1
describes strong correlations. Therefore, we can say the relationship is nonlinear,
expressed by the power exponent 0.74, has a strong correlation, expressed by R? = 0.99,
and for every 1 L/s (to the 0.74 power) increase in flow, we would expect an approximate
44 mg/L increase in the suspended sediment concentration. Although the power
exponent, 0.74, suggests this relationship is fairly linear, it also indicates the suspended
sediment concentration rate of increase decreases as the flow rate increases.

After the concentrations were derived for flows recorded throughout the runoff event,
using the regression equation, we calculated the inventory mass associated with each time
interval. The mass inventory was calculated by integrating the flow rate, time, and
concentration. First, we converted flow rates for each specified 5 minute time period into
water volume. For example, by multiplying 100 cubic feet of water per second flow rate
(cfs) by a 5 minute time interval (300 seconds), a 30,000 cubic feet of water volume is
calculated (100 cfs x 300 seconds = 30,000 cf over a 5 minute interval).

We then converted water volume in cubic feet to liters, by using the conversion factor
28.32 L/ct (30,000 cf * 28.32 L/cf = 849,600 L). This volume of water is multiplied by
its suspended sediment or plutonium concentration to determine the mass transported
within the specified time interval (100 pCi plutonium per liter x 849,600 liters =
84,960,000 pCi or 0.085 mCi of plutonium transported in 5 minutes).

Reiterations of this process would then provide an inventory mass transport value for
each 5 minute time interval during the duration of the runoff. A mass transport value can
be derived for any time period during the runoff by summing the values derived for each
5 minute interval.

We developed sediment and plutonium rating curves to estimate offsite transport during
runoff events not sampled. Rating curves are x-y plots of plutonium or suspended
sediment mass transport values plotted against the peak flow rates of floods they were
collected from. We used the methods just described to determine the relationship
between the total mass transport and peak flows for the runoff events we sampled. We
then applied the regression equations that describe these relationships to the remaining
peak flow measurements for runoff events that were not sampled. From these
calculations we derived mass transport estimates for each event. We then summed the
mass transport estimates for all events to determine the seasonal and total mass transport
values for plutonium and sediment.
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Almost all environmental data contains variability. This variability is comprised of
random measurement error and natural environmental dispersion. Controlling
measurement error allows us to understand and reflect environmental variability. We
measured this data variability by calculating standard error values for each estimator (i.e.
plutonium concentrations derived from peak flow regressions, where plutonium is the
dependant variable y, and flow is the independent variable x) using the following
equation. We then established 95% confidence intervals for our data and discussed
potential error sources in the report text.

2
Standard Error (SE)=1¢*s* l + M
n Sxx

Where:

t = critical value for 95% confidence y = dependent variable

_ B * x.)?
stanadar eviation) s = [—————— XX = X, ———————
n— n

Qv
n

inzyi
DXy, ;

n = number of values Syy= >y} -

x = independent value Sxy =

x = mean of independent values B, = slope from regression equation

and the standard error is used to determine a 95% confidence interval:
y-SE<y<y+SE.

Hydrologic Data

In this section we use the term peak flow to describe the maximum flow rate that storm
floodwaters achieve. In these semi-arid ephemeral stream channels, storm water flows
are of relatively short duration, demonstrated by a quick rise to a hydrograph peak and
then a slow decline to a level representing base flow. During long, low intensity rainfall
the rise and fall of the hydrograph limbs increase in duration.

The Cerro Grande fire has exacerbated the water runoff conditions that previously formed
and maintained the channel systems on the Pajarito Plateau. The runoff conditions vary,
dependant on the degree and extent of the fire in each watershed, the size of the
watershed, and structures in the canyons. For example the Los Alamos Reservoir in
upper Los Alamos Canyon and a water retention structure built later in lower Los Alamos
Canyon modulated the runoff through the canyon. Before the fire, flow rates in Pueblo
Canyon rarely exceeded 10 cfs. Since the fire, the magnitude and frequency of peak
flows have increased, while during the same period, precipitation rates have declined.
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The number of peak flow rates that exceeded 10 cfs in Pueblo Canyon since the fire was

6 in 2000, 17 in 2001, and 14 in 2002. Average peak flows for these years were 64, 147,
and 77 cfs; median peak flows were 50, 25, and 20 cfs. A maximum peak flow of 1,440

cfs occurred July 2, 2001. Figure 5 demonstrates the increased magnitude and frequency
of storm water peak flows since the Cerro Grande fire.
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Figure 5. Magnitude and frequency of storm water flows greater than 10 cfs at LANL gage E060 in lower
Pueblo Canyon

Peak flows, total discharge, and sediment yield have increased as well as the subsequent
flooding and flood impacts. In Pueblo Canyon peak flows have increased about 144
times and average about 11 times pre-fire flow conditions. From 1992 to the fire, only
one flow exceeded 10 cfs at the LANL gage station, E060, in lower Pueblo Canyon.
Since the fire and up to the end of 2002, 37 flows have exceeded 10 cfs. The average
peak flow value is 107 cfs, including the July 2 1,440 cfs flow (Shaull, et al, 2002).
Twenty-three of the 37 runoff events were less than 50 cfs.

The peak flows in these contexts reflects the changing flow regime on the Pajarito
Plateau. The effective bank forming channel flow is related to the frequency and
duration of the total flow regime. Field observations of newly formed bankfull indicators
suggest that the effective bank forming channel flow is around 50 cfs, increased from a
pre-fire effective bank flow that was probably less than 10 cfs.

Other recent fires have burned forests in the Jemez Mountains near this area. The 1977
La Mesa fire burned forests in and around Frijoles Canyon. This area is southwest and
adjacent to the Cerro Grande fire area. In 1996, the Saint Peters Dome fire impacted
Capulin Canyon, immediately southwest and adjacent to the La Mesa Fire northeast
boundary. The U.S. Geological Survey in cooperation with the National Park Service
monitored wildfire effects on stream flow in Frijoles and Capulin Canyons. Peak flows
increased about 160 times the maximum recorded flood prior to the fires. They receded
to about 3 to 5 times the pre-fire maximum peaks within three years. In the 22 years
since the La Mesa wildfire, flood magnitudes have not completely returned to pre-fire
size (Veenhuis, 2002).
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The Pueblo Canyon channel is ephemeral through most of the canyon, responding
primarily to occasional summer rainstorms and spring snow melt. The lower Pueblo
Canyon stream is intermittent, maintained artificially by almost daily discharges from the
Bayo wastewater treatment plant. For part of each day, the average flow from the plant
discharge is approximately 6 cfs. The flow is not maintained throughout the day, and
occasionally, the effluent discharge is diminished even more when it is diverted for city
irrigation. In addition, the Bayo wastewater treatment plant discharges up to 10 CFS on a
weekly basis when the operators back flush the trickling filters.

The Cerro Grande fire reduced the water infiltration rates and storage capacity of soil,
thereby increasing storm water runoff. Rainfall storage capacity in soils in a forest
setting is a function of precipitation captured by overstory interception and water
infiltration into the soil matrix. In areas of intense burn, the fire eliminated the overstory,
understory, and groundcover, including the duff. During periods of rain, water quickly
runs off the unprotected slopes and accumulates as floods in channels draining the
watershed. These conditions will remain until the burned forest has rehabilitated.

Most of the rain occurs as localized, heavy downpours during the summer, between June
and September. The maximum hourly rainfall rate measured at the RAWS station in
2002 was 0.8 inches per hour. It occurred June 21 and produced the maximum daily
accumulation for that year, 1.38 inches, and a 583 cfs peak flow in Pueblo Canyon. The
maximum hourly rate in 2001 was 0.7 inches per hour and occurred July 2. It produced
the year’s maximum 1.23 inches daily accumulation and the maximum flow measured in
Pueblo Canyon of 1440 cfs.

In 2000, the maximum rate at the RAWS gage station was 0.77 inches per hour on July 9,
although at the North Community gage the rainfall accumulation was only 0.13 inches.
This rainfall did not produce significant runoff. The first storm water flow greater than
10 cfs in Pueblo Canyon was 60 cfs measured August 3, and it was associated with
minimal recorded rainfall; the daily accumulation was only 0.02 inches at a maximum
rate of 0.01 inches / hour. This may demonstrate the difficulty in predicting flood
parameters in Pueblo Canyon because of the non-uniform rainfall over the watershed area
(the localized nature of summer downpours, gage placement relationships to rain, and
dissimilar runoff source areas such as urban or forests areas). Figure 6 demonstrates the
daily precipitation accumulation measured at the LANL North Community gage and the
peak flow measurements at lower Pueblo Canyon E060 water gage from January 1998 to
September 2002.
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Figure 6. Daily cumulative precipitation at North Community rain gage in upper Pueblo Canyon correlated
to runoff events greater than 10 cfs in lower Pueblo Canyon. Snowfall is measured in equivalent rainfall
units.

Due to the increased number and magnitude of peak flows and the duration of the floods,
the total water volume from Pueblo Canyon has increased relative to the precipitation in
the area. The normal average annual precipitation at Los Alamos is 18.95 inches per
year, although that amount has diminished in recent years. Currently the southwest
United States is experiencing a drought. Average annual rainfalls at the North
Community rain gage have ranged from 94% to 41% of the 20 year long term average
since 1999. Annual rainfalls were 94%, 81%, 41%, and 60% of the long term average
value during the years 1999, 2000, 2001, and 2002, respectively.

Although precipitation has diminished, relative total volume of discharge in Pueblo
Canyon has increased. The ratio of annual total flow to annual cumulative precipitation
has increased from about 14 to 36. In 1998 and 1999, the flow to precipitation ratio
equaled 15 and 13, respectively; in 2000, 2001 and 2002, the ratio increased to 38, 37,
and 31, respectively. Precipitation includes snowfall in inches of water and total flow
includes the discharge from the Bayo plant. The annual rainfall accumulation in inches
and total flow or discharge volume in acre feet relationship is shown in Figure 7.
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Figure 7. Annual cumulative precipitation and total flow relationship at lower Pueblo Canyon.

The total precipitation and total runoff relationship can be used to predict storm runoff
and determine recovery rates of the burned watershed, although these evaluations are
complex since rainfall over the Pajarito Plateau is non-uniform. Rainfall variables that
were examined include rainfall location, intensity, and accumulation. Storm flow
variables that were examined include magnitude, duration, and total volume.
Examination of these variables provided direction to storm water monitoring decisions
we made. Daily rain accumulation, maximum hourly rate, peak flows, travel time of
flood bore to the E060 gage, as well as the hydrographs for the storm runoff events we
evaluated are included in Appendix F. Evaluation of the recovery rates of the burned
watershed areas would be useful in predicting future channel adjustments in Pueblo
Canyon, but is beyond the scope of this report.

Channel Characteristics and Discussion

The channels in P-4 West are comprised of 2 distinct types: a multiple, braided channel
system that developed on a wide floodplain, confined by low terrace banks, and a single
thread channel system that developed on a narrow floodplain confined by high, steep
confining banks. The floodplains consist of recent post-1943 alluvial deposits. They are
covered by thick marsh grasses, and are deeper in the multiple braided systems than the
single thread channel reach. The confining terrace banks consist of older post-1943
deposits and are relatively bare of armoring riparian plants.

The P-4 West reach in Pueblo Canyon is experiencing impacts from the increasing flow
regime since the Cerro Grande fire. The channels are incising and widening. A single
channel is developing in the braided section and threatens to capture most of the water
flow, abandoning the remaining channels and exacerbating the destabilized conditions
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within the floodplain. Much of the floodplain materials within the single channel reach
have been eroded and transported from the area, and the confining banks are experiencing
increasing erosion.

Stream types described in this document are classifications based on channel dimensions
and their relationships, such as width, depth, sinuosity, and slope. Stream classifications
may change in response to impacts from changing flow or sediment yield regimes.
Degradation or deepening and widening of a channel by scour, or aggradation caused by
deposition are changes that reflect evolution of a stream to an alternate type and function.
Our field measurements for the cross sections, longitudinal profile, and bank and thalweg
delineations, are intended to capture the existing dimensions of the channel in P-4 West.
Plate 2 illustrates the locations of our field measurements, and their relation to the
channel morphology described by the LANL RRES-RS group. The cross section charts,
dimension summaries, and remarks are found in Appendix D.

LANL’s geomorphic evaluation and chemical analysis of sediment samples in Pueblo
Canyon indicate contamination exists from post-1942 LANL operations. Reach P-4 has
the largest estimated inventory of plutonium of any of the Pueblo Canyon reaches, due to
an exceptionally large volume of mid-1940’s and mid-1960’s sediments with relatively
large plutonium concentrations. The LANL RRES-RS group estimated a plutonium
inventory of 158.5 mCi in P-4 West, of which 9% is stored in active c1 and c2 channel
units and 91% stored in older post-1943 over bank and abandoned channel c4 through c6
units. The highest concentrations were found in ¢4 and ¢5 abandoned channel units, and
in c6 over bank units. LANL RRES-RS has estimated that over 1 curie of plutonium has
been distributed throughout the Pueblo Canyon stream sediments below Acid Canyon.

The sediment unit classification system used above uses the letter ¢ to label channel
depositional units and f to label floodplain units. The numbers that follow the letters
denote relative age of post-1942 units. A brief description of the sediment unit
classification system is found in the Setting Section of this report. A more detailed
description can be found in LANL’s report, “Evaluation of Sediment Contamination in
Pueblo Canyon Reaches P-1, P-2, P-3 and P-4” (Reneau, et al, 1998).

Prior to the Cerro Grande fire, the stream dimensions in Pueblo Canyon P-4 West reach
reflected conditions that evolved from effective bank forming flows of less than 10 cfs.
The post-fire increases of flow and sediment yields are changing the channel dimensions
and function in Pueblo Canyon. A wide variability of flows developed after the fire,
ranging from 1440 cfs to regular flows from the Bayo treatment plant of less than 10 cfs.
The flows vary in magnitude and duration, but appear to be developing an effective bank
forming flow of approximately 50 cfs. Functional changes include erosion and transport
of sediments contaminated with waste discharged into Pueblo Canyon during the first 20
years of LANL operations. Forest rehabilitation, bank stabilization, and sediment control
efforts could reduce off site transport of LANL legacy wastes.
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Stream type characteristics and the dimensions that classify them are summarized in
Table 2. The stream section in P-4 West was divided into three areas; the upper and
lower sections are dominated by the C type channels, whereas the middle section is

dominated by E type stream channels.

Table 2. Summary table of cross section classifications and stream dimensions

Distance on

. lor}git.ude Entrenchment . Sinuosity . .
Cross Section (beginning of . W/d ratio Slope . .«  Classification
profile is upstream ratio (braided)
of x-sec 20)

P4W-1 2935.0 1.2 160.2 0.012 Multichan*  (DA)F
P4W-2 2627.0 4.0 50.4 0.011 Multi chan* DA) C
P4W-3 2318.0 6.1 7.8 0.018 Multichan*  (DA)E
P4W-4 1882.0 6.0 13.1 0.017 Multi chan* DA) C
P4W-5a 1604.0 9.1 5.5 0.011 1.03 E
P4W-5 1568.0 6.3 10.9 0.003 1.12 E
P4W-5b 1563.0 7.2 4.5 0.010 1.12 E
P4W-6 1503.0 2.1 323 0.014 1.13 (E) Be
P4W-5c¢ 1445.0 3.2 15.7 0.011 1.14 C
P4W-5d 1385.0 13.1 2.0 0.013 1.01 E
P4W-6b 1260.0 5.0 11.8 0.013 1.15 E
P4W-7 1175.0 5.1 7.8 0.019 1.15 E
P4W-9 997.0 3.5 3.1  0.008 1.11 E
P4W-8 965.0 8.0 1.6 0.014 1.38 E
P4W-11 871.0 2.1 5.6 0.014 1.10 E?
P4W-10 718.0 1.2 8.6 0.016 1.03 G
P4W-11c¢ 618.0 4.1 3.6 0.023 1.08 Eb
P4W-11a 537.0 2.8 203 0.018 1.05 C
P4W-12 465.0 33 3.5 0.012 1.07 E
P4W-13 405.0 15.7 0.9 0.016 1.06 E
P4W-14 367.0 3.2 18.7 0.017 oblique x-sec C?
P4W-15 302.0 2.0 7.0  0.022 1.14 Eb?
P4W-16 277.0 2.7 3.7 0.020 1.04 E-Eb?
P4W-17 255.0 1.9 7.0  0.030 1.04 B? Eb?
P4W-18 233.0 1.3 13.2  0.092 Falls F
P4W-19 208.0 8.7 21.1  0.092 Multichan*  (DA) C
P4W-20 60.0 23.7 23.9 0.026 Multichan*  (DA)C
Mean 5.7 17.2  0.021 1.11
Median 4.0 7.8 0.016 1.10
Std Deviation 5.1 30.6 0.021 0.08
Minimum 1.2 0.9 0.003 1.01
Maximum 23.7 160.2 0.092 1.38

* Multiple braided channels
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The upper and lower stream sections in P-4 West demonstrate characteristics that reflect
C type channels with some variations. They may have transitioned from DA stream
types that had anastomotic or multiple, interconnected, and well armored channels with
highly variable sinuosity and width to depth ratios.

The channels in the western section of P-4 East were classified as E type streams based
on pre-fire 10 cfs flows. They are similar to the P-4 West upper and lower sections but
are more entrenched with slightly less width to depth ratios. These sections may also
have evolved from DA stream types.

From above Cross Section 20, probably as far upstream as the Bayo treatment plant, to
Cross Section 19, and below Cross Section 4 to P-4 East, the channel is slightly
entrenched (ratio > 2.2 +/- 0.2), moderate to highly sinuous, and has moderate to high
width to depth ratios (> 12 +/- 2). Cross Section 20 displayed in Figure 8 is typical. It
exhibits slight entrenchment (bkf W / fpa W) and a large width to depth ratio (bkf W /
mean D). The cross section also displays the original anastomotic (braided and
interconnected) channels from 125 to 160 and at 225 feet, and the low confining bank,
where high water stages flow onto the c6 terrace at 230 feet. Based on the dimensions at
this cross section, runoff events greater than 200 cfs would crest the banks, flowing over
the c6 terrace in this area. Lower banks and developing channels on the terrace exist and
smaller flows may encroach onto the terrace.
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Figure 8. Cross Section 20, most upstream measurement, and representative of the upper and lower stream
sections at P-4 West.

The area from approximately 30 feet in the chart to 225 feet is the floodplain area
covered by thick reed canary grass. Steep banks on the north, or left, side of the valley,
and low banks, comprised of post-1943 deposits to the south, effectively confine this
area. The grasses covering the floodplain act as an effective filter. They diminish flood
energies and retain sediments. The channel developing at 80 feet is beginning to capture
most flows across the floodplain, focusing the runoff energies into a single channel. The
remaining channels are abandoned, and erosion impacts are exacerbated within the single
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incising channel. The water table is also lowered, abandoning the marsh grasses on the
floodplain, further destabilizing the channel.

The mid stream section in P-4 West, Cross Sections 16 to 5a, demonstrates mostly E type
characteristics with some alterations already evident along this 1,500 foot stretch. This
section is also slightly entrenched but has a very low width to depth ratio (< 12 +/- 2).
The banks of an old channel incised into older post-1942 LANL sediment deposits
confine the sinuosity of the active channel. Reneau, and others (1998) indicate this
incision occurred during the 1960s, before the Cerro Grande fire. These terrace banks are
high, unarmored sediment units exposed to large flood stage heights. During floods this
area contributes sediments that contain higher concentrations of plutonium to runoff.

Figure 9 demonstrates the typical dimensions of the mid section channel and its
relationship with the confining post-1942 bank forming deposits. Cross Section 10
demonstrates entrenchment and a low width to depth ratio. It also exhibits confinement
of the stream by steep, 7 to 10 feet high banks, formed by an earlier channel incision.
The channels at 185, 265 and at 395 feet convey the floodwaters that flow onto the c6
terrace further upstream.
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Figure 9. Cross Section 10, representative of the channel within the mid section of P-4 West.

The area on this cross section, from 10 to 450 feet, reflects the older post-1943 deposits
incised by the channel formed during the 1960°s between 110 to 160 feet. The high steep
banks effectively confine floods except during extraordinary events, and re-entry of over
bank flow to the main channel is creating large head cuts in the banks. Floodplain
materials in the existing channel are heavily impacted and being eroded and removed
from the area.

At the upper end of this mid section the slope and entrenchment increases, and the width
to depth ratio decreases, culminating at a large head cut (waterfall) at Cross Section 18,
approximate location of a bedrock nickpoint. Head cuts develop when surface runoff is
concentrated at a nickpoint where there is an abrupt change of elevation and slope

29



gradient and a lack of protective vegetation. The fall of water over this nickpoint causes
it to be undermined and to migrate up-canyon. In P4 East, downstream from P4 West,
one head cut migrated 50 feet in 2002, and over 400 feet during one event in 2003.
Downstream, at Cross Sections 10 through 11c, the slope, width to depth ratios, and
entrenchment generally increases. Lower in this mid section, at 5S¢ and 6, the
entrenchment and width to depth ratios also increase. The longitudinal profile in Figure
10 demonstrates the stream relationships along the entire stretch of P-4 West.

Our evaluations indicate the stream is adjusting to the increased storm water discharges
and sediment yields. The upper and lower stream sections in reach P-4 West, are
classified as predominantly C type streams, evolved from a DA type. According to
Rosgen (1994), C type streams are very highly sensitive to stream flow and sediment
increases, contribute high to very high sediment supplies, and have a high to very high
stream bank erosion potential. In the mid section, the stream classification is
predominantly an E type stream, and according to Rosgen (1994), demonstrates a very
high sensitivity to stream flow and sediment increases, a low to moderate sediment
supply contribution, and very high stream bank erosion potential. Channel classification
differences exist in areas around Cross Sections 10, 5c, and upstream of 15 to the
waterfall. These differences indicate the instability, and sensitivity to flow and sediment
supply, and erosion potential is increasing at greater rates in these areas.
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Figure 10. Longitudinal profile of P-4 West.
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Sediment and Plutonium-239/240 Transport

Since the Cerro Grande fire in 2000 through the summer of 2002, 37 storm runoff events
greater than 10 cfs have occurred. We sampled 8 of 31 storm events during 2001 and
2002 at the E060 storm water gage, and commercial analytical laboratories measured the
samples for suspended sediment and plutonium concentrations. Only 6 of those events
had recoverable flow data. This section demonstrates the methods we used to calculate
the plutonium and sediment mass transported beyond lower Pueblo Canyon in individual
events and the total masses transported since the fire to the end of the 2002 storm runoff
season.

The earlier parts of this section demonstrate the relationship of storm water flow to
suspended sediment and plutonium concentrations, and methods for evaluating sediment
and plutonium mass transport for individual storm water. The later parts demonstrate the
techniques used to predict and evaluate mass transport for runoff events not sampled, and
provides estimates of plutonium and sediment transport during the 2000 to 2002 storm
water seasons. The last parts provide additional support showing that the plutonium
concentration in storm water is dependant on the mass of suspended sediment in water
and the plutonium concentration in suspended sediments.

Recall from the Methods section in this report that plutonium-239/240 isotopes are
indistinguishable using alpha spectroscopy analytical methods, and that plutonium-238
was measured at a small fraction of plutonium-239/240. In this section plutonium is used
synonymously for plutonium-239/240. Also recall that three distinctly different
plutonium measurements were made for our storm water samples: dissolved plutonium in
storm water, total plutonium in storm water, and plutonium in sediments separated from
storm water.

We generally find that suspended sediment and plutonium concentrations increase as
storm water flow rates increase. The sediment is derived from eroding stream banks as
the channel adjusts to increasing flow, and from material dislodged by rainfall on
exposed mountain and channel slopes. Increasing total plutonium concentrations in water
are associated with the rising concentration of suspended sediments containing
plutonium. The plutonium is derived from legacy contaminants discharged into Pueblo
Canyon and stored in bank and bed sediments.

Other plutonium sources exist, but are a small component of the total plutonium mass
being transported from Pueblo Canyon. Storm water transported a small plutonium
contribution from atmospheric nuclear testing fallout as well as plutonium in ash from the
Cerro Grande fire. Fallout materials naturally absorbed by the forest biota were
concentrated in ash as the fire reduced the biomass. The concentration of legacy
plutonium, approximately 4 pCi/g in suspended sediments, overwhelmed any input from
fallout materials in soils or ash and we did not try to differentiate between them. We
found the average concentration of plutonium-239/240 in 15 suspended sediment samples
collected at locations upstream from Acid Canyon was 0.049 pCi/g which fell below the
range of background values for soils and canyon sediment (0.054 — 0.068 pCi/g
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respectively) determined by the LANL RRES-ES group. Plutonium levels in the
environment derived from atmospheric testing, are referred to as background.

Shortly after the Cerro Grande fire, NMED collected 27 ash samples in and around the
burned forest to determine whether or at what levels contaminants exist. The plutonium
239/240 levels in ash ranged from 0.02 pCi/g to 0.60 pCi/g and averaged 0.23 pCi/g.
Storm water monitoring and observations of the burned forest areas suggest most of the
ash has been transported beyond Pueblo Canyon. Additional discussion of plutonium in
background fallout and ash is found in Appendix A.

The plutonium derived from background was not differentiated from legacy plutonium in
the transport estimates based on the magnitude of differences between plutonium levels
in background, in ash, and in sediments contaminated with LANL legacy wastes.
Concentrations of plutonium in suspended sediment were 2 orders of magnitude greater
than background levels and an order of magnitude greater than levels seen in the ash
generated during the Cerro Grande fire. Plutonium in suspended sediments is
consistently measured around 4 pCi/g, in Cerro Grande ash it was 0.23 pCi/g, and in
background soils it is less than 0.054 pCi/g.

The following discussion describes the plutonium, suspended sediment, and flow
relationships for an individual runoff event. Figures 11 and 12 present those relationships
and the associated text summarizes the sediment and plutonium mass transport
calculations for a runoff event that occurred June 22, 2002. Figure 11 presents sediment
mass transport and the Figure 12 presents plutonium mass transport. These relationships
are similar in the other 5 events that we evaluated and are presented in Appendix G.

LANL gage E060 was inoperable in the later half of August 2002, and flow data had to
be recovered from stage heights recorded by our flow meters. The stage heights were
applied to discharge rating curves developed for the gage to develop complete
hydrographs for 2 August events. One occurred August 18 and another August 26.
Flows were not available for 2 events collected in October and November of 2002 and
could not be evaluated.

Using the methods described in the Storm Water Monitoring Methodology section of this
report, we evaluated mass transport of sediment and plutonium for a flood event on June
22,2002. We found approximately 3,045 tons of suspended sediment was transported in
the first 5 hours of the event. An additional 91 tons were carried beyond the lower
Pueblo Canyon gage station during the following 5 hours of flow. Plutonium transport
during the first 5 hour period is equal to approximately 14.06 mCi, 98% of the total 14.34
mCi transported during a 10 hour period of the runoff event. Although the duration of
the floods vary, we observed that the major proportion of transport occurred during the
early part of each event. To provide continuity in our comparisons we evaluated the first
10 hours of each event.

The suspended sediment concentration (SSC) relationship to flow is characterized by
Figure 11. It reflects a maximum SSC measurement of 84,500 mg/L at 106 cfs on the
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rising leg of the hydrograph, and a peak flow of 583 cfs shortly after the first sample was
collected. The flow and SSC diminish during the following 1 hour and 50 minutes to our
last measurements of 19,500 mg/1 at 127 cfs. We calculate that 2,715 tons, 87 percent, of
the sediment was transported within this 2 hour and 15 minute time period. The flow
continued to diminish until it reached probable base flow of approximately 9 cfs from the
treatment plant almost 8 hours later.
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Figure 11. June 22, 2002 hydrograph and associated suspended sediment concentrations

Refer to the Mass Transport Calculation Methods section for the evaluation techniques
used to determine sediment mass transported during each event. The regression equation
describing the relationship between the paired suspended sediment concentrations and
flows were used to calculate suspended sediment concentration for the remaining flow
measurements. Integrating the sediment concentration and the associated water volume
resulted in the suspended sediment mass transported for each 5 minute time interval. The
total mass transport for any period during the event can be determined by summing all
reiterations during the time frame of interest.

A power regression equation, y =41 * x *’* does the best job expressing the relationship
between the suspended sediment concentration and flow for this event. Suspended
sediment concentration is the y variable and flow is the x variable. The first
measurement was collected on the rising leg of the hydrograph rather than at peak flow
and was not used to determine the regression analysis. The coefficient of determination,
R?, is equal to 0.99, suggesting that almost 100% of the variation in suspended sediment
concentrations can be described by the equation.

Figure 12 characterizes the total plutonium concentration and flow relationship in the
runoff event. We calculate that 84 percent, 12.03 mCi of the 14.34 mCi plutonium
inventory transported in this event occurred within the initial 2 hours and 15 minutes of
this runoff event. The figure reflects a maximum plutonium measurement of 197 pCi/L
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at 347 cfs within 45 minutes from the start of the flow event and a potential value of 239
pCi/l at peak flow. The plutonium concentration for the first sample, collected 5 minutes
from the start of the event on the rising leg of the hydrograph, was 161 pCi/L. The 583
cfs maximum flow occurred 20 minutes later. The flow and plutonium concentrations
diminish during the following 1 hour and 50 minutes to our last plutonium measurement
of 123 pCi/L. We predict that these concentrations continued to diminish until they
reached the probable treatment plant base flow of approximately 9 cfs almost 8 hours
later.
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Figure 12. June 22, 2002 hydrograph and associated plutonium-239/240 concentrations

The plutonium transport evaluation methods are the same as those used to evaluate
sediment transport and are described in the Mass Transport Calculation Methods section,
except plutonium concentrations rather than suspended sediment concentrations are
correlated to flow rates. The logarithmic equation, y = (74 * LN(x)) - 476, does the best
job expressing the relationship between the paired total plutonium concentrations and
flow measurements. Total plutonium concentration is the y variable and flow is the x
variable. The first measurement was collected on the rising leg of the hydrograph rather
than at peak flow and not used to determine the regression analysis. The coefficient of
determination, R?, is equal to 1.0, suggesting that 100% of the variation in plutonium
concentrations can be described by the equation.

The differences seen in plutonium concentration and suspended sediment concentration
between the first and second samples reflect the variability in the environment and
difficulty in collecting a sample at peak flow. The first measurements were associated
with the start of the runoff event at a 106 cfs flow, on the rising leg of the hydrograph.
They resulted in the maximum SSC and a plutonium measurement that was not the
maximum level. This first SSC was largest at 84,500 mg/L, and the plutonium
concentration of 161 pCi/L was less than the second sample collected 50 minutes later
that was measured at 197 pCi/L.
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This inconsistency is explained by the plutonium measurements made in the suspended
sediments. The suspended sediments were separated from the June 22, 2002 storm water
samples and the plutonium concentrations measured. Figure 13 presents total plutonium
in water relative to plutonium in sediments. Recall that total plutonium measurements
are made on a whole storm water sample and include the dissolved fraction of plutonium
as well as the solid plutonium phase associated with sediments. The plutonium in
sediments ranges from 1.67 to 5.63 pCi/g, although they appear consistent and average
5.32 pCi/g after the first value. On the other hand, after the plutonium measurements in
sediment stabilized, total plutonium concentrations in water declined from 197 pCi/L to
123 pCi/L concurrent with diminishing SSC as well as flow. Suspended sediment
concentrations declined from the first measurement of 84,500 mg/L. This also
demonstrates the obvious relationship of total plutonium in water to SSC, but it also
shows that varying plutonium concentrations in sediments introduces variability to storm
water concentrations of plutonium.
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Figure 13. Total plutonium-239/240 in water compared to plutonium-239/240 in residual sediments.

This variability in plutonium measurements (1.67 to 5.63 pCi/g) in suspended sediments
may result from the sediment source area; for example an influx of sediments with
smaller plutonium concentrations would dilute the sample concentration. It may also be
related to the suspended sediment matrix, coarser grained sediments tend to have smaller
concentrations of contaminants associated with them.

The first sediment measurement, 1.67 pCi/g plutonium, may be related to source of the
sediment load or to larger grain size sediments that reflect bed load material. The initial
wave front of a flood, or flood bore, often carries a greater proportion of coarse-grained
bed load sediments, which diminish as the flow recedes. In this case, it appears the
variability comes from the sediment source area. The grain size distribution
measurements were fairly consistent in the 4 samples collected during the June 22 runoff
event. The grain size analysis showed the sand, silt, and clay fraction were consistently
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around 72%, 27%, and 1%, respectively; and no relationships could be established
between grain size, suspended sediment concentration, or plutonium concentrations in
sediment.

Many contaminants have an affinity for small grain size sediments, which is related to the
larger surface area and increased ion exchange capacity of the silt and clay particles as
compared to the sands. At higher flow rates a greater portion of bed load may be
suspended in the water column. This would increase the concentration of suspended
coarse sands, increasing the particle size in the sample and diminish the total
concentration of a contaminant in samples of equal SSC. Our evaluation of plutonium in
suspended sediments and particle size does not explain the variability observed in the
plutonium measurements. The coarse to fine sand fraction in our samples ranged from 0
to 6% by weight, silt comprised 44% to 77% of the sample weight, and the clay fractions
ranged from 22% to 59%. The plutonium, suspended sediment, and grain size
distribution correlations are slight and inconsistent for individual storm sample sets as
well as the entire data set.

An observation that provided additional insight into the Pueblo Canyon fluvial system
and sediment transport was that the sand fraction became smaller and the clay fraction
larger in the lower Pueblo reaches. The upper reaches are steeper and the valley narrower
than in lower Pueblo Canyon. Also, in the lower reach, below the Bayo treatment plant,
marsh grasses in the active channel areas and on floodplains increase the channel
roughness, which reduces flow velocities, and promotes sediment deposition.

A small percentage of the variability may have been explained by grain size but it was
overwhelmed by other uncertainties. Environmental uncertainties may be due to the
suspended sediment source, total organic carbon content, or other unknown variability,
but could also include technical uncertainties associated with sampling and analytical
methods and techniques.

The most probable source of this variation comes from the sediment sources. Influx of
sediments from areas with low plutonium concentrations dilutes the total plutonium
concentration in storm water. Sediment and plutonium vary in provenance, which
contributes varying proportions of plutonium and sediment mass. These proportions
determine the plutonium and suspended sediment concentrations in storm water. They
come from within the active channel, old bank forming channel deposits, and the upper
watershed areas, and have different stream lengths, slopes, and susceptibilities to erosion
or deposition. Each area provides varying degrees of plutonium concentrations in
suspended sediments. These concentrations could vary from LANL sediment
background levels of less than 0.068 pCi/g (Ryti et al, 1998) to values greater than 502
pCi/g, an upstream Pueblo Canyon overbank measurement reported by RRES-RS.

South Fork Acid Canyon, an area that received the original radioactive water waste
discharges, continues to contribute sediments with elevated plutonium concentrations.
Fortunately, the relative suspended sediment contribution to Pueblo Canyon is small
sustaining a small overall contribution to plutonium transport inventories. Two storm
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water samples collected there in 2000 contained plutonium concentrations in sediments
that ranged from 38 pCi/g to 107 pCi/g. Acid Canyon, below the South Fork, contributed
diluted plutonium concentrations in sediments that ranged from 0.1 pCi/g to 22 pCi/g.
Only 6 SSC measurements, containing relatively small concentrations, were made in this
area. The values ranged from 12 mg/L to 320 mg/L. These relationships produced
relatively small total plutonium concentrations in water ranging from <0.2 pCi/L to 16.4
pCi/L. The watershed area is small and it appears that runoff periods are brief and carry
relatively small quantities of sediment, although Acid Canyon does receive urban runoff
from the Los Alamos town site. Reducing this storm water source could further improve
conditions in Pueblo Canyon.

The active channel bed sediments could be a primary source for suspended sediments in
storm water and have been monitored by LANL RRES-WQH since the 1970s.
Plutonium concentrations in the active channel bed are demonstrated in Figure 14. It
shows 10-year concentration averages at 6 surveillance stations in Pueblo Canyon by the
RRES-WQH (ESP 1991 through ESP 2000). The annual samples are collected from
within the Pueblo channel at an upstream location just above Acid Canyon, downstream
to State Road 4. These samples reflect bed load and are coarser grained materials than
would be expected in suspended sediments. The sediments are readily available for
transport and further mixing, and the average concentrations range from 0.2 pCi/g to 6
pCi/g.

10 Year Plutonium-239/240 Averages in Pueblo Canyon
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Figure 14. Ten year averages of plutonium-239/240 in bed load within the Pueblo Canyon channel

Below the Acid Weir, LANL RRES-WQH ‘s annual surveillance samples ranged in
plutonium concentrations from 11.8 to 0.003 pCi/g, averaging 6.0 at the Weir to 0.3
pCi/g at Pueblo 3, which correlates to P-4 West Cross Section 1. Above Acid Weir at
Pueblo 1, most of the values are consistent with the LANL 0.068 pCi/g background
reference value although some exceptional high values exist.
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LANL RRES-RS undertook additional active channel evaluations and estimated
plutonium in younger active channel sediment deposits in P-4 West average 1.3 pCi/g,
ranging from 0.120 to 3.180 pCi/g. RRES-RS measurements in channel deposits through
out Pueblo Canyon vary from 12.6 pCi/g in Acid Canyon to less than background
(Reneau, et al, 1998). They have estimated over 1 curie plutonium is distributed
throughout the Pueblo Canyon alluvial sediments of which 38% or 383 mCi was
estimated as susceptible to redistribution.

Besides the active channel source, other areas contribute sediments containing plutonium,
including channel banks, floodplains, and terraces, which are currently impacted by the
increased storm water flows. LANL RRES-RS average estimates of plutonium in the
older, post-1942, bank-forming geomorphic units in P-4 West range from 1.27 to 37.8
pCi/g. Individual measurements range from background levels to 170.5 pCi/g. These
include geomorphic channel and overbank units exposed above and along the Pueblo
channel. Channel deposits are generally coarse grained sands with lower contaminant
levels; overbank and floodplain units consist of fine grained materials, including clay to
fine grained sand, and commonly contain higher contaminant concentrations. They are
exposed at greater heights above the active channel, and to erosion from higher flood
stages.

Our evaluations of the remaining 5 runoff events indicate 24 mCi of plutonium in 6,672
tons of sediment were transported beyond the E060 gage station during the storm flows
we sampled. These events represent 6 of the 37 runoffs that occurred since the Cerro
Grande fire to the end of 2002. Using the relationships between the peak flows and
plutonium and sediment transport inventories, we estimated the transport inventories for
the remaining 31 runoff events. Plutonium and sediment mass transported during these 6
events are compiled in Table 3. The following text describes the technique we used to
estimate the plutonium and sediment mass transported during the storm runoff events
described in this report.

Table 3. Plutonium-239/240 and sediment inventory transported beyond E060 during 6 of 37 storm
water flows during 2000, 2001, and 2002

Runoff Date  Peak Plutonium Inventory Sediment Inventory
I(:(I;?:)v Transported Transported Transported|Transported Transported Transported

during first over 5 hours over 10 | during first over 5 hours over 10

hour (mCi) (mCi) hours (mCi)| hour (tons) (tons) hours (tons)
8/11/2001 248 0.91 1.6 1.74 1223 1621 1650
8/16/2001 174 2.04 3.36 3.93 373 673 818
6/22/2002 583 8.66 14.06 14.34 2109 3045 3136
7/18/2002 53 0.73 1.07 1.59 115 248 312
7/26/2002 94 0.91 1.86 2.26 297 601 724
9/10/2002 29 0.01 0.09 0.11 2 27 32

Total inventory for 6 of 29 flows during 2001 and 2002
13.3 22.0 24.0 ‘ 4119 6215 6672
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We estimate 87.1 mCi plutonium in 21,980 tons of sediment were transported beyond the
E060 gage during 2000 through 2002. This estimate is based on the relationships that
were observed between the peak flows and the plutonium and sediment mass transport
inventories of the events we sampled. Rating curves were developed based on the paired
peak flow measurements and sediment and plutonium mass transport values we derived.
Applying the regression equations describing these relationships to the remaining peak
flows provided an estimate of the sediment and plutonium mass transport for each event.
Summing the results for all flows provided an estimate of the sum total discharges of
sediment and plutonium. By calculating the 95% confidence interval for each event and
summing the upper and lower limits of these estimates, we found that that as much as 189
mCi and as little as 34 mCi of plutonium could have been transported. Correlations of
plutonium and sediment inventories to peak flows are shown in Figures 15 and 16.
Runoff dates, peak flows, plutonium and sediment transport estimates, and summations
are listed in Table 4.

The following graphs in Figures 15 and 16 depict the plutonium and sediment mass
transport relationships to peak flows from the 6 storm events listed in Table 3, and the
estimated values for the remaining flows. The solid diamonds on the chart represent the
plutonium values derived from the events we sampled. The smaller hollow squares
represent the plutonium values we estimated based on the regression equation that
reflects the plutonium mass and flow relationship. This relationship is presented in
Figure 15, and described by the linear equation, y = 0.022x, where the y variable is equal
to the plutonium inventory in mCi, and x is equal to the peak flow measured in cubic feet
per second. A close relationship is implied by R* = 0.88.

Plutonium Mass Transport vs Peak Flow Rating Curve
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Figure 15. Plutonium-239/240 inventory transport correlation to peak flows
An example of this estimation method is illustrated for a 60 cfs peak flow that occurred

August 8, 2000. Using the regression equation y = 0.22 x, we find that 1.3 mCi of
plutonium was transported during this event. The plutonium inventory was calculated by
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multiplying the flow, x, by 0.022 from the regression equation. This suggests that for
every unit of peak flow increase, there is an associated 0.022 times the plutonium unit
increase.

The sediment yield versus flow relationship in Figure 16 is described by y = 5.55x, where
the y variable is equal to tons of sediment and x is flow. A close relationship also exists,
where R? = 0.97. The y intercepts were set at 0, assuming there can be no transport at 0
flow. The 60 cfs flow used as an example above yielded 333 tons of sediment, based on
the regression equation (60 cfs * 5.55 = 333 tons of sediment). The solid diamonds
represent the values we derived from measured samples, and the square outlines represent
the values estimated using the regression equation that describes the sediment mass
transport to peak flow relationship.

Sediment Mass Transport vs Peak Flow Rating Curve
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Figure 16. Sediment yield correlation to peak flows

Additional monitoring of all the storm events would have been required to fully
characterize the total discharges of sediment and plutonium, but interpolating data
obtained from the six events to the remaining 31 provided a transport estimate.
Plutonium and sediment mass transport estimates might also be made for future
discharges using the sediment, plutonium, and flow rating curves demonstrated by
Figures 15 and 16.

In addition to the 87.1 mCi plutonium in 21,980 tons of sediment transported during 2000
through 2002, we characterized transport for individual flow regimes as well as annual
sum totals. Runoff dates, peak flows, plutonium and sediment transport estimates, and
summations are listed in Table 4. During 2000, we estimate 8.4 mCi of legacy plutonium
in 2,131 tons of sediment were transported beyond Pueblo Canyon during 6 runoff
events. In 2001, 54.8 mCi plutonium in 13,838 tons sediment were transported in 17
runoff events. In 2002, 23.8 mCi plutonium in 6,011 tons sediment were transported in
14 runoff events. In both 2001 and in 2002 over half of the plutonium and sediment
masses that were transported were removed in single events. The 1440 cfs, July 2, 2001
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Table 4. Runoff Dates, peak flows, plutonium and sediment transport estimates, and summations

Total
. Tota] . Sediment
Average and Plutonium| Plutonium | Sediment Mass
Runoff Event | Peak Flow Medi Mass ([Mass Transportf Mass
edian Flows Transport
Transport| and Average |Transport dA
per event and Average
per event
8/3/2000 60 Year 2000 1.3 Year 2000 333 Year 2000
8/12/2000 13 64 0.3 8.4 72 2131
9/8/2000 114 495 2.5 14 633 355
10/12/2000 11 0.2 61
10/24/2000 147 3.2 816
10/27/2000 39 0.9 216
7/2/2001 1440 Year 2001 31.7 Year 2001 7993 Year 2001
7/26/2001 114 147 2.5 54.8 633 13838
7/27/2001 16 25 04 3.2 89 814
8/4/2001 60 1.3 333
8/5/2001 28 0.6 155
8/6/2001 21 0.5 117
8/9/2001 244 54 1354
8/10/2001 18 04 100
8/11/2001 248 5.5 1377
8/13/2001 19 0.4 105
8/14/2001 29 0.6 161
8/16/2001 174 3.8 966
8/17/2001 25 0.6 139
8/20/2001 16 04 89
8/27/2001 14 0.3 78
8/31/2001 14 0.3 78
9/26/2001 13 0.3 72
6/22/2002 583 Year 2002 12.8 Year 2002 3236 Year 2002
6/23/2002 22 77 0.5 23.8 122 6011
6/24/2002 11 20 0.2 1.7 61 429
7/5/2002 11 0.2 61
716/2002 12 0.3 67
7/7/2002 16 0.4 89
7/8/2002 11 0.2 61
7/9/2002 73 1.6 405
7/18/2002 53 1.2 294
7/26/2002 112 2.5 622
7/31/2002 120 2.6 666
8/9/2002 18 04 100
9/10/2002 28 0.6 155
9/13/2002 13 0.3 72
Average Peak Total Mass Total Sediment
Flow 107 Plutonium 87.1 Mass 21980
Transported Transported
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event carried 31.7 mCi of plutonium and 7,993 tons of sediment beyond the E060 gage.
In 2002, the June 22, 583 cfs event removed 12.8 mCi of plutonium in 3,236 tons of
sediment.

Less than 1 mCi plutonium and 245 tons of sediment transport would be expected in
flows less than 44 cfs. Twenty-three runoff event flows were less than 44 cfs, similar to
the 50 cfs value we suggest is the post Cerro Grande fire, dominant bank forming
discharge rate.

Plutonium and sediment transport rates have not been this high since the 1950’s and
1960’s. A study by William Graff (Graff, 1993) showed plutonium transport from the
Los Alamos Canyon into the Rio Grande as great as 44 mCi in 1957. During 1951, 52,
55,57, and 58, he estimated 17, 18, 9, 44, and 7 mCi of plutonium transport, respectively.
He estimated 10 mCi of plutonium was transported in each of these years, in 1963, 65,
and 67, and 22 mCi in 1968.

His estimates were based on flow measurements and samples collected at a gage station
in lower Los Alamos Canyon that is no longer operational. The samples were described
as bed load in runoff in his report, and analytical techniques may have been different than
those used in this study. Interestingly, plutonium concentrations in sediments were
similar as well as regression equations that reflect the correlation of plutonium transport
mass to peak flow. The plutonium values that we derived from his data ranged from 7.03
pCi/g to 0 pCi/g. The average of those values was 3.4 pCi/g without using pre-1950 and
post-1981 values, which reflected very low values. Our average plutonium measurement
in suspended sediments from all EO60 samples was 3.5 pCi/g. The regression equation
describing Graft’s plutonium to flow data was; Plutonium Mass = 0.029 * peak flow, and
R?=0.62. The regression equation describing the plutonium to peak flow correlation in
this report is; Plutonium Mass = 0.022 * peak flow, and R* = 0.88.

The last part of this section describes the relationships we observed from all of our
samples. They include relationships between all of our plutonium and suspended
sediment values vs their paired flow measurement, and relationships that are independent
of flow, such as plutonium in water vs suspended sediment. These are different from the
preceding evaluations in that those relationships were based on individual events and
used to derive transport masses from peak flow values. Observations of the following
relationships provided insight into the variability we saw in our measurements, whether it
came from natural environmental conditions or error in the technical measurements
required for these assessments.

The graph in Figure 17 depicts the strong correlation between plutonium concentration
and SSC, where total plutonium in water increases as the suspended sediments increase.
It was derived from 31 storm samples collected in lower Pueblo Canyon at E060. They
include multiple samples per storm event, collected from 8 events during 2001 and 2002.
A minimum 0.11 pCi/L plutonium concentration was measured with a 19 mg/L SSC. A
maximum 253 pCi/L plutonium concentration was measured with a SSC of 39,400 mg/L.
This relationship is described by the equation, y = 0.004x"*’, where the y variable is
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equal to the plutonium concentration in pCi/L, and x is equal to SSC in mg/L. A close
relationship is implied by R* = 0.94, and the exponent 0.99 describes a strong degree of
linearity.

Plutonium-239/240 Concentration in Water vs SSC
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Figure 17. Suspended sediments concentration and plutonium-239/240 concentration relationship

The dispersion that is evident comes from the variability of plutonium concentration in
sediments. The minimum, maximum, mean, and median plutonium concentrations in
sediments from samples collected at E0O60 were 1.05 pCi/g, 5.88 pCi/g, 3.48 pCi/g, and
3.42 pCi/g, respectively. These measurements of total plutonium and suspended
sediments range in almost 4 orders of magnitude. The total plutonium and suspended
sediment relationship is not impaired by the small differences of plutonium in sediments
at E060.

The graph in Figure 18 describes a fairly strong relationship of plutonium concentrations
in water to storm water flow. It demonstrates that total plutonium increases as storm
water flow increases. The graph correlates the plutonium and flow measurements from
18 storm samples collected in lower Pueblo Canyon at E060. They include multiple
samples per storm event, sampled from 4 of the 17 flows during 2002 and 2 events during
2001. Flow measurements for 2 of these events were recovered from our flow gages and
used for these correlations. Flows for events collected in October and November of 2002
were not available. A minimum 3.70 pCi/L plutonium concentration was measured with
a 4 cfs flow. A maximum 253 pCi/L plutonium concentration was measured with a 174
cfs flow.

It presents a strong linear correlation, y = 0.94 * x'%2, R* = 0.70. This equation suggests

that for every cfs unit increase in flow there is an associated 0.94 pCi/L increase in
plutonium concentration.
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Total Plutonium-239/240 Concentrations in Water vs Flow
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Figure 18. Plutonium-239/240 concentration correlation to flow rate.

Three measurements from a runoff event collected on July 18, 2002 had larger residual
errors, the difference between the predicted values and measured values, than the
majority of the samples. These errors may be from a natural environmental dispersion or
from measurement error. For example, the total plutonium measurements range from 84
pCi/L to 147 pCi/L for these samples; the predicted values range from 29 pCi/L to 55
pCi/L and the differences reflect a variation incurred by natural environmental variability
or analytical measurement error.

The July 18, 2002 plutonium concentrations in the suspended sediments are slightly
higher but not extraordinary, averaging 5.08 pCi/g relative to a 3.58 pCi/g average for the
remaining samples. They contained a larger percent of clay than the other samples, 42%
to 55% relative to an average 35%, possibly producing a larger plutonium concentration.
Plutonium, as well as other contaminants, has the tendency to adsorb to finer materials
increasing in concentration as the percent of fine grain size materials increase. Another
source of variability, or in this case error, may be the analytical measurement. As a cross
reference, we calculated the total concentration of plutonium in water using the
concentration of plutonium in sediment and the suspended sediment concentration for
each sample using the following equation:

[(X pCi/g * Y mg/L) / 1000 mg/g = pCi/L]

Where:
X = concentration of plutonium in suspended sediments as pCi/g
Y = concentration suspended sediments as mg/L
1000 mg/g = conversion factor to reduce milligrams to grams

We found the relative percent differences of the actual measured values and calculated

values in the July 18™ samples ranged from 10% to 34%. The average relative percent
difference for all samples, excluding the July 18" samples, was 16%. We found these

45



measurements acceptable based on the relative percent differences comparison and larger
clay content in the July 18" samples.

The most probable source of the error may have developed from the flow measurements.
As noted before, the E060 gage was inoperable during the last part of August, and the
flows were recovered from our stage heights and discharge rating curves. The difference
between the flow measurements that ranged from 29 cfs to 54 cfs, used above, and an
inverse prediction from the chart in Figure 18 might suggest that the flows could be 81
cfs to 141 cfs. Adjustments or removal of these values did not substantially improve the
relationships we found, and they were retained in these assessments.

Figure 19 describes the relationship of suspended sediment concentrations to storm water
flow. It represents the same 18 samples described above. A minimum SSC of 781 mg/L
was measured with a 4 cfs flow. A maximum SSC of 84,500 was measured with a 106
cfs flow. It represents a strong linear relationship, y = 221.9 * x'%°, R* = 0.71.

Suspended Sediment Concentrations vs Flow
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Figure 19. Suspended Sediment Concentrations correlated with flow.

The relationship supports the conceptual model that suspended sediment concentrations
increase as flow increases. In this case the relationship is linear and the suspended
sediment concentration increases at a rate of approximately 222 times with each unit of
flow increase.

Our last figure, Figure 20, is similar to the rating curve developed in Figure 13, which
reflects the plutonium mass transport inventory relationship with peak flows. That figure
contained plutonium mass and peak flow values from evaluations of the 6 storm flow
events that we measured. In Figure 20, we tried to improve the relationship by including
a derived mass transport for each sample collected during the 6 events, increasing the
number of correlations to 18. We achieved this by summing the mass transport inventory
from the time of collection to the end of the flow event, and correlating that value to its
paired flow measurement.
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This correlation substantiated our prior assessment by reproducing a relationship very
similar to the original rating curve. The regression produced the equation y = 0.022x, and
a coefficient of determination, R?, that was equal to 0.87. The original equation
developed in Figure 13 is y = 0.022x, and R? = 0.88.

Derived Plutonium Mass vs Peak Flow Correlation
10

[Plutonium Mass = 0.02 * Flow
R®=0.87

Bound by 95% confidence interval

Plutonium Mass (mCi)

0 50 100 150 200 250 300 350
Peak Flow (cfs)

Figure 20. Derived plutonium transport inventory and peak flow estimates from all samples collected
during sampled storm events

Summary

In July and August of 2002, and later in 2003, the Department of Energy Oversight
Bureau of the New Mexico Environment Department measured physical variables of
reach P-4 West in Pueblo Canyon. We measured channel dimensions, stream pattern,
stream profile, and bed features to assess channel stability and establish benchmarks for
monitoring future stream adjustments. We also collected and evaluated storm water
samples for sediment and plutonium-239/240 transport during the summer months after
the Cerro Grande fire. Reneau and others (1998) described this reach as having
exceptionally large deposits of early post-1942 sediment dating to the time of peak
contamination from TA-45. The sediment volume, and plutonium concentration and
inventory are greater relative to other reaches in Pueblo Canyon and are downstream of
an area burned during the fire.

The May, 2000 Cerro Grande fire burned 1,200 acres, nearly 80%, of the upper Pueblo
Canyon watershed (BAER, 2000). A complete loss of vegetative cover and intense heat
reduced the ability of soil to absorb moisture leading to 37 storm water runoff events
greater than any measured previously at the lower Pueblo Canyon stream gage. Average
flows for years 2000, 2001, and 2002 were 64, 145, and 67 cfs; median flows were 50,
25, and 15 cfs, and flows ranged from 11 to 1440 cfs.

To evaluate sediment and associated contaminant transport we deployed an automated
sampler in Pueblo Canyon and sampled 8 of the 37 storm water runoff events since the
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fire. Commercial analytical laboratories analyzed the samples for suspended sediment,
total plutonium-239/240 concentrations in water, and plutonium-239/240 concentrations
in sediment.

We estimated 87.1 mCi of plutonium-239/240 in 21,980 tons of sediment were
transported beyond the EO60 gage in lower Pueblo Canyon. In addition, the reach
extending from the E060 gage to the Los Alamos Canyon confluence has contributed a
large amount of contaminated sediments to off-site transport. This reach has been
severely eroded since our 2002 P4 East study was completed and most active channel
deposits have been mobilized and redistributed downstream.

We established 27 cross sections, a longitudinal profile, and mapped the stream pattern
and bed features along a 3,000-foot section of P-4 West to categorize channel reaches and
compare their features to post-1942 sediment deposits containing legacy contaminants.
The changes in fluvial processes have modified the stream form and function. Areas of
recent alternating channel degradation and aggradation, accelerated bank erosion, vertical
and lateral channel migration, and recent fine grained flood deposits on terraces as well
as coarse grained deposits within the active channel areas demonstrate the changing
stream condition.

Our evaluations of the channel’s physical variables indicate the stream is adjusting to the
increased storm water discharges and sediment yields. The upper and lower stream
sections in reach P-4 West, are classified as predominantly C type streams. According to
Rosgen (1964), C type streams are very highly sensitive to stream flow and sediment
increases, contribute high to very high sediment supplies, and have a high to very high
stream bank erosion potential. In the mid section, the stream classification is
predominantly an E type stream. According to Rosgen (1964), E type streams
demonstrate a very high sensitivity to stream flow and sediment increases, a low to
moderate sediment supply contribution, and very high stream bank erosion potential.
Channel classification variances exist in areas within the mid section, indicating the
stream is in transition. These changes indicate instability, increasing sensitivity to stream
flow and sediment supply, and increasing erosion potentials. This is demonstrated by
deepening channels that resulted in localized lowering of the alluvial water table. The
existing riparian vegetation nourished by the alluvial water then becomes stranded, and
the bank armor provided by the vegetation is diminished. This has led to accelerated bank
erosion, and development of head cuts.

LANL analytical measurements of samples from geomorphic units in Pueblo Canyon
indicate contamination exists from post-1942 operations. Reach P-4 has the largest
estimated inventory of plutonium-239/240 in Pueblo Canyon, due to the largest volume
of mid-1940’s and mid-1960’s sediments with relatively larger plutonium concentrations
than other reaches. The LANL RRES-RS group estimated a plutonium-239/240 inventory
of 158.5 mCi in P-4 West, of which 9% is stored in active ¢l and ¢2 channel units and
91% stored in abandoned c4 through c6 units. The highest concentrations and inventories
were found in ¢4 and ¢5 abandoned channel units, and in c6 over bank units. Other
contaminants, such as mercury, other inorganic, and semi-volatile contaminants were
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discharged and dispersed into Pueblo Canyon. For simplicity, only plutonium-239/240
was evaluated to relate contaminant inventory, dispersion, and transport.

The c4 through c6 units containing the highest percentage of plutonium-239/240 in P-4
West are exposed predominantly in its mid-section reach, between Cross Sections 4 and
19, where bank erosion potential is great especially during high flood stages. The older
units comprising the banks appear to be moderately eroded, except at areas of accelerated
erosion along the banks between Cross Sections 19 and 14, 10 and 11, and 5d and 5c.
During periods of moderate to high flood stage, over bank flow occurs above Cross
Section 20 and flows over a c6 unit until it reenters the main channel upstream from
Cross Sections 11 and below 6b. The highest plutonium-239/240 measurement, 170
pCi/g, by the RRES-RS group was made in this unit.

Aggradation is occurring in the lower section below Cross Section 4. Deposition of
coarse-grained materials on the active grass-armored floodplain as well as fine materials
in the channel is changing the course and function of the channel in this area.

In the c1 and c2 units, accelerated channel erosion is occurring above Cross Section 4.
Deepening of the channel is resulting in localized lowering of the alluvial water table,
stranding existing riparian vegetation, and accelerating bank erosion. This is leading to
widening of the channel and contributes a large sediment supply. Geomorphic units most
affected are the lower active-channel features generally containing a smaller overall
percentage of contaminants.

We found that normal channel adjustments: degradation, aggradation and subsequent
sediment mixing have accelerated since the Cerro Grande fire. Destabilized channel
banks are mostly limited to the pre-fire active channel and lower floodplain banks, where
legacy waste contaminant inventories are the smallest. In some areas, floodwaters have
flowed over terraces, causing erosion, sediment mixing, and net deposition on them.
Where the floodwaters return to the main channel, bank erosion of older sediment units
that contain larger plutonium concentrations and inventories is common. The channel
and functional changes include erosion and transport of sediments contaminated with
waste from Pueblo Canyon onto private and public lands. The changes are mostly
limited to the pre-fire active channel where contaminant inventories are the smallest.
Although in some areas, floods have flowed over terraces, depositing new sediments on
them, and causing bank erosion of the older sediment units that contain larger plutonium
concentrations and inventories.
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Recommendations

We recommend that Los Alamos County develop and implement urban runoff controls in
the Los Alamos town site to reduce the peak flows delivered to Pueblo Canyon and
tributaries. Impervious surfaces in urban landscapes contribute large water volume very
quickly to drainages below a city. We commend the Pajarito Plateau Watershed
Partnership (of which Los Alamos County is a member) efforts to implement the group’s
watershed restoration strategy.

Stabilization measures should be implemented in Pueblo canyon.

e Vegetation should be established on stream banks. Miles of stream banks are
without vegetation due to a combination of factors. Banks that are comprised of
C3 — C6 units are often sandy, with a southern exposure, and have little or no
grass cover. These should be seeded with xeric grasses, mulched with straw, and
jute-matted to hold the straw in place until the grass germinates.

e Many sections of stream bank have been eroded producing vertical, steep,
exposed faces, and should be treated in a similar fashion. In some cases, these
vertical banks should be contoured to reduce the steepness of the banks prior to
stabilizing with mulch, seed, and jute matting.

e Riparian woody vegetation should be established along the stream channel and
banks to armor against high flows and stabilize eroding bare reaches.

e (Grade controls should be strategically placed to prevent and control accelerated
head cutting. In areas where head cutting has eroded the alluvial sediments to
bedrock, grade control would be useful to reestablish the alluvial sediments and
restore the lost alluvial water storage capacity. This newly available alluvial
water would help to reestablish the riparian vegetation community.

e Wetland restoration: Shallow, multiple thread channels are reverting to single,
deep and wide channels that are containing all but the highest flood flows. This
channeled flow effectively bypasses the wetland and causes substantial erosion
within the wetland itself. In some cases, the wetlands are contributing to the
contaminant loading in Pueblo Canyon rather than mitigating the high sediment
loads. Grade controls should be placed in wetland areas that are currently
incising and widening to restore the wetland’s ability to slow flow, trap
sediments, and store alluvial waters.

e Los Alamos County should consider relocating their Bayo sewage treatment
facility outfall upstream from their proposed new treatment plant. The wetland
vegetation supported by the outfall for the lower two miles of the canyon have
proven to be effective at reducing sediment transport. Concentrations of metals,
radioisotopes (except plutonium), and suspended sediment have been reduced by
two to four times through sedimentation once entering the wetlands. Moving the
outfall upstream could potentially establish miles of new wetland areas and

enhance the establishment of bank stabilizing woody vegetation, grasses, and
forbs.
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e Head cuts have formed in C3 — C6 bank forming sediments when overbank flood
flows return to the main stream. These should be repaired to prevent further
degradation and contaminant input to the system.

¢ Floodplains that are frequently inundated by overbank flows should be
“roughened up” using straw wattles or logs to create a tortuous path for
floodwaters enhancing sediment deposition.

Monitoring of stabilization measures and storm water quality must continue to verify
the performance of the measures and document water quality improvements along
the length of Pueblo Canyon. There are many measures of success to gauge the
performance of the measures we are recommending. They range from counting
successful woody vegetation starts to determining specific water quality parameter
changes. The following are specific recommendations:

e Geomorphic investigations, such as those discussed in this report, should continue
to determine channel morphology changes and to document the effectiveness of
stabilization measures. This will require installing new cross sections at locations
where measures have been implemented and the continued monitoring of a subset
of the 40+ cross sections already in Pueblo Canyon. Cross sections placed across
“roughened up” floodplains will be needed to measure net sediment deposition.

e Head cut repairs, grade stabilization measures, and wetland restoration grade
controls should be monitored to assure effectiveness and that new erosion does
not occur at those locations.

e Woody riparian vegetation starts and square feet of successful grass establishment
will have be tallied and tracked.

e Storm water monitoring conducted for this report used primarily two sampling
locations, upstream from Acid Canyon at LANL E055 and at the LANL E060
gages. While this provided insight into the water quality changes that occurred
over a five-mile reach, the changes in contaminant flux occurring at various
points in the system are not well understood. For example, in 2002, LANL
RRES-RS sampled at multiple locations in Pueblo Canyon and found distinct
changes in contaminant flux depending upon where in the canyon the samples
were collected. We recommend that a minimum of two additional stations be
located in the canyon to monitor changes in contaminant inventory and any
improvements due to stabilization measures.

e Multiple samples should be collected during each flow event to show changes in
contaminant concentrations due to changing flow regime throughout the
hydrograph.

e While some samples should be analyzed to demonstrate compliance with water
quality standards, the bulk of the analyses should be focused on understanding the
changing concentrations of suspended sediment and bed load sediment, plutonium
in water, plutonium in suspended sediments, and plutonium in bed load
sediments.
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Appendix A. Historical Perspective

After the Cerro Grande fire, we expected increased runoff from watersheds impacted
during the fire. We expanded our storm water monitoring efforts to monitor potential
changes in hydrology, suspended sediment yield, and contaminant transport rates from
the Pajarito plateau. The contaminants we were concerned with included fallout
materials concentrated in the burned forest biomass and LANL legacy wastes distributed
in areas around the Laboratory. During a three year period, we observed elevated
plutonium 239/240 concentrations in Pueblo Canyon storm water and began to focus our
storm water monitoring there. Concentrations of strontium-90 and cesium-137 associated
with forest fire ash diminished each year as the ash was flushed from the mountain
slopes.

We compared our measurements to a number of reference values in order to understand
changes in the environment. The LANL regional background level for plutonium-
239/240 in northern New Mexico soils is 0.02 pCi/g (mean plus 2 standard deviations),
and the background level in river sediments is 0.01 pCi/g (mean plus 2 standard
deviations). These reference levels and the methodology used to develop them are
described in LANL Environmental Surveillance reports. Their references were derived
from soil or sediment samples measured over a period of years from samples collected
well beyond the potential influence of the Laboratory, and include a mean of those values
plus a measurement of variability. Those numbers reflect an upper tolerance level at the
95% confidence level, the mean plus 2 standard deviations. They reflect the most
probable largest value that might be measured in areas beyond potential impact by the
Laboratory. During 1999 we began a soil background study in the Jemez mountains and
established a similar reference level of 0.04 pCi/g for plutonium 239/240 in soils.

LANL ER established additional reference values for soils and sediments at the
Laboratory (Ryti, 1998). They used environmental samples from ES regional stations, as
well as LANL perimeter and on-site locations collected from 1992 through 1995. The
statistical treatment used to establish the upper 95% confidence tolerance level was also
slightly different. We included these reference values in Table A-1.

After the fire, we collected ash that represented materials burned during the fire,
including overstory and understory components of the forest. The upper tolerance level,
or value that we developed to reflect probable largest values of plutonium 239/240 in ash
was 0.6 pCi/g. We also studied plutonium 239/240 measurements in ash laden sediments
in stream channels and on channel banks. The sediments were collected from the upper
burned watershed areas downstream to the banks of the Rio Grande. Those
measurements indicated the plutonium concentrations were diminishing with time and
distance from the areas impacted during the fire. The plutonium in ash became diluted as
the ash mixes with clean soils and sediments.

Twenty two ash and ash laden sediment samples collected soon after the Cerro Grande

fire from the burned forest floor area and in drainages near the burned forest were used to
develop the 0.6 pCi/g ash reference. This group did not include 15 ash laden bank

55



deposits near or along the Rio Grande. The bank samples near the Rio Grande
demonstrated significant dilution and the average value, 0.06 pCi/g, was near our 0.04
pCi/g background level.

During the first storm water season after the Cerro Grande fire, we established a storm
water monitoring program to study contaminant transport associated with ash. Storm
water samples were collected based on opportunity and included 30 samples from several
of the canyons impacted by the fire. We observed plutonium 239/240 measurements in
Los Alamos and Pueblo canyons substantially greater than the 0.6 pCi/g reference value
we established for the Cerro Grande ash. Over the following 2 years, we began to focus
our monitoring in these areas, particularly Pueblo Canyon. These reference values and
measurements made for plutonium in storm water suspended sediments are summarized
in Table A-1.

Table A-1. Plutonium-239/240 reference values and concentrations measured in storm water
suspended sediments

Reference Values pCi/g
LANL Regional Background Soils (ES) UTL" mean + 2sd 0.02
LANL Perimeter Soils Reference (ER) Linear interpolation 0.054
LANL On-site Sediments Reference (ER) Linear interpolation 0.068
NMED Jemez Mountain Soils UTL® mean + 2sd 0.04
Cerro Grande Ash UTL® mean + 2sd 0.6
Plutonium 239/240 in Suspended Sediments

2000 — 2002 Pajarito Plateau Storm water (w/o Pueblo, LA.) Mean 0.1
2000 — 2002 Pueblo Canyon Storm Water Mean 34

# Upper Tolerance Level = the sample population mean plus 2 times its standard deviation

The following charts represent the values we observed from 2000 to 2002. Figure A-1
demostrates the plutonium 239/240 differences in Cerro Grande ash and storm water
suspended sediments from 3 canyon groups during 2000. They include reference
canyons dissecting the

Pu 239 in Suspended Seds, 2000 Pajarito Plateau, mid Los
Alamos Canyon, and lower
Pueblo Canyon. It reflects
much larger plutonium
concentrations in Los
Alamos and Pueblo
Canyons.

Pu 239 Concentration pCi/G
N

1] E
I : | The reference values shown
0+ ; ; ; in the chart represent
reference CG ash LACyn  Pueblo Cyn plutonium 239/240 in
suspended sediments from
28 storm water samples
Figure A-1. ZOOQ Plutonium-239/240 in ash fr'om the Cerro collected in drainages
Grande fire, and in storm water suspended sediment from
reference canvons. I.os Alamos Canvon. and Pueblo Canvon
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below the burned forest area other than mid Los Alamos and lower Pueblo Canyons. The
minimum, 25" percentile, 75" percentile, and maximum values for these reference
canyons are 0.001, 0.06, 0.18, and 0.4 pCi/g respectively. They include 5 samples in
Pueblo and Acid Canyons above areas impacted by post-1943 TA-45 discharges, 3 in
upper Los Alamos Canyon above the DP Canyon confluence, and 20 in other canyons in
the Pajarito Plateau. The samples we collected in the other Pajarito Plateau canyons
include 1 in Guaje, 6 in Pajarito, 5 in Water, 3 in Canon del Buey, and 5 storm water
samples in the Rio Grande.

The second group in the chart reflects the values from 22 Cerro Grande ash and ash laden
sediments in or near the burned forest area. They reflect the ash contribution of
plutonium we expected in the solid phase of the storm water samples. The minimum,
25™ and 75™ percentiles, and maximum values are 0.03, 0.09, 0.28, and 0.60 pCi/g
respectively. These values were retained in the following 2 charts for reference.

Six samples in mid Los Alamos Canyon demonstrate potential transport of legacy
materials. The samples were collected at the LANL E050 storm water gage station below
the retention structure at State Road 4, along the eastern boundary of the Laboratory.
Those values ranged from 0.47 to 2.43 pCi/g.

Only two samples were collected in Pueblo canyon. They were collected in lower Pueblo
Canyon just above the Bayo Wastewater Treatment Plant and were measured at 0.18 and
3.92 pCi/g. Two storm water samples were also collected in the South Fork of Acid
Canyon with concentrations of 107 and 38.1 pCi/g, but are not represented on the chart.

From these data comparisons and increased magnitude and frequency of storm water
runoff, we recognized that legacy contaminants from Acid Canyon, Pueblo Canyon, and
Los Alamos Canyon were potentially being moved at greater rates than before the fire.
We began to focus storm water monitoring in Pueblo and Los Alamos Canyons.

. Figure A-2 represents
Pu 239 in Suspended Seds, 2001 samples we collected in
6
o | I 2001. It also corroborates
g5 our observations made in
c 2000 that legacy plutonium
S 4 .
T I transport rates in Pueblo
g 34 Canyon were increasing.
s | During 2001, we collected
o 27
2 | 8 samples to reflect
St I ' reference storm water
o ol I | I | =~ | conditions. They were
‘ ‘ ‘ collected in drainages
reference CG ash LACyn  Pueblo Cyn below the burned forest

areas and include 3

Figure A-2. 2001 Plutonium-239/240 in ash from the Cerro Grande sampl§s in Pajarito Canyon
fire, and in storm water suspended sediment from reference and 5 in Water Canyon.
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The minimum, 25 percentile, 750 percentile, and maximum values of plutonium-
239/240 in suspended sediments are 0.06, 0.07, 0.16, and 1.01 pCi/g respectively.

The Cerro Grande ash reference is from the same samples described for 2000. They are
the ash and ash-laden samples collected shortly after the fire from the forest floor and
stream channels in close proximity to the burned watershed.

Four samples were collected from Los Alamos Canyon 5 miles upstream of the Pueblo
confluence. The minimum, 25t percentile, 750 percentile, and maximum values are 0.31,
0.47, 0.74, and 0.79 pCi/g respectively. Most of the measurements are greater than the
0.6 pCi/g upper tolerance value used to describe plutonium in the Cerro Grande ash.
These samples demonstrate potential transport of legacy contaminants, but at a smaller
degree than in Pueblo Canyon.

Five samples were collected in lower Pueblo Canyon at storm water gage E060. The
minimum, 25t percentile, 75t percentile, and maximum values are 1.05, 1.50, 5.16, and
5.83 pCi/g respectively. These values are up to 10 times greater than the Cerro Grande
ash reference and reflect legacy contaminants.

Our evaluation indicated both Los Alamos and Pueblo Canyons were contributing legacy
plutonium to offsite transport. Pueblo Canyon was contributing more sediment at higher
plutonium concentrations than Los Alamos Canyon. We also observed a greater
frequency of floods at greater flow rates at the lower Pueblo Canyon gage station, E060.
We saw total plutonium-239/240 concentrations in water as high as 253 pCi/L. Storm
water retention structures and lower plutonium concentrations in Los Alamos Canyon
suspended sediments, as well as the lack of storm water controls and apparent greater
runoff potential in Pueblo Canyon led us to focus additional monitoring efforts in Pueblo
Canyon to more fully characterize the storm events.

Figure A-3 represents samples collected during 2002, and continue to corroborate our

findings from previous years that plutonium transport from Pueblo Canyon has increased.

An evaluation of plutonium
Pu 239 in Suspended Seds, 2002 concentrations in reference

6 canyons and samples

i collected above Acid

i Canyon suggests that

41 : increases seen in storm

[ water from ash had
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Figure A-3. 2002 Plutonium-239/240 concentrations in Cerro affect on contaminant

Grande ash, reference canyons, and Pueblo Canyon
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transport from the Pajarito Plateau. Evaluations of other constituents, strontium-90,
cesium-137 suggested the same.

A total of five reference samples were taken from Guaje, Canon del Buey, and Pajarito
Canyons. The minimum, 25" percentile, 75" percentile, and maximum values are 0.01,
0.03, 0.04, and 0.06 pCi/g respectively. Twelve samples in Pueblo Canyon above Acid
canyon also demonstrate reference conditions. The minimum, 25t percentile, 750
percentile, and maximum values are 0.02, 0.02, 0.04, and 0.06 pCi/g respectively.

Most of twenty samples that reflect plutonium transport from Pueblo Canyon were
collected in the lower reaches of the canyon at E060. The minimum, 25th, 750
percentiles, and maximum concentrations from Pueblo Canyon storm water samples are
1.22,2.34,4.76, and 5.88 pCi/g respectively. An additional 2 samples in Acid Canyon,
not represented in the chart, were measured at 9.1 and 22.3 pCi/g.

The plutonium concentrations measured in Pueblo Canyon storm water suspended
sediments did not diminish during the three years described in this report. This
observation also suggests an alternative source of plutonium in storm water rather than
from the Cerro Grande ash.

Our evaluation of cesium-137 measurements in ash and storm water suspended sediments
demonstrated similar conditions. Cesium-137, like plutonium-239/240, concentrates in
ash after fire reduces the biomass of an organism. As time and distance increases from
the source, in this case the burned forest areas, the ash mixes with clean soils and
sediments, diluting the original concentrations. Figure A-4 shows cesium-137
concentrations diminish each year after the Cerro Grande fire until it approximates the
LANL regional reference background level for soils at 0.51 pCi/g. The measurements in
the Cerro Grande ash were more variable than seen in the Viveash ash. A storm event

Cesium 137 in Suspended Seds
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Figure A-4. Cesium-137 concentrations in Viveash and Cerro Grand ash, and in storm water suspended
sediment samples collected in 2000, 2001, and 2002
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occurred before the Viveash samples were collected, and mixing with the underlying soil
may have modified the variation as seen in the Cerro Grande ash.

Five samples were collected from ash in the Viveash area, 45 miles east of the Cerro
Grande fire. Twenty-eight ash and ash laden samples were collected and analyzed for
cesium-137 in the Cerro Grande area. Twenty-eight samples were also collected from
storm water runoff during 2000. In 2001 and 2002, 17 and 15 samples were collected
from runoff, respectively. The cesium-137 concentrations in the Viveash, and Cerro
Grande ash, and in the 2000, 2001, and 2002 storm water runoff ranged from 3.3 to 5
pCi/g, 0.06 to 16 pCi/g, 0.0 to 10.3 pCi/g, 0.14 to 3.04 pCi/g, and —0.34 to 0.82 pCi/g
respectively. These values diminish at an approximate 50% rate from each preceding
year. A Mortandad Canyon suspended sediment sample from 2000 was measured at 234
pCi/g and is not represented in this chart.

Figure A-5 demonstrates similar characteristics for strontium-90 concentrations in ash
and suspended sediments, although strontium-90 concentrations reached background
reference levels, 0.71 pCi/g, by 2001. The Viveash samples also were measured at levels
near background. Strontium-90 is more soluble than plutonium-239/240 and cesium-137
and may have been removed more efficiently by the storm water runoff.

Strontium 90 in Suspended Sediments

Strontium-90 (pCi/g)
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Figure A-5. Strontium-90 measurements in ash collected from the 2000 Viveash and Cerro Grande fires,
and in suspended sediments collected from storm water in 200, 2001, and 2002

These measurements were made on the same samples described above for cesium-137.
Five samples were collected from ash in the Viveash area, 28 ash and ash laden samples
were in the Cerro Grande area. Twenty-eight samples were collected from storm water
runoff during 2000, 17 samples in 2001, and 15 in 2002. The strontium-90
concentrations in the Viveash, and Cerro Grande ash, and in the 2000, 2001, and 2002
storm water runoff ranged from 0.3 to 0.7 pCi/g, 0.66 to 3.39 pCi/g, 0.0 to 7.9 pCi/g,
-0.11 to 0.6 pCi/g, and 0.0 to 0.8 pCi/g respectively.
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The legacy contaminants described in this report refers to the discharges from LANL
during the first 20 years of operations there. LANL discharged untreated and treated
radioactive industrial wastewater into Acid Canyon from 1943 to 1963. Early release
estimates indicated 180 mCi of plutonium were discharged into the canyon (Stoker et al.,
1981). Later inventory estimates of plutonium in Pueblo Canyon sediments indicated a
larger release. In 1985, LANL estimated that 300 to 900 mCi of plutonium 239/240
existed in Pueblo Canyon, and up to 3 curies of plutonium could have been released into
the canyon (J. L. Lane, 1985). By 2003 LANL estimated up to 1.3 curies existed in
Pueblo Canyon from the Acid / Pueblo Canyon confluence downstream to the Pueblo/Los
Alamos confluence (Reneau, 2003). Younger sediment deposits have replaced much of
the older post-1943 more contaminated units. These younger units are comprised of
cleaner background sediments mixed with those deposited during the main discharges
from the Laboratory.

In 1993, William Graff estimated 188 mCi of plutonium was transported from Los
Alamos Canyon into the Rio Grande by storm water runoff from 1944 to 1986. Graff
suggested the contribution to the plutonium budget from Los Alamos is associated with
relatively coarse sediment, which often behaves as bed load in the Rio Grande. Infusions
of these materials into the main stream were largest in 1951, 1952, 1957, and 1968.
Although the Los Alamos contribution to the entire plutonium budget was relatively
small, in these four critical years it constituted 71-86 percent of the plutonium in bed load
immediately downstream from Otowi (Graff, 1993).

Graff developed his estimates from previous researcher’s calculations for the probable
sediment yield from the canyon into the Rio Grande. They used data from an intermittent
storm water gage record for the (Los Alamos) stream and precipitation records at nearby
locations (Graff, 1983). His evaluation was for plutonium contribution to the Rio Grande
at the confluence with Los Alamos Canyon. Pueblo Canyon is a tributary to Los Alamos
Canyon 5 miles upstream from there and provides the majority of contaminants.
Although other sources, including plutonium liquid waste discharges into DP Canyon
from the plutonium processing facility at TA-21, exist in Los Alamos Canyon above the
Pueblo confluence. Analytical methods may also have been different than those we used
to evaluate suspended sediments in storm water.

A table summary of Graff’s findings is provided below in Table A-2. We included
additional information derived from the data in Graff’s table. The average concentration
of plutonium-239/240 was derived from plutonium mass transported per year measured
in mCi, and the sediment yield per year measured in tons. The average suspended
sediment concentration was derived from the water volume flow for each year measured
in acre feet and the sediment yield per year measured in tons. We found these
measurements similar to those measured in Pueblo Canyon storm water during 2000 to
2002.
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Table A-2. Estimates of plutonium-239/240 and sediment transport into the Rio Grande at lower Los

Alamos Canyon (Graff, 1983)

From W. L. Graff, (1993) Geomorphology of Plutonium in the
Northern Rio Grande

Year

1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986

Water
(ac ft)
22
198
0
28

433
63
33
18
88

124

129

43
0
43
3

Flood
(cfs)
66
631
0
80
2
0
0
20
687
386

129
283

649
203
59
53
283
233
32
351
924
149
42

349
20

20

293
312

Sediment
(tons)

466
8393
61
611
65
61
61
77
9814
6316
12
1006
2783
0
16470
2002
532
154
443
138
2772
0
3163
165
4197
14120
2899
0
247
0
3955
129
99
77
8
3198
426
183
0
0
24357
0
41461
2460

Pu Sum

(mCi)

3
3
3
3
3
3

w

20

38

38

41

50

50

94
101
103
103
106
107
117
117
127
127
137
159
164
164
165
165
173
173
173
174
174
180
181
182
182
182
185
185
187
188

Water, Sediment, and Plutonium Data for Los Alamos Canyon

Pu (Yr)
(mCi)
0

2.798
0.03
0.32
0.05
0.04
0.05
0.06
16.9

17.61
0.03
2.86
8.83

0

43.95
7.36
1.74
0.75

24
0.88
10.07]
0
9.88
0.53

10.24

21.82
4.96

0

0.42

0
8.2099
0.3301
0.3
0.23
0.0299
6.0101
1.4899
0.8001
0

0

2.78

0

2.08
1.59

Additional Calc from table
Pu ave conc. in SS

pCi/g

0.37
0.54
0.58
0.85
0.72
0.90
0.86
1.90
3.07
2.76
3.13
3.50

2.94
4.05
3.61
5.37
5.97
7.03
4.00

3.44
3.54
2.69
1.70
1.89
0.00
1.87

2.29
2.82
3.34
3.29
4.12
2.07
3.86
4.82

0.13
0.00
0.06
0.71

ave SSC
mg /|

15578
31175
0
16049
47805
0

0
9438
30584
22226
4413
18497
22492
0
27975
23371
11857
0
18101
0
23167
0
18760
12135
23928
36184
17194
0
11354
0
26686
15812
18203
9438
5884
21778
31331
0

416597

709140
603079

Note: 1943-1980 data from calculation by J. L. Lane in support of Lane, Purtyman,
and Becker (1985): 1981- 1986 data from Purtyman et. Al. (1990) using different

techniques. The comparability of the two data sets is unknown.
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Graff showed plutonium transport from Los Alamos Canyon into the Rio Grande as great
as 44 mCi in 1957. Based on this table, 86% of the plutonium transport inventory during
1943 to 1986 occurred during the 50’s and 60’s. While approximately 15% was
transported during the remaining periods of his study, the 40’s, 70’s and 80’s. The 4
greatest mass transport rates occurred in 1957, 1968, 1952, and 1951, where 44, 22, 18,
and 17 mCi of plutonium transport occurred respectively. Water volume that passed
through lower Los Alamos during those years was 433, 287, 209 and 236 acre feet,
associated with single maximum runoff rates of 649, 924, 386, and 687 cfs. These
transport inventory, annual water volume, and single largest annual flow rate associations
are demonstrated Figures A-6, A-7, and A-8.

We observed similarities in the measurements presented by Graff, values derived from
those measurements, and our measurements from lower Pueblo Canyon. Plutonium in
sediment values that we derived from his data ranged from 7.03 pCi/g to 0 pCi/g. The
average plutonium concentration in sediments sampled from 1950 to 1981, is 3.4 pCi/g.
The average sediment concentration in storm water for this period was calculated as
15,045 mg/L. The pre-1950 and post-1981 values reflected very low values and may
suggest contaminant dispersion had not reached lower Los Alamos Canyon or storm flow
rates were greatly diminished during these periods. Our average plutonium concentration
in sediments and suspended sediment concentration, calculated from the total mass
transport inventory of plutonium and suspended sediments estimated in this report, was
4.5 pCi/g plutonium in 13,133 mg/L sediments.

Precipitation in the Los Alamos area during the months April through
October, 1943 to 1986

30 & Total Precip April - October
25 5 per. Mov. Avg. (Total Precip April - October)
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Figure A-6. Annual precipitation in Los Alamos area from 1943 to 1986
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Figure A-6 demonstrates precipitation amounts for the years 1943 to 1986 during the
months April through October. It also shows the long term 20 year average at 1986 to be
13.8 inches. The total long term average, including precipitation during November
through March, was 18.6 inches. Precipitation during the 4 years of greatest plutonium
transport inventory was 24 inches during 1957, 15 inches in 1968, 25 inches in 1952, and
13 inches in 1951. Northern New Mexico was demonstrating drought conditions during

the 1950’s and is often the case, rain fall that did occur, originated during infrequent but
intense rainstorms.
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New Mexico is currently experiencing a drought. During 2000, 2001, and 2002, the
average annual precipitation between two rain gages in the upper Pueblo Canyon
watershed was 13, 8, and 12 inches respectively. A similar relationship between lower
Los Alamos Canyon during the years of highest inventory transport and currently in
Pueblo Canyon is occurring. The ratio of total annual flow and precipitation in Pueblo
Canyon doubled after the Cerro Grande fire, from 15 to 36. In lower Los Alamos
Canyon the ratio between flow and precipitation was small, less than 1, during times of
little transport. During the periods of greatest transport, the ratio increases ranged from 5
to as much as 15.

Total and Max Flow / Yr from LA Canyon
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Figure A-7. Total annual flow in acre feet and the maximum flow for the single greatest runoff event per
year in cfs.

In Figure A-7 the vertical bars demonstrate these relatively large flow volumes. For
example in 1951, 1952, 1957, and 1968, relatively large flows occurred, 236, 209, 433,
and 287 acre feet respectively. The flow volume to precipitation ratios described above,
were 15, 7, 15, and 15 respectively. Flood flow rates were greatest in each of the years
with greatest inventory transport. During 1951, 1952, 1957, and 1968, the annual single
greatest flow rates were 687, 386, 649, and 924 cfs. In 1944 a large flow of 631 cfs
occurred, although the plutonium transport rate was relatively small. This was probably
due to plutonium not being thoroughly distributed in the canyon systems. It appears
flows through lower Los Alamos canyon were nonexistent to infrequent after 1969.
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Plutonium Transport from LA Canyon (mCi / yr)
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Figure A-8. Plutonium annual mass transport rates estimated by Graff

Figure A-8 demonstrates the annual mass transport rates of plutonium estimated by Graff.
It shows the relative relationships of mass transport between years. For example, the
greatest mass transport rate, 44 mCi per year, occurred in 1957, followed by 22 mCi in
1968, 18 and 17 mCi in 1952 and 1951. Several years of 10 mCi per year transport rates
occurred. These were all associated with large annual flow volumes or flood flow rates.
Plutonium transport rates as large as these have not been seen since the 1950’s and
1960’s until after the Cerro Grande fire. Since the fire, we estimate 55 mCi, 24 mCi, and
8 mCi of plutonium-239/240 was moved beyond the E060 gage in lower Pueblo Canyon
during 2001, 2002, and 2000 respectively.
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Appendix B. Linear and Vertical Field Measurements For Cross Sections and
Longitudinal Profile

Cross Sections are listed from upstream, cross section 20, to downstream, cross section 1.
The cross section identification, date of survey, and the height of survey instrument (HI)
are found in the header. Instrument height elevation is arbitrary, not associated with a
benchmark.

Linear measurements are listed in the first column and are in feet. They are measured to
the nearest tenth of a foot along 300-foot field measuring tapes stretched horizontally
from the left cross section end point to the right end point. The measurements are made
from the left to the right bank. Left and right are determined while facing downstream.
Turn points are made on cross sections that are greater than 300 feet or when obtrusions
existed in line of site of the survey instrument and stadia rod.

Vertical measurements are listed in the second column as foresights (FS). They are made
with a laser-level survey instrument and electronic receptors, read from survey stadia
rods to the nearest hundreds of a foot. The elevations are relative to the height of the
survey instrument. The foresight measurements of bankfull stage and top of bank are
field determinations (see discussion of bankfull determination in text). Top of banks are
channel banks well above the bankfull stage and may be terrace or floodplain banks.
Widths of floodplains (W fpa) are linear measurements between banks at elevations that
are twice the bankfull depth. The stream channel slopes are determined from the
longitudinal profile at cross section intercepts. They are made along a reach
approximately 20 to 30 bankfull channel widths at riffle-to-riffle characteristics in the
channel. The Manning’s “n” was estimated from particle size ranges established in the P-
4 East report, references, and discussions with stream modelers and others familiar with
stream characteristics on the Pajarito Plateau.

The tables summarizing the stream dimensions and hydraulics were derived from the
dimensions measured at each cross section. These dimensions are used to determine the
classifications discussed in this report. The hydraulic parameters were not discussed,
although provided for references.

The dimensions of key features within a stream valley, their relationships, and variables
for characterizing stream channels are outlined below. The ability to characterize and
evaluate changes in stream channels can be useful as Los Alamos National Laboratory
and the Bureau continue to monitor the effects of the Cerro Grande fire on Pajarito
Plateau watersheds. The equations and definitions we used to evaluate our field data are
in a Microsoft Excel spreadsheet developed by Dan Mecklenburg (Copyright © 1999
River4m, Ltd). The program generates cross section and longitudinal profile figures. It
also calculates the dimensional and hydraulic parameters listed throughout this report.

The method of characterizing stream channels consists of establishing permanent,
benchmarked, measurements of stream dimensions (cross sections and profiles) that can
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be used to document adjustments to changes in stream flow and sediment supply. These
measurements and descriptions are particularly useful in determining changes in stream
stability and provide quantifiable information for determining whether the channels are
down cutting, filling in, or eroding new channels. These features include the following:

Stream Dimensions
Cross Section

Bankfull Width (W )
Bankfull Mean Depth (d vkf)
Bankfull Cross Section Area (A pkr)
Width / Depth Ratio (W s/ d pke)
Maximum Bankfull Depth (d mpkf)
Width of Flood prone Area (W fpa)
Flood prone Height (2 X d mpks)
Entrenchment Ratio (W fpa / W bkf)
Thalweg - deepest part of channel

Longitudinal Profile
Stream Length
Valley Length
Bankfull Height
Waters Edge Height
Thalweg Height
Terrace Height
Sinuosity (Stream Length / Valley Distance)
Water Surface Slope (Vertical Distance. Ft. / Linear Distance, Ft)

Physical Locations, measured with a Trimble Explorer III GPS unit
Cross Section End Points
Thalweg
Terrace and Floodplain Banks

Stream Channel Cross-Section Dimensions

Height of Instrument (HI) is the elevation of the survey level. It is found by adding the
back sight rod reading to the elevation of a benchmark or turning point.

If the relative elevation is unknown, an arbitrary elevation can be entered. (i.e.
100 feet).

Distance (ft) of the cross section is the measurement across the stream, from the
endpoints of the cross section.

By convention, distance is measured from left to right when facing down stream.

Foresight (FS) rod readings are vertical distances measured from the level to the ground.
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Elevation is found by subtracting the foresight rod reading from the height of the
instrument.

Foresight at Bankfull is the rod reading at the top of the channel banks, which may be a
terrace and well above bankfull. Bankfull elevation can then be calculated from this
measurement.

Foresight at Top of Bank is the rod reading at the top of the channel banks, which may be
a terrace and well above bankfull. Top of Bank elevation can then be calculated from
this measurement.

Width of the Flood Prone Area (W fpa) is the flooded width at a stage twice the
maximum depth for bankfull stage in a riffle or straight reach. This value is not valid in
pool cross sections.

Channel Slope (S) is the “rise over run” for a reach approximately 20 to 30 bankfull
channel widths in length with the “riffle to riffle” surface slope representing the gradient
at bankfull stage. Slope is determined from longitudinal profile data.

Manning’s Roughness Coefficient value “n” is based on channel materials and stream
hydraulic velocities.

Bankfull Cross-Section Area (A pks) 1S the area of the stream channel cross section at
bankfull stage in riffle sections of the stream.

Bankfull Width (W ) is the width of the stream channel at bankfull stage in riffle
sections of a stream.

Maximum Bankfull Depth (d mbks) is the maximum depth of flow at bankfull stage.

Flood Prone Height (2 x d k) is flood stage height measured at twice the maximum
depth in a riffle or straight stream section.

Bank Height is the height of the lowest bank, measured from the channel bed (thalweg)
to the top of the bank.

Bank Height helps describe entrenchment. Over-bank flow begins at this stage
defined by bank height.

Width of the flood prone area (W ,,) is the flooded width at flood prone height.

It is used to define entrenchment and forms the entrenchment ratio when divided
by the bankfull width.
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Bankfull Mean Depth (d pks) = (A bke) / (W bks)
(A pks) = cross section area (square feet)
(W i) = width at bankfull stage (feet)

This is the area of the stream channel cross section at bankfull stage in a riffle
cross-section.

Wetted Perimeter (P) (feet) is the perimeter of the channel cross section formed by the
bed and banks.

Hydraulic Radius (R) (feet) = (A pks) / P
(A pks) = cross section area (ft%)
P = wetted perimeter (ft)

Width to depth ratio Width / Depth Ratio (W uke/ d bke) 1S the channel width at bankfull
stage divided by the mean depth.

Entrenchment Ratio (W . / W k) 1s the flood prone width divided by the bankfull width.

Hydraulic Calculation Equations

Velocity (V) (ft / sec) = (1.487 x R** x (S / 100)"?) / n

6.9

n = Mannings “n” coefficient

Discharge (Q) (cfs) =V (A k)

Shear Stress (pounds / ftz) =624xRxS
62.4 = density of water (Ibs / ft°)

Shear Velocity = (32.2 x R x )"
32.2 = gravitational acceleration (ft / sec?)

Unit Stream Velocity = power / unit area = (62.4 x Q X S) / W ks
Power = density of water x flow x slope

Froude number = V*/ 32.2 x Maximum Bankfull Depth (d i)

This is a dimensionless number expressing the ratio of inertial to gravitational
forces. Values less than 1 are termed sub critical and are characteristic of
relatively deep, slow stream flow. Values of 2q denote “critical” flow. Values
greater than 1 are termed supercritical and are characteristic of shallow fast
streams.

Friction Factor = V/ shear velocity
Values vary from about 2 for rough streambeds to 16 for smooth.

69



Threshold grain size (mm) is the size particles predicted to be at “the threshold of
motion” at the shear stress calculated. It is found from Shield’s curve, which is a plot of
particle size against the critical shear stress or the shear stress required to initiate

movement.

70



Table B-1. Measurements at Cross Sections 20 and 19

Qoss- Qross-
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£€9 1065 3% 318 10229 27
84 1063 3% |hydadics R7 1031 20 |hydadics

B4 0% 36 [ 42 ‘ecdy(sx)
®7 102 38 | 50 dstagersQds)
63 N4 28 | 09 shersress(lstsg)
674 N%B 206 | OM shervelaty(fise)
83 N5 246 | 476 uitsreemponer (bsfilser)
89 1208 12 | 077 Fockennbe

@s 121 19 | 60 fidinfaderutt M1 18 | 58 fidinfadoruts
75 N8 28 | ®7  tresddgansz(m) 0® 261 | 586 trestddgansem

W[5 064 2% [ 69 ‘eady(ex)
46
49
%4
%5
77
87
28

B4 M3 27 07 106 2%
46
25
44
458
49
507
532

0% 25 | 20 dstegerds Q)
NB 107 | 27 sherstess((bsftsg)
264 0% | 119 sherveloty(fisec)
091 200 | B2 uitsreemponer (befisec)
071 22 | 251 Fogennbe

754 na 27 1%8 1077 323 1028 272 121 8N 406
Q9 31 115 83% 464
1007 28 137 754 546
1001 2% 135 7% 564

28 1065 3% %79 168 22
&5 10% 304 185 103 32

661

879 1.8 214 |7 N5 243 [(17]
851 440 136 587 713

a3 136 04 1616 103 36 % 766 834 13206 548

08 135 048 1626 9% 4@ 8 7% 54
09 1351 049 1635 9% 406 (-] 7% 545
912 n& 21 161 1019 381 (-] 756 543%
A 1075 35 13 98 41 674 A 565
83 1021 3m M4 9® 408 I3 n 528
1087 1039 361 181 1026 374 ™ 7% 54
1074 1013 387 1863 9 418 815 8 5
1106 105 35 17 97 424 ] 834 465
137 1049 351 12 1013 387 8 848 42
162 103 37 1946 929 41 a4 8% 466
"7 1063 33 1976 1031 3® & 833 467
1188 1068 3R 203 100 391 €D 8% 444
1196 104 3% v 1025 37 05 868 43
1213 1046 3% 20 1030 361 914 8% 47
1233 1095 306 n1 102 33 28 8R 448
1244 1078 32 227 1048 351 RS 914 38
1258 1084 316 215 1017 38 KR8 988 312
1259 186 PATS 218 104 36 A5 1001 2%
1Z74 n3 263 2185 103 342 954 98 317
1282 ] 291 212 1046 3% 957 97 32
1203 14 26 235 1064 3% 958 943 357
1302 "4 2% 259 104 351 % 8® 407
1309 18 22 283 1063 337 B 78 &@
13 "4 2% 206 1P 321 988 786 5815
1338 mnm 281 286 98 4@ 1006 7 50
148 14 26 z7 96 440 1017 8% 447
1363 no 2% 2 9R 448 108 8% 447
1367 107 321 20 945 4% 104 8% 47
1375 1061 3P x 937 463 1063 84 4%
1387 109 31 21 g 40 107.5 79 501
“W 1058 34 23 102 380 1085 807 48
2 nu4 28 0 103 361 109 9R 348
1“2 1072 328 0 1012 38 m 1058 28
3 14 22 ms3 819 481
“w 105 345 126 79 51
s 105 348 M35 866 434
454 1091 30 17 86 431
476 n15 286 116 925 37
“w 107 321 186 918 3
128 ] 301 193 85 45
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Table B-2. Measurements at Cross Sections 18 and 17

Qoss- Qross-
sedion  P4West, NVED18 sedion  P4West, NVED17
Dete i p2(r.0173 Dete 82Zr20e
height of instrunent (ft): 1600 height of instrument (ft): 2400
dstarce FS FS FS Wi derd Mamings|dstane FS 55 FS Wia dard Mamings
(ft) () dedion beriful tpdberk () dage@ M ) ) dedtion bekful tpdbek (f) doe( M
0 0055 1595 14N 97 120 92 004 0 28 212 23 1R 140 3 004
0 0055 1B 150 63 0 3% 074 1617 628
12 065 153 5 538 1862
2065 58 102 |dimensions (%] 701 169 |dmensias
219 59 10@ 61 xsadinaea 07 dnen 202 1047 138 77  xsedionarea 10  dmeen
233 877 1023 90 widh 100 waP 356 1718 68 73 wvidh 75 wdP
z 59 1001 12 dmx 06 hdrad B4 1757 643 13 dmx 10  hdrad
Z6 (%3 966 60 berkht 132  wdrdio 7 7.4 666 59  barkht 70  wdrdio
2 am 921 120 Wihoodporeaea 13 etrdio 459 1716 684 140  Wioodprorearea 19 etrdio
381 751 849 485 17.12 628
26 aAu 76 |hydadics 542 180 538 |hydaldics
48 85 746 81  \dodty(ft/sec) 629 7 629 65  \eoaty(fsec)
517 8% 701 500 dsdagerde Q(dS) 67.2 1862 53 50 dsdagerde Q(ds)
519 973 627 351  shearstress((bsftsg) 637 188 517 191 shearstress((be't sg)
59 118 4 136 sheardadty (ftisec) 78 194 4% 09  shearvlodty (ftisec)
6035 15 45 31901 unit streemponer (lbsfft/sec) 746 1921 47 || 12813  unitstreemponer (Ibsfft/sec)
631 224 37 300 Aok 752 198 41 126 Fouwkenuber
6445 127 3 60 fridionfadar u* 764 199 406 66 fidionfedar u*
649 1374 2% 806 theshddgainsiz(mm) 768 26 331 269 thesrddgansize (mm)
67.65 u7 13 74 24 266
"% 151 09 79 2106 2%
735 1546 0% 28 214 186
A5 1565 0% 834 3 1
756 154 0% a7 325 07
7565 st 149 4 Ak ] 061
7695 1372 228 859 38 051
788 1214 3% 878 2364 0%
07 1057 543 838 4 0%
81.5% 104 56 902 p4k] 068
1 97 63 €07 2304 0%
81 101 59 915 29 31
913 1031 569 A7 19M 421
A5 1003 597 974 1854 546
%1 1041 55 €07 154 8%
9%5 nn 420 1022 1376 1024
9745 1363 237 1042 134 105%
BH 1326 274 108 1346 1054
1002 133 2602 m 132 108
1016 133 267 156 1357 1043
124 134 26 12 1360 1031
10315 1323 27 130 1360 1031
10405 13 3 W 1401 9%
1045 1208 32 1= 13% 1044
1056 1,3 497 1% 139% 1006
1068 1022 578 166 1377 1023
1082 99 61 1m 1381 1019
1109 912 688 183 140 97
M85 1064 53% 187 1372 1028
114 829 ™ 19 1387 1013
158 7% 864 m 42 98
179 59 1004 26 1401 9%
120 591 100 210 13 1006
13 607 98B 21 134 106
125 64 96 6 “ 10
1% 677 973 25 139 101
“w 675 925 | 1360 1031
1% 6’ M 24 1363 1037
166 67 93 2454 138 102
17 667 93 .} 137 1022
17 633 967 20 13 1018
-3 13% 1006
-] 1361 1030
28 13F7 1063
0 1305 10%
3 127 123
3 1237 163
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Table B-3. Measurements at Cross Sections 16 and 15

Qoss- Qross-
sedion  P4West, NVED 16 sedion  P4West, NVED15
Dete i p2(r.0173 Dete 826202
height of instrunent (ft): 2450 height of instrument (ft): 2300
dstarce FS FS FS Wi derd Mamings|dstane FS 55 FS Wia dard Mamings
(ft) () dedion beriful tpdberk () dage@ M ) ) dedtion bekful tpdbek (f) doe( M
0 2™ 27 25 7% 150 20 004 0 28 202 1978 1535 160 22 004
0 3 215 2 657 0 381 1919 3%7 76
2 37 238 18 4% 1841
4 49 196 |dimensions 142 1348 9% | dmensias
6 59 1857 81 xsadinaea 15  dmeen 188 U3 887 88  xsadinaea 11 dmeen
7 75 17 55 widh 64 waP 206 U4 8% 78  widh 83 wdP
138 129 191 18 dmx 13 hdrad 27 1508 2 16 dmex 11 hdred
2 170 ™4 64  berkht 37 wdrdio 316 1507 7B 60 berkht 70  wdrdio
Zl4 17.86 6&4 150  Wihoodporeaea 27  etrdio 36 1566 7H 160  Wioodprorearea 20  etrdio
38 1767 683 363 1637 663
381 17.12 678 |hydalics 388 168 611 |hydaics
458 1.7 58 62  \dodty (ft/sec) 408 1712 58 57  \eloaty(f/sec)
87 1907 543 501  dsdagerde Q(dS) 433 1724 576 50 dsdagerde Q(ds)
26 1872 578 160  shearsress((beft sg) 455 16 7 144 shearstress((be'ft o)
508 1821 629 091 shearvelodty (ftisec) 26 1535 76 08  shearvlodty (ftisec)
547 1813 637 | 11537 unitstreemponer (bsfsec) 28 1578 72 8765  unit streemponer (lbsfft/sec)
601 179% 654 081  Foukerunber 58 1622 678 00 Fouwknuber
a7 7% 657 68 fridionfadar u* 58 1627 673 66 fidionfedar u*
639 1849 601 1819 threshddgainsiz(mm) 612 1653 647 1486 _threshddgainsize (mm)
685 1922 528 628 1707 5B
65 2003 447 654 1740 551
M2 34 416 67.3 17.8 512
74 209 44 638 1801 49
756 205 32 75 1837 463
;] 2065 3% 722 1916 3%
802 265 186 725 1838 4e2
812 28 167 734 1873 47
2 23 215 L 24 25
84 2103 347 765 2060 231
856 24 3@ B 2083 217
875 238 061 785 223 177
81 A8 02 0 2136 164
85 AR 018 808 21 19
9138 29 03 88 2072 28
919 37 o2 88 18R 408
€B 034 416 848 17.65 5%
A7 1074 476 872 1680 611
957 183 612 918 Uu%Bs 866
100 un 977 968 1ne 1B
1@ 138 1068 973 1038 1262
15 139 106 908 1017 128
1 UuRe 1018 168 1074 2%
138 U 9% 168 1047 125
“W 1431 1019
s UuR 1018
153 UL 961
1% U8 966
1% uz 1023
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Table B-4. Measurements at Cross Sections 14 and 13

Qoss-
sedion  P4West, NVED 14
Dete 826202

height of instruert (f): 2200

Qross-
sedion  P4West, NVED13
Dete 823202

height ofinstrurert (f): 2350

dsterce s S B W derd Mmgs
® @  dedion bl tpdberk () sope®
0 518 B2 1887 U¥ 50 17 004
0 57 B8 318 74

7 5%  1BH

2 677 1523 [dnesas

u 7% UM | 130 xsxdmaea 08 dnen
19 072 NB | 156 wdh 184 waP
B4 Uy 748 | 27 dmx 07 hdred
2 549 651 | 69 bakht 187  wdrdio
%63 64 55 | M0 Wiodpoeaw 32 etmio
%63 WO 4D

4 7O 431 [hyaiics

s 76 44 [ 38 \eody(ee)

&7 W7 43 | 500 dstagers Qds)

02 WM 41 | 0B serdes(sts)

51 183 365 | 08 seenvdadty(te)

54 18R 3B | 340 uitsreemponer (bsfilsed)

57 187 34 | 0% Forennbe

%2 8@ 3B | 62 fidionfedorutt

%5 187 3% | 482 thesddgansz(m)

57 8B 3

|2 1891 30

06 848 3R

@82 18 306

@7 183 3B

& a5 25

67 219 181

@81 B 174

@84 09 101

® 28 0

@7 246 05

M3 204 0%

n7 215 0%

n8 @M 2D

M6 9B 2@

75 4 2

7B5 15 25

748 116 2%

/9 a8 25

%8 0% 26

75 60 29

B9 184 351

03 WH  4fl

811 W% 44

816 WS 4B

81 6B 541

43 BR 568

&1 Uy B

®3 uUF IR

%3 UA 7R

®7 BFY 8B

0 1306 8%

M BN 8®

106 128 9

M B% 8B

M 27 9B

> ns v

B Ne 08

B N5 0%

dstarce FS 55 FS Wia dard Mamings
(ft) () dedtion bekful tpdbek (f) doe( M
0 1® 2711 2031 U %0 16 004
0 306 045 310 an

25 421 1920

9 518 183 |dmensias

18 59 1757 58  xsadinaea 25 dnen
2 8 1518 23 wvidh 24  vdP
Y- 92 143 26 dnex 25 hdrad
z 120 1148 86 barkht 09 wdrdio
364 1585 766 360 Wiloodporearea 157 etrdio
RB5 1545 806

45 1567 78 |hydaics

24 17.08 642 86  \eloaty(f/sec)

% 1795 5% 50 dsdagerde Q(ds)

51 1808 542 246 shear stress ((lbsfft )

87 1867 483 113 shearladty (ft/sec)

51.7 191 44 21714 unit sreemponer (Ibsff/sec)

637 1946 404 00 Fouwknuber

648 102 418 76  fidionfedar u*

667 1926 424 400 threshddgainsize (mm)

67.7 1958 32

68 27 08

638 28 e

a7 287 063

69 297 03

73 28 066

7 04 3%

8 1942 408

732 1941 40

74 1908 447

756 183 466

w 1895 4%

75 1805 545

2] 1760 581

82 wmn 5873

R5 166 69

977 1589 761

<\ 1535 815

102 unB 87

125 U an

115 1466 8%

128 Uue 83

1% 148 882

" 1406 94

“w 136 29

8 1334 1016

1565 1361 9%

1565 1316 1034
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Table B-5. Measurements at Cross Sections 12 and 11A

Qoss- Qross-
sedion  P4West, NVED 12 sedion  P4WNEst, NVEDT1A
Dete 816202 Dete 8202002
height of instrunent (ft): 2050 height of instrunent (ft): 1650
dstarce FS FS FS Wi derd Mamings|dstane FS 55 FS Wia dard Mamings
(ft) () dedion beriful tpdberk () dage@ M ) ) dedtion bekful tpdbek (f) doe( M
0 R 018 176 BB 210 12 004 0 28 137 1BRR 98 450 18 004
0 08 1962 3% 675 0 306 1345 338 67
n3 54 1508 12 461 1
18 557 4B |dimensians 122 14 9% |dmensias
19 581 14® 15 xsedinaea 18  dmeen 179 1037 613 132 xsadionaea 08 dmen
25 725 135 64  widh 105 waP 21 nm» 474 163  widh 199 wdP
236 n 1323 27  dmex 11 hdred 26 124 4 29  dnex 07 hdrad
26 70 1341 61 berkht 35 wdrdio 239 126 39 63  barkht 203 wdrdio
2 am nn 210 Whodprorearea 33  etrdio 244 128 3B 450  Wioodprorearea 28  atrdio
302 1632 418 57 125 391
46 1752 238  |hydadics 262 129 36 |hydadics
27 e 28 43 vedodty (ftisec) Z8 1308 3R 38  \eoaty(fsec)
28 7.8 263 500 dsdagerde Q(ds) 27 1354 2% 50 dsdagerde Q(ds)
42 72 253 08  shearstress((lbsfftsg) 319 1377 273 074  sheer stress ((lbsfft sg)
46 1805 245 0656  shearvelodty (ftisec) 6 1366 28 062  shearvlodty (ftisec)
43 17.66 28 585  unit streemponer (bsfft/sec) 1 138 298 3432 unit streemponer (bsfft/sec)
489 729 321 032  Foukernunber U4 13 28 0% Foukenurber
509 74 306 67  fridionfadar u* k] 13% 2% 61 fidionfedar u*
512 0% 0% 496 _treshddgainsize(mm) ¥ 1341 30 477  threshddgainsize (nm)
22 1987 063 362 1346 3%
512 198 067 327 1219 831 33 136 32
52 1981 0® 318 1219 831 32 U3 22
%3 1740 301 15 12% 7% 4 1609 041
52 1691 33 23 128 842 2 161 04
572 163 42 30 1201 849 M 1607 043
579 1614 43 306 125 8 M4 1522 128
61 17 633 3B18 1245 806 22 1451 19
a3 1375 675 X7 1224 8% 29 (V4] 27
l 139 6% 3RB6 1221 829 34 3% 215
776 139 66 1] 1208 847 4 135 2%
803 1416 63 3B 127 774 451 131 34
81 %) 611 k] ik 867 452 195 4%
856 1A% 614 3n 19 86 473 nns 477
864 o0 649 3% 21 83 502 1.3% 514
RB3 138 663 3m 1212 83 22 15 497
9587 1362 683 30 1221 829 532 145 506
128 8 k) 1217 833 568 109 56
2% 7% ®R3 1217 833 578 1072 57
125% TH 34 231 816 63 98 67
122 821 3341 123% 814 758 99 691
21 83 3B 1221 829 805 995 6%
124 806 m; 123 817 ) 967 683
2% 7% B4 1221 82 & 976 674
1263 87 » 1338 912 aAa 974 676
122 821 406 126 e 955 99 691
2% 816 416 13 917 <\ 8% 784
1242 808 49 nn 87 101 857 7B
125 TH 4% n7 88 15 838 812
23 818 1 103 991 1z 857 7B
1.8 864 4 934 1.16 1285 84 8
nm 87 M5 684 1366 1285 8 818
na 866 am 5@ “Ux
1215 8% 57 4% 6%
58 38 1670
1.9% 854 510 3% 17.16

19 86
1208 84
ns7 863
1% 854

113 837
nor 8%
1n& 861
1n®s s8R

PR L LT R e EEE E ey
B
>
g

n& 861
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Table B-6. Measurements at Cross Sections 11C and 10

Qoss- Qross-
sedion  P4WEst, NVED 11c: sedion  P4West, NVED10
Dete 821202 Dete g2
height of instrunent (ft): 1650 height of instrument (ft): 1800
dstarce FS FS FS Wi derd Mamings|dstane FS 55 FS Wia dard Mamings
(ft) () dedion beriful tpdberk () dage@ M ) ) dedtion bekful tpdbek (f) doe( M
0 0 165 1408 10Z 20 23 004 4 3B Uz 16345 100 10 16 004
4 08 1568 242 623 0 3% 1“4 1656 78
8 143 1607 7 am "2
19 445 1206 |dimensians 85 705 10% |dmensias
z 553 1097 86 xsadinaea 15  dmeen 13 7% 1045 102 xsedionaea 11 dmeen
38 513 "3 55 widh 82 waP 21 76 104 94  widh 97 wdP
M 509 14 20 dmex 10 hydrad % pA 1068 12 dmx 11 hdred
4 6 105 58  barkht 36 wdrdio k] 687 113 76 berkht 86  wdrdio
%6 58 107 230 Whodporearea 41 etrdio %6 74 108 10  Wioodpoeaea 12 etrdio
5 [Y:7] 1008 5% 757 1043
629 621 1029 |hydadics 58 819 981  |hydaics
63 74 91 58  \dodty (ft/sec) 64 866 9% 49 \edodty(ftisec)
67.8 104 606 500 dsdagerde Q(ds) ® 85% 945 50 dsdagerde Q(ds)
682 nw 53 151 shearstress((be'ft o) B 837 963 106 shearsress((be't sg)
65 1% 4% 088  shear oty (ftisec) ] 857 943 074  shearvelodty (ftisec)
0 no7 453 | 1293  unitstreamponer (Ibsfft/sec) & 8% 963 538  unit streemponer (bsfft/sec)
1 134 301 068  Foukerunber & 849 951 068 Fouwkrnuber
8 1351 2% 66 fidionfadar u* A 8™ 921 66 fidionfedar u*
721 129 36 1609 threshddgrainsize (mm) a 84 96 805 threshddgainsize (mm)
i 2% 3% 104 7% 1014
746 1525 15 107 866 9% %71 100 78
748 1558 o ma 1035 76 n 975 8%
753 1563 087 15 1.0 691 25 933 867
7 1565 0% 10 145 65 n 88 9N
w 158 068 1216 18 62 05 8@ 931
782 1601 049 133 1205 5% 2803 81 99
o1 1605 045 12 1225 575 233 797 1003
4 1326 32 16 1323 477 286 7% 1064
02 128 3683 1292 1416 3% 20 628 nr
817 1307 343 1208 1491 30 3 877 1223
88 1343 307 1317 1337 463 30 572 1228
845 1306 34 12 1622 178 310 58 21
885 1285 36 17 1628 172 ) (v.:) 1.7
81 1308 342 1332 1631 160 3B 606 nHA
868 129 36 14 17413 g7 3% 603 na
85 1339 31 1348 1748 0554 56 565 2%
a5 1246 404 1364 178 041 xs 616 18
R6 165 486 1367 175 046 3672 633 1ner
% 108 568 1389 7.8 048 304 684 116
97 10z 623 05 178 041 R 645 1%
1016 1033 612 s 178 042 36 678 n2
1065 1028 622 "o 1715 0% 384 70 1097
1075 1017 633 34 1686 14 30 619 181
1097 975 675 “ 1633 167 3109 708 102
1126 96 69 a4 U 38 3% 635 166
148 886 764 464 136 44 ko 607 1B
74l 9 75 6 2% 546 3B 654 146
1z 961 68 3 125 55 304 73 1067
13 866 8 1504 123 567 m7 83% 964
1% 8% 815 124 1266 5% 368 84 965
“w 8z 823 1546 1068 &% 01 676 "2
“w 4 9 1% 100 78 406 68 12
155 781 8@ 1575 997 8@ M 64 16
185 v 8% 167 1021 ™ 1 635 166
163 851 7 174 nu4 686 25 5891 120
167 v 8% 1803 16 637 49 60 1A
1738 n 873 1834 181 619 4374 646 "%
176 P& 8% 1869 143 657 45 619 181
181 R 8B el 1.8 614 a8 897 120
186 708 9L 1946 101 6% 515 53 1261
12 713 937 1965 1063 73 45 466 13%
20 71 94 199 1024 77 459 46 133#
20 684 966 83 1035 7% ) 48 1312
.4 1061 7 a3 kv 147
213 974 8% mn 248 162
24} 97 821 481 231 1560
<2 986 814 481 203 1697
23 978 82
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Table B-7. Measurements at Cross Sections 11 and 8

Qoss-
section  P4West, NVED 11
Dete
height of instrurrent (ft): 1800

dstaree s S R Wpa dard Manigs
) ® doein ekl tpdbak ®)  sope@ W
4 95 8% 1595 MNX 160 14 QM4
0 aM 89 205 66

2 96 8%

a3 981 819 [dnesas

6 015 786 | 102 xsedmaea 14 dmen
1 0% 704 | 75 wdh 87 veP
u R 78 | 16 dm 12 hydred
7 MZ 67 | 63 bekh 56  wdrdio
94 06 7¥ | 160 Wiodpueaea 21 etrdio
03 N2 668

25 124 56 [hyalics

z 26 5% | 49 oty (e

2 25 546 | 50 dstagerds Q)

% M7T 628 | 1B shersress((bsftsg)

k] M4 651 | 073 sherveloty(fise)

86 N2D 671 | 577 uitsreemponer (bsfilsed)

M4 NB 664 | 0% Fadennte

M9 7 58 | 67 fidofdoult

09 28 55 | %1 tretddganszm

026 1329 471

B5 BM 40 | 25 4% 1830

57 19 41 | 26 481 1319

%54 WUB 37 | M2 46 B3N

57 1506 204 | 28 481 1310

57 152 2B | 513 48 1307

8 561 230 | 227 4® 1301

B8 643 15 | 2% 4B 1630

04 69 101 | 20 5 13

@ el 0P | B 4B BA

619 M5 00 | 7 4R 1B3B

@5 16 04 | 2 3% UG

M8 W& 0B | BB 391 UM

&1 73 07 | ® 35 U5

62 tH 1D

64 5B 22

u® 33

75 UL 33

7 “ue 3@

w7 16 44

2 RN 50

T R¥ 56

A3 MM 6D

0 0% 745

81 1051 740

&5 0% 745

@4 N6 6

) 164 6%

% N6 6%

] 14 651

0 Ne 65l

M N 6%

1069 NS5 675

2 M 7

w7 08 7R

214 NB 66

1267 a® 8B

1?4 9B 8

%2 % 8u

W2 a5 8%

182 9B &7

™5 98 8%

1“4 961 8D

8 M 8%

s 85 95

% 7% 006

®4  TH 0B

m 6% 1145

m3 6B 1z

Qross-
sedion  P4WEst, NVED8
Dete 882002
height of instrunent (ft):  17.50
dstarce FS 55 FS Wia dard Mamings
(ft) () dedtion bekful tpdbek (f) doe( M
4 243 1B®R 1463 7% 20 14 004
0 281 140 287 9%

13 78 9@

% a3 82 |dnensians

3B 8% 8K 74 xsedionarea 21 dnen
® 872 878 35 widh 39 wdP
% 8™ 87 24 dnex 19  hdrad
100 8% 914 91  bakht 16  wdrdio
106 a7 873 280  Wiodporeaea 80 etrdio
114 866 884

18 808 942  |hydadics

" 786 966 68  \eloaty(f/sec)

6 pAyl 95 03  dsdagerde Q(ds)

1% 887 863 167 shearstress((be'ft o)

1 86 89 0% shearvlodty (ftisec)

1% 842 908 | 1250 unitstreamponer (befftisec)

2 823 9 067 Fouwkenurber

20 81 94 73 fiidionfedar u*

4l 798 957 1972 threshddgainsize (mm)

z7 ™ 99

] 7% 9% k3 715 1036

<} 8z 923 3 627 N2

.} 104 71 k2 ¢} 615 1>b

208 1 621 3% 6 1>

225 nor 553 K} 877 n7i3

252 1235 515 ae 516 2%

282 1228 52 412 491 123

5 1273 477 415 49 1251

645 124 509 4173 AT8 127

. ] 125 5 4192 468 228

n nz3 617

n 1057 6B

21 15 6

28 18 567

243 1.8 566

286 1243 507

1 1n®» 551

224 125 5

285 2% 4%

21 1245 506

2569 1305 445

8 1316 434

287 1A% 2%

206 U 321

3007 1465 2%

e (V. 32

33 us 266

;4 1518 2

1 4B 257

M8 139 351

066 138 367

78 1387 363

385 (V. 32

386 1672 078

307 17.08 047

3M3 1672 078

3121 1595 1%

3123 1504 246

3128 u 268

3135 U 33

3145 1386 364

3154 3™ 3N

3165 1341 40

3181 1287 463

3192 128 468

3198 2% 5%

04 6% 104

309 584 16
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Table B-8. Measurements at Cross Sections 9 and 7

Cross- Cross-
section  P4West, NVED9 section  P4WEst, NVED7
Dete 8202 Dete 8712002
height of instrument (ft):  16.00 height of instrument 1400
distance FS s FS Wfa demd  Mamings [[dstance s FS FS Wfa derd  Mamingsg
(ft) () devdion berkful topofberk ()  dope(%9 ' () ®) dedion bekful topofberk () dope(%9 M
A 3% 1207 1264 829 20 08 004 A 497 903 1083 6% 460 19 004
0 448 1%  33® N 0 565 8% 317 706
10 48 1118 55 564 8%
12 526 1074 |dimensions 134 543 857 |dimensions
17 613 987 106 xsedionarea 19  dmen 187 565 8% 104 xsedionaea 12 dmen
4] 8 746 57 widh 62 waP 24 565 8% 90 widh 14 watP
4 881 719 23 dmex 17  hdrad 4 493 907 25  dmx 09 hydred
305 916 68 66 barkht 31  wdrdio 377 451 949 64  bearkht 78 wdrdio
R5 917 683 200 Wflood prorearea 35  etrdio 488 466 9% 460  Wflood prore area 51 etrdio
K7 a8 62 57.2 481 919
373 969 631 |hydauics 579 602 798 |hydauics
302 98 618 47 velodty (ft/sec) 62 876 524 48  vdodty (ftisec)
26 88 74 500 dsdagerde Q(ds) 645 953 447 500 dstergerae Q(ds)
a 817 83 08  shearstress ((bsfftsg) 652 103 37 108 shearstress ((lbsfft )
2 823 YA 066  shear\elodty (ft/sec) 669 1048 322 075  shearvelodty (ftisec)
539 87 2z 4381  unit streemponer (Ibsfft/sec) 685 1084 316 || 6590 unitstreamponer (Ibsfft/sec)
51.7 1004 5% 037  Fouderunber 604 " 3 062 Froudenurber
L] 1045 5% 72 fiidionfador uu* 609 "4 25 65 fridionfactor uu®
5 10.39 561 26  threshddgainsize (nm) 7 n14 2% 84 threshddgainsize (mm)
68 1078 52 7 13 261
) nz 473 733 1329 o7
"3 145 4% 742 133% 04
22 11.98 4@ 7A8 1RBHU 06
7 1298 3@ 754 135 0%
729 1488 112 76 1208 12
743 148 12 75 nms 2z
781 1465 136 782 109 301
7% un 128 809 1081 319
766 “un 129 84 106 33
w 144 16 81 12 28
7 139 20 856 29 41
786 132 28 882 1051 349
1 1221 3™ 208 108 312
5 1.9 404 9%4 1057 343
802 1201 3% 97.8 1026 374
811 1ns4 416 N5 105 35
816 11.68 432 1009 1026 374
82 1 448 108 1015 38%
85 11.08 4L 108 7% 604
846 1095 506 12 () 706
868 9In 689 1211 649 751
871 80 el 127 591 809
i) 8 8 1283 48 912
R 76 8 133 443 957
% 6% 9 165 44 9%
e ] 6R 908 165 38 1017
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Table B-9. Measurements at Cross Sections 6B and 5D

Qoss- Qoss-
sedion  P4VEst, NVED6b sedion  P4VEst, NVEDSD
Dete 720 Dete 94202
height of instrurrert (ft): 175 height of instrurrent (ft): 16
dsteroe 55 FS Fs Wia derd  Marings dstance Fs FS Fs Wia derd Marinds
(ft) (ft) dedion beidul topdbark ()  doe(% ' (ft) ) dedion beiful topdbark ()  dae(% '
A 43 132 M165 108 620 13 004 0 48 115 1318 963 510 13 004

0 465 2% 285 667 0 526 1074 28 637

9 49 126 127 583 107

212 n® 575 | dmensians 173 451 1149 |dmensions

) 21 53 128 xsdinaea 10 dnen 0 48 115 77 xsedinaea 20 dmen
1162 na 563 123 widh 45 waP 2 563 1037 39 widh 40 wveP
1208 116 %73 25 dmex 09 hdred 515 897 100 21 dmex 19 hdrad
1254 107 671 63  bakht 18 wdrdio 5% 58 102 57  bakht 20 wdrdio
1511 101 649 @20 Whodpoeaea 50 etrdio 64 63 961 510 Wloodporeaea 131 etrdio
157 112 63 o 661 93

161 1et 58 |hydadics 11 6% 901 |hydaulics

128 n7 58 39  dadty(ftisec) 11 648 9 65  \dadty ftisec)

201 116 e 01 dsteagerae Q(ds) 19 ae 931 500 dstagerds Q(ds)

26 1.0 641 072  shearsiress((bsftsg) 13 705 8% 15 shearstress((bsftsq)

<1} n19 631 061  shearvelodty (f/sec) “ 70 8% 089  shear\eladty (ftisec)

B "2 629 3301 it streemponer (Ibefft/sec) 2 909 691 10397 unit streemponer (bsfftisec)

;3 106 68 045 Fouerunber 121 10% 504 067 Frouderunber

27 1064 686 64 fidionfador U 1549 nz 473 73 fidionfadtor v

p: ) 108 667 457 threshddgainsize(mm) 1611 ne 408 1706 _threshddgrainsize (mm)

1] 1301 440 1654 n® 401

3155 13 41 1631 1223 377

318 137 37 167 2% 3@

352 U1 32 172 13y 263

T4 us 2% 1752 2% 307

308 146 28 1789 2% 30

305 4% 2% 19 1266 3%

<] 1515 2% 1817 124 35

3344 1715 0¥ 13 128 317

364 1512 23 14 Ui 16

3378 1ULB 2% 188 1523 Q77

308 1524 2% 1849 1532 063

307 1501 24 1865 1522 0R

M7 49 23 1863 1508 o

5 1501 249 1866 135% 244

3438 oy 27 1868 1319 281

m7 U7 28 1878 1301 2%

66 usg7 263 1885 128 318

M7 1501 249 183 129 31

34 1613 137 1901 121 321

3 164 106 1919 1297 30

304 1631 119 1964 123 367

309 163 12 1967 130 297

3508 152 23 1978 130 2%

xR g7 263 1979 1216 3%

31 1522 228 03 1nst 440

364 1506 244 282 10% 504

3671 1481 20 74 107 529

304 1B 315 212 1095 506

IR5 1357 3B 202 1025 575

3648 1248 5@ 238 99 61

3105 181 56 286 963 637

3745 ny 613 2% an 606

3786 a17 133 M5 1008 5P

3874 468 28 239 1041 5%

3 533 117 298 104 546

4052 547 120 %47 104 5%

4076 576 "7 202 801 79

412 618 "R n = 848

4153 629 n21 n 595 1006

403 540 1201 233 4n 123

482 368 138 233 437 13

431 308 UL

4367 261 “®

4367 2% B4
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Table B-10. Measurements at Cross Sections 5C and 6

Qoss- Qoss-
sedion  P4WEst, REWNVEDSC sedion  P4W\Est, NVED6
Dete Dete 8620
height of instrurrert (ft): 145 height of instrurrent (ft): 12
dsteroe 55 FS Fs Wia derd  Marings dstance Fs FS Fs Wia derd Marinds
(ft) (ft) dedion beidul topdbark ()  doe(% ' (ft) ) dedion beiful topdbark ()  dae(% '

0 3% 109 1060 75 500 11 004 1 35 849 8515 5854 40 14 004

0 ki) 1038 3% 6% 0 364 8% 346 646

7 40 1041 9 3R 88

z a1 103 | dmensians 184 366 83 |dnensions

0 34 11 162  xsdionaea 10 dnen 193 501 6% 167  xsaedionaea 07 dmen
B 319 131 155  widh 195 waP 2 78 4 25  wdh x5 weP
3 33 119 31 dmex 08 hydred 265 888 312 26 dmex 06 hdrd
» 364 1086 62 bakht 167  wdrdio Z9 8% 30 55  bakh 23 wdrdio
4 481 felGe) 500 Wihodpareaea 32  etrdio 23 1045 1% 470  Whoodpareaea 21 etrdio
X 528 92 202 nor 08B

2] 56 89 |hdalics 7 108 111 |hydadics

10 5% 914 33 dadty(ftisec) 316 1047 183 32 \dadty(ftisec)

19 560 881 80 dstagerae Q(ds) 21 au 27 500 dstagerds Q(ds)

135 586 866 053  sheerstress((beffts) 1S5 888 312 054 shear stress((bsfit o)

“ 585 8H 052 shearvelodty (f/sec) A8 933 267 053  shear\eladty (ft/sec)

5 583 867 2221 it sreemponer (bsfftisec) %68 901 2% 1940 it streemponer (bsfft/sec)

1226 591 83 03 Fouerunber A3 9@ 2% 045 Frouderunber

1% 74 71 63 fridionfadtor U kg 933 267 60 fidionfactoruu®

1566 838 612 29 thesddgainsz(mm) 34 8% 304 B3 threshddgainsz(mm)

1574 ) 3% 39 87 33

1905 no 343 404 866 3%

1619 10 3 25 8& 318

1634 1.5 2% 46 as 316

1642 n» 3an 49 8% 34

1665 12 32 % 897 3

1672 n®s 291 484 8& 318

167.3 1363 g7 82 843 357

168 137 Q74 513 83 367

1686 1366 ol 514 78 451

160 1366 o8 576 686 514

1602 1358 o 64 an 527

1605 13FB 115 641 R 548

1703 1322 128 63 661 53

1704 ns 2% 674 638 562

m7 1078 3R 06 aR 568

1726 108 368 71 583 617

1729 1072 3’ 726 554 646

1746 106 381 81 557 643

1758 1064 3% % 54 638

1766 nz 33 a7 563 637

1775 1045 406 100 473 Z

1789 103 418 1022 363 837

181 1ot 349 104 36 84

184 nz 323 10 6% 574

1847 "4 30 135 70 491

1859 nw 3B 154 72 47

1874 no 346 173 719 481

104 1166 28 114 66 54

1912 9% 457 12z a7 50

1948 8% 5% 1332 686 514

19 808 642 1372 691 50

253 764 686 1“4 666 5%

218 73 FAll 456 316 884

254 7% 6% “w 21 929

» 84 608 “ 243 957

24 87 575

261 8% 5A

5 92 528

-3 957 43

»1 Q77 473

x5 1012 43

85 1005 445

207 8% 5%

p.:<} 72 73

263 ax 78

2853 an 83
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Table B-11. Measurements at Cross Sections 5B and 5

Qoss- Qoss-
sedion  PAVEst, NVEDSB lsedion  P4West, NVED5
Dete 92202 Dete 8620
height of instrurrert (ft): 16 height of instrurrent (ft): 18
dsteroe 55 FS Fs Wia derd  Marings dstance Fs FS Fs Wia derd Marinds
(ft) (ft) dedion beidul topdbark ()  doe(% ' (ft) ) dedion beiful topdbark ()  dae(% '
0 6% 906 126866 8% 510 1 004 A1 55 124 1375 87 B0 03 004
0 728 8n2 334 % 0 59 1206 4% 93
“ 703 897 25 605 1%
18 583 1017 |dimensions 6 asg7 1113 |/dimensions
k] 591 1000 126 xsdionaea 17  dnen 12 8% [e7:7) 22 xsdionaea 14 dnen
5% [ 94 75 widh 14 waP 175 an 92 156 widh 190 waP
67 a7 90 28  dmex 11 hdrad kg 886 9 33  dmex 12 hdrad
61 728 872 65 bakht 45  wdrdio T4 8e 931 84 bakh 109 wdrdio
685 933 667 50  Wihodpareaea 72 etrdio 735 846 954 B0 Wloodporeaea 63  etrdio
@1 96 64 82 845 9%
04 107 52 |hydalics 85 78 102 |hydalics
729 16 44 40  eodty (ft/sec) A3 74 106 23 \dodty (ft/sec)
n7 18 415 80 dstagerae Q(ds) 105 74 106 01 dstagerds Q(ds)
782 1n® 41 0680  sheersiress((bsftsg) 128 813 987 02  shearsress((bsft sg)
758 ner 433 060  shearvelodty (f/sec) 32 87 93 034  shear\eladty (ft/sec)
766 181 419 4161  unit sreemponer (bsfftisec) 39 ni3 687 062  unit sreemponer (bsfftisec)
R4 1219 381 02 Foukrunber 446 nzs 662 011 Fouderunber
01 1286 34 67  fridionfadtor U 1“7 125% 54 67  fidionfactoruu®
815 1322 27 439  threshddgainsze(mm) 3 1312 48 125 treshddgainsiz (mm)
& us 16 6 1373 422
23 U 1156 1511 1343 457
s 1506 0% 13 135 4%
855 1545 0% 1547 (v 37
86 1545 0% 153 U% 345
85 135 25 1562 umn 33
&4 1321 2P 1571 Uun 3
876 us 142 1575 1A% 32
8 1272 38 1% 1664 136
€04 1219 381 106 16% 106
B5 19 41 1611 1706 0%
B9 n®s 44 161.7 1701 0%
RB1 ns 417 1625 165 15
a7 16 434 163 1625 176
104 12 472 1631 un 3B
1006 103% Se4 1663 115 3%
1M7.3 1048 58 1684 1360 431
1216 9% 604 161 1™ 421
129 957 643 1626 3™ 421
1238 933 667 1701 1354 446
1204 94 6% 175 1346 4%
1322 8% 706 1749 1343 457
1363 8% 704 1769 1306 4%
1388 931 66 1778 B4 476
"4 9™ 621 m 1322 478
55 104 588 1m7 1297 50
1468 103 54 181 128 518
1648 1008 52 189 2% 564
1668 9™ 621 1879 1218 58
1769 92 68 1914 2% 546
174 883 717 1946 124 558
1818 8& 738 1956 1% 604
181 786 81 19%4 19 601
1885 585 1044 1973 nm 623
1912 A% nor m nn 629
1912 453 14 m 1ot 600
287 126 54
210 127 529
2127 124 553
2142 1245 5%
2162 1262 538
45 221 57
205 1206 5%
245 n7 63
206 966 8%
208 a2 868
452 8z 973
2516 708 102
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Table B-12. Measurements at Cross Sections 5A and 4

Qoss- Qoss-
seion  P4VAEst, NVEDSA lsedion  P4West, NVED4
Dete 92202 Dete 520
height of instrurrert (ft): 15 height of instrurrent (ft): 13
dsteroe 55 FS Fs Wia derd  Marings dstance Fs FS Fs Wia derd Marinds
(ft) (ft) dedion beidul topdbark ()  doe(% ' (ft) ) dedion beiful topdbark ()  dae(% '

0 43 1061 12915 768 70 11 004 A1 26 104 9762 584 740 17 004

0 472 1028 205 L 0 27 102 328 716

" 51 99 " 315 98

“ 583 917  |dmensians 2 A 966 |dinensions

2 %4 74 M1 xsdinaea 14 dnen - 3% 906 17  xsedionaea 09 dmen
3 73 77 78 widh 89 wgP 2 47 829 124 widh 43 weP
8 n 723 18 dmx 12 hdrad %4 508 72 25 dmex 08 hdrad
638 70 79 70  bakh 55  wdrdio L:<] 475 8% 64  berkht 131 wdrdio
® 762 73 710  Wiloodporeaea 91  atrdio aq 451 840 740  Wloodporeaea 60 etrdio
<] 8 757 51 443 857

8 77 724 |hydadics 25 405 8% |hyalics

% 768 2 45 edodty (ft/sec) 5 419 881 43 \edodty (f/sec)

e} 716 7 80 dstagerae Q(ds) 57 47 83 500 dstagerds Q(ds)

106 661 8P 08  sheerstress((befftsg) 612 52 YA 087  shear stress((Ibsfit sq)

"2 645 8% 065  shearvelodty (f/sec) 6 533 67 067  shear\eladty (ft/sec)

"7 676 82 430 it sreemponer (ksfftisec) 669 52 78 4280  unit sreemponer (bsfftisec)

120 7 73 044 Fouerunber ;] 507 7R 0% Foukennbe

1 972 528 68  fridionfactoruu® a5 501 70 63 fidionfactoruu®

1205 1029 47 532 thesddgainsz(mm) a5 505 7% %8  theshddgainsze(mm)

1B 104 451 915 53 767

13% 1ot 3% a7 447 853 n 3 958

" n4 3% D 446 854 36 28 103

w 18 315 104 a4 853 2759 a3 816

1506 122 272 107 46 84 24 553 47

17 19 31 138 7 6 202 591 70

1%3 123 28 185 831 4 261 576 72

1569 1228 2712 1202 aae 43 2838 42 863

157 2% 264 1236 851 44 202 31 99

1381 3@ 198 126 884 416 0 243 1057

192 U3 067 1284 85 447 P2} 16 1n>d

1612 %) 061 10 a7 424 267 13 1161

1636 uer 033 136 857 443 267 123 nm

1664 uas 057 13% 881 419

1669 1BD 141 " 884 416

1663 130 18 45 a9y 408

167 128 212 83 857 443

1683 17 23 157 85 45

160 128 217 153 874 42

ma 125 246 14 8% 4@

1727 129 24 153 887 413

1738 124e 23 1564 891 40

175 2% 248 157 9L 338

1771 122% 274 1578 949 351

1778 1237 263 185 aAu 36

m 123 27 1603 oM 3%

180 1212 28 1611 936 366

1815 ne 3 162 948 3R

181 1267 233 1627 a9 33

1833 n7 33 1635 1012 28

1864 1ot 3m 1641 10256 274

1869 1ne 331 1657 1026 274

1907 nn 32 1672 1024 27

197 13z 3 163 104 251

197 nx 366 1 n2 18

283 11 29 176 1007 23

28 ns 35 1725 995 306

212 1038 442 1733 978 32

2174 67 738 1748 98 32

2.1} 3 763 1756 981 319

42! 745 7% 1763 143 12

) 6% 801 1771 119 181

473 728 R 17 1223 Q77

-1} 761 70 171 12 17

2%63 73 77 1806 1013 287

29 49% 100 1813 1006 2%

237 A8 1017 R 94 351

37 445 10% 187 886 414
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Table B-13. Measurements at Cross Sections 3 and 2

Qoss- Qoss-
sedion  P4WEst, NVED3 sedion  P4WAEst, NVED2
Dete 82w Dete 70200
height of instrurrert (ft): “ height of instrurrent (ft): 12
dsteroe 55 FS Fs Wia derd  Marings dstance Fs FS Fs Wia derd Marinds
(ft) (ft) dedion beidul topdbark ()  doe(% ' (ft) ) dedion beiful topdbark ()  dae(% '
A 708 62 1084 72 50 18 004 A 361 8 85 508 1250 11 004

0 2 668 3146 67 0 4 8 35 6P

5 748 65 9 42 768

10 74 632 | dmensians 18 52 678 |dnensions

15 75 65 108 xsedionaea 12 dnen - 554 646 195 xsadionaea 06 dmen
2 8 648 92 wdh 120 waP B 572 628 314 vidh B4 vetP
-] rv 673 20 dmex 09 hdred 51 554 646 26 dmex 05 hdrad
k] 74 66 57 bakh 78  wdrdio 7A3 529 a7 60 berkht 04 wdrdio
45 6 63 50 Wihodpareaea 61 etrdio & 501 6D 1250  Whoodparearea 40  etrdio
% n 623 1083 508 62

6 76 64 |hyalics 125 T4 4%  |healics

34 704 6% 46 \veodty (ft/sec) 127 m 421 26 \eodty (ft/sec)

75 %4 646 80 dstagerae Q(ds) 135 806 3% 01 dstagerds Q(ds)

87 a7 723 101 shearstress((lbsft so) 146 YA 423 037 shearstress((bsfit sq)

o] 69 71 Q72 shearvelodty (f/sec) "73 867 333 044  shear\eladty (ft/sec)

101 70 6% 6108  unit sreemponer (ksfftisec) 187 857 343 108 it streemponer (lbsfft/sec)

1047 p4l 67 057 Fouerunber 1217 88 32 038 Fouernunbe

1085 74 66 64  fridionfadtor Ut 1238 909 291 59 fridionfador ud*

1098 828 572 734  theshddgainsz(mm) 143 931 20 218 threshddgainsze(mm)

me 88 52 147 957 243

15 986 414 1257 912 28 3 4% 714

167 9% 404 1268 8® 38 216 49 701

"7 98 42 172 07 298 x3 4 761

10 1028 3 177 108 117

1236 1001 3% 1286 10 o

1275 1015 3% 130 1077 123

1205 1043 3R 1303 an 38

122 10 321 1313 8% 345

1335 108 3@ 135 8% 3@

135 108 32 1364 8m 321

137 1086 34 1378 01 29

1386 1073 3z 1“7 876 3

1303 1084 316 "o 8% 366

406 1066 3% 126 845 3%

1“8 1072 38 7 863 3%

38 no 2% 1446 8% 345

2 ny 263 Al 87 3z

146 n*» 264 8 886 34

1465 1.16 28 190 87 32

“ no 2% 1529 8% 3@

1511 108 317 1544 9% 264

121 no 2% 153 9% 24

1226 1n® 201 159 93 27

137 125 147 1564 976 22

143 123 17 1573 oM 2%

145 108 3an 1% 8% 30

1566 106 34 19 8m 321

157 1063 3 1906 953 247

181 nn 229 1606 908 22

192 nm 2% 1614 923 27

199 128 14 1621 88 3N

1618 1266 134 1634 886 34

1623 1275 15 1637 97 273

1633 109 31 1645 919 281

1639 1048 3R 1649 874 3%

16 104 36 1687 as 346

166 1005 3% 1672 846 35

1683 8%W 507 1683 8 338

1702 m 629 1604 83 3

17 606 7H 1703 85 35

1% 8% 806 1m 8% 365

183 586 814 13 843 357

188 554 846 177 8% 3@

18 513 887 1 8% 34

1983 562 83 1763 a4 3%

1% 58 815 1M3 8 419

p.1¢} 601 79 1813 816 3%

&3




Table B-14. Measurements at Cross
Section 1

Qoss-

sedion  P4WEst, NVED1

Dete 200

height of instruent (ft): 1

dsteroe Fs Fs Fs Wi derd Marinds
) f) dedion beidful tpdbek (f) Sge( M

- 85 847 NM519 8606 70 12 004
0 589 an 2481 53b

8 63 7
154 68 72 |dmesios

2 (743 677 29 xsedinaea 04 dmen
2 745 6% 619 wdh 646 weP
476 n 625 18  dmex 04 hdred

823 577 48  berkht 16002 wdraio
n 629 760  Wlodporeaea 12 etrdio

07

54

8

A

8% 767 633 21 \eadty(ftlsec)

8% 75 6265 | 501 dsdegerds Qds)
1@ 7/ 625 | 028 shearsres((bsfts)
045 815 585 | 033 shearvdodty(ftisec)
109 845 8575 || 0607  untstreamponer (bsfft/sec)
15 8166 586 | 03 Fouwkrnbe

11 8105 585 56 fidionfadar ul

84% 556 152 tredddgainsize(mm)

a0 935 4655

m 935 465
wa Mnes 236 310 7285 6715
17 1nsts 2186 318 7B 10X
145 12145 1856
1561 1215 186
157.3 nes 205
1579 205 195
1389 12015 196
1905 NP5 206
1609 1nos 206
1619 1nsts 2186

1672 nmw 226

™ nes 235
1723 nos 2086
175 ns 2146
1765 nms 22
™ mnes 236
1806 nms 226
1815 N 245
184 1B 216
1834 146 2515
1865 1nss 2186
1867 N5 2056
187.8 neds 236
1888 ngs 216
1892 1B 066
190 13186 08156
1 2%5 106
1922 12015 1965
1985 N3 2615
1945 12105 186
1962 nas 216
1938 nss 2186
198 N\ 206
187 n&s 215
203 n®W; 206
015 nes 215
;1 1215 185
239 nes 236
255 n%w 206
263 nems 215

7.7 nms 2215
283 mnes 2316




Table B-15. Measurements Along Longitudinal Profile, West to East

Longitudinal Profile

station  thalwey water level low bank X sec

0 mx 10286 10283
oo 1026 10266
LIt P 018 0244
6 01m 10146 10201 )
8 1003 10103 10139

100 9999 100568 10075
120 9868 0018 10068
145 95.94 9952 10008
160 .50 w97 B2

180 73 9783 8

pini] %8 %24 a8

0 9586 %9 w2

it 9485 %8 96l 1
218 9554 LA

pri] 9447 LA

19 9385 9405 %73

pil| 9281 9314

3 274 913 18
23 2.9 an %2

13 9289 @27 12

x47 0.3 9 %M

plid .62 9098 17
282 0.3 088 926

piid BV a8

28 9038 EIkE]

289 .03 anar

VE] 8962 EIk 924

288 89.78 %039
il nn
24 922

29 8879 038

n 89.28 a0m

il 03.09 EIVE]

krig 8361 022

3 8518 02 26

3 877 9015

367 I
38 893 ant

in

ki) 3.9 .21

iz a0 818 946

38 3.3 B398 9%

405 13
407 7.9 88.56

4 718 8343

413 g717 8543

419

422 a7 83 9034

43 87.04 834 907

427 86,87 8334

43 87,66 85.29

448 8745 8308 8055

461 86.23 6789 8918

485 12
475 86,63 7 wn

48

497 86,84 G768 8009

457 86.41 6745 8904

505 8673 8738 8avd4

512 86,62 §7.36 5856

515 86.01 aror

523 86.18 G708 8853

a7 06.49 aror

53 113
540 8544 8626 5836

582 8566 812 88

565 8532 853 6782

472 8539 %93 o749

872 8415 85738 87295

LTE T 05605 87334

S0 85285 85.485

584 64520 846815 87.108

5 B43E5 84.795

590 64080 84775 87118

o84 B3 84.725

604 B3905 84185 87165

609 8318 84.185

618 1|

station thalweg water level low bank X sec

625
Liyc]
63
ik
645
B54
b2
670
s
689
593
7
i
718
3
73
H
78
TE8
7%
418
19
i3
i
67
in
72
a4
76
ilsc]
850
994
a7
a0
903

3908
[ikkil
43678

B2675
#2418
82128
2875
i)
62815
.29
#1.565
#2365

219
1.365
i0.305
#1545
1.005
0.565

i0.215
0,665
i0.145

79.7%
80138
30435

0.555
fi0.065
80438
79846
7958
79725
7998

i0.145
78806
78805

78875
77.995

%

7825
79.315

73.395
T8.605

15

78305
78.275
e
T6.955
78046
7815
77.995
76.9%
A
76515
7759
76655
TBATS
77115
7688
7766

77565

725
76515

70935
7585
76538
T6.278

04.185
139%
8392

79815

7974
79575

79385
78965

T86%

78555

78555
78548
7854
78515
78515
78485
78445
77.8%
7788
7114
ik
71706
77715
775
77715
T78%
7164
T7ES

77315
s

77280
71254
7725
77218

6635
80615

6465

6418

.44

84,155

3%

2606
234
82118
#2178

2058

80.906

ikl

79.7%

73.275
79.085

79.065

79.0%

7850

station thalwey water level low bank X sec

153 BB/ TG B3

1259 TREIS TS 7B34E

1260 il

162 7EEES TE9ES

184 TEHE TBAS 7RIS

1272 788E TESH

12746 TATS RIS TTEGS

184 AEDS TEME TT7%

1293 T4EES TR

196 737EE 7B

199 73705 TRIES

1309 74455 7RSS

136 7IEE TEME TTA3

1320 7351 TEO0ES 7TA0S

1332 73885 TEORS  VBB15

1349 FIEHS TS5 TBTS

187 7435 74975 TBERS

14 7IEE TAOL TRAGS

1975 73E5 TADAS TEBIS

1388 ad

1388 72O 73T 7575

1

W0 IO TIFE
404 FIEE TITE TRTEE
1
1
1
1
1
1
1
1

122 72745 7563

131 727% 7553

145 i
B 7225 73065

158 71.948

466 71.985 72665

1
§2 NTH TLHE TAZA
7716 72306 7419
48123 TI8e T2
1488
MBS TIEE TS
1503 [
1505
1509

1515963 e T20%
B8 T TS
BFT4 OTA% 0 TIEE 73346
153303 0EE 71455
150241 T0dB TIITE
154543 TGS TI2E5
184676 70BBS  TIZA
1598925 004G TIA

1663 b
1668 b
157108 T0EE TLIE
17734 s T
1580266 T04% TIOE 72T
16903 08\ TG
1604 G4
1809.794 72795

61208 T0E% T10%
629478 B9BR/  TI0%
639321 69686 TIME 7279
BE2286  B97ES 7105
668848 69386 TG 7228
612129 B898% 7107

701856 71046
714779 69486 s N7
731183 71.006

763991 0088 70796 713
70583 02 707 713
7ah64 B9 70218

790238 71.068
802377 B9A7TE 70155

013203 GR7B  BDETD 708G
832008 BE2BS  RD2ES

049.292 70.285
BE5006 G705 BBATS
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Appendix C. Stream Classification, Dimension, and Hydraulic Summaries

Description of terms for “Dimension and classification summaries” in Table C-1

Cross Sections are ordered from the most downstream location, cross section P4W-1,
upstream to P4W-20.

Distance on longitude (from upstream x-sec 20) is the distance from the western extent of

this study, approximately 60 feet above cross section P4W-20 to the cross section being

reviewed.

Entrenchment Ratio (W . / W k) 1s the flood prone width divided by the bankfull width.

Width to depth ratio Width / Depth Ratio (W ks / d vks) 1s the channel width at bankfull

stage divided by the mean depth.

Channel Slope (S) is the “rise over run” for a reach approximately 20 to 30 bankfull

channel widths in length with the “riffle to riffle” surface slope representing the gradient
at bankfull stage. Slope is determined from longitudinal profile data.

Sinuosity (Stream Length / Valley Distance) is the measure of stream pattern geometry

Classification of streams from dimension, pattern, and profile parameters based on

Rosgen (1996),
Classification Key for 8 stream types (Rosgen, 1996)
Stream Type Entrenchment | W/ D Ratio Sinuosity Slope
Ratio
A <1.4 <12 1.0to 1.2 0.04 t0 0.10
B 1.4t02.2 >12 1.0to 1.2 0.02 to 0.039
C >2.2 >12 >1.2 <0.02
D N/A >40 N/A <0.04
DA >2.2 Highly variable | Highly variable | <0.005
E >2.2 <12 >1.5 <0.02
F <1.4 >12 >1.2 <0.02
G <14 <12 <1.2 0.02 to 0.039

Entrenchment Ratio (W fpa / W bkf)
Width / Depth Ratio (W v/ d vke)
Sinuosity (Stream Length / Valley Distance)

Slope (Vertical Distance. Ft. / Linear Distance, Ft)
where:

Width of Flood prone Area (W fpa)
Bankfull Width (W pks)
Bankfull Mean Depth (d vkf)

86




Table C-1. Summary table of cross section classifications and stream dimensions

Distance on

longitude (from Entrenchment W/d

Sinuosity

Cross Section upstream x-sec ratio ratio Slope (braided)* Classification
20)
P4W-1 2935.0 1.2 160.2 0.012 Multi chan* (DA)F
P4W-2 2627.0 4.0 50.4 0.011 Multi chan* (DA) C
P4W-3 2318.0 6.1 7.8 0.018 Multi chan* (DA)E
P4W-4 1882.0 6.0 13.1 0.017 Multi chan* (DA) C
P4W-5a 1604.0 9.1 55 0.011 1.03 E
P4W-5 1568.0 6.3 10.9 0.003 1.12 E
P4W-5b 1563.0 7.2 45 0.010 1.12 E
P4W-6 1503.0 2.1 323 0.014 1.13 Bc
P4W-5¢ 1445.0 32 15.7 0.011 1.14 C
P4W-5d 1385.0 13.1 20 0.013 1.01 E
P4W-6b 1260.0 5.0 11.8 0.013 L.15 E
P4W-7 1175.0 5.1 7.8 0.019 1.15 E
P4W-9 997.0 3.5 3.1  0.008 I.11 E
P4W-8 965.0 8.0 1.6 0.014 1.38 E
P4W-11 871.0 2.1 56 0014 1.10 E?
P4W-10 718.0 1.2 8.6 0.016 1.03 G
P4W-11c¢ 618.0 4.1 3.6 0.023 1.08 Eb
P4W-11a 537.0 2.8 203 0.018 1.05 C
P4W-12 465.0 33 35 0.012 1.07 E
P4W-13 405.0 15.7 09 0.016 1.06 E
P4W-14 367.0 32 18.7 0.017 oblique x-sec C?
P4W-15 302.0 2.0 7.0 0.022 1.14 Eb?
P4W-16 277.0 2.7 3.7 0.020 1.04 E-Eb?
P4W-17 255.0 1.9 7.0 0.030 1.04 B? Eb?
P4W-18 233.0 1.3 132 0.092 Falls F
P4W-19 208.0 8.7 21.1  0.092 Multi chan* (DA) C
P4W-20 60.0 23.7 239 0.026 Multi chan* (DA) C
Mean 5.7 17.20.021 1.11
Median 4.0 7.8 0.016 1.10
Std Deviation 5.1 30.6 0.021 0.08
Minimum 1.2 0.9 0.003 1.01
Maximum 23.7 160.2 0.092 1.38

*Multiple braided channels
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Description of terms for “Dimension summaries” in Table C-2.
The Cross Section and distance column references are the same as Table C-1.

Bankfull Cross-Section Area (A pks) is the area of the stream channel cross section at
bankfull stage in riffle sections of the stream.

Bankfull Width (W ) is the width of the stream channel at bankfull stage in riffle
sections of a stream.

Maximum Bankfull Depth (d mpks) is the maximum depth of flow at bankfull stage.

Bank Height is the height of the lowest bank, measured from the channel bed (thalweg)
to the top of the bank.

Bank Height helps describe entrenchment. Over-bank flow begins at this stage
defined by bank height.

Width of the flood prone area (W g,4) is the flooded width at flood prone height.

It is used to define entrenchment and forms the entrenchment ratio when divided
by the bankfull width

Bankfull Mean Depth (d pks) = (A bke) / (W bke)
(A pks) = cross section area (square feet)
(W i) = width at bankfull stage (feet)

This is the area of the stream channel cross section at bankfull stage in a riffle
cross-section.

Wetted Perimeter (P) (feet) is the perimeter of the channel cross section formed by the
bed and banks.

Hydraulic Radius (R) (feet) = (A k) / P is one functional parameter used to describe
resistance to flow

(A pkf) = cross section area (ft%)

P = wetted perimeter (ft)

Hydraulic functions in Summary Table C-3
The Cross Section and distance column references are the same as Table C-1.

Discharge rate (Q) (cfs) =V (A k)

Velocity (V) (ft / sec) = (1.487 x R** x (S / 100)"*) /n

e 9

n = Mannings “n” coefficient
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Shear Stress (pounds / ftz) =624xRxS
62.4 = density of water (Ibs / ft’)

Shear Velocity = (32.2 x R x S)"?
32.2 = gravitational acceleration (ft / sec?)

Unit stream power (Ibs/ft/sec) = power / unit area = density of water x Q x S/W = Shear
Stress x V
Density of water = Ibs / ft’

Froude number = V?/ 32.2 x Maximum Bankfull Depth (d mbke)

This is a dimensionless number expressing the ratio of inertial to gravitational forces.
Values less than 1 are termed sub critical and are characteristic of relatively deep, slow
stream flow. Values of 2q denote “critical” flow. Values greater than 1 are termed
supercritical and are characteristic of shallow fast streams.

Friction Factor u/u*= V/ shear velocity
Values vary from about 2 for rough streambeds to 16 for smooth.

Threshold grain size (mm) is the size particles predicted to be at “the threshold of
motion” at the shear stress calculated. It is found from Shield’s curve, which is a plot of
particle size against the critical shear stress or the shear stress required to initiate
movement.
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Table C-2. Summary table of cross section stream dimensions

Distance
on W
Cross Section longitude X-section Width D max Bank ht flood Depth W‘etted Hydrflulic
(from area prone mean perimeter radius
upstream area

x-sec 20)
P4W-1 2935.0 23.9 61.9 1.8 4.8 76.0 0.4 64.6 0.4
P4W-2 2627.0 19.5 314 2.6 6.0 1250 0.6 36.4 0.5
P4W-3 2318.0 10.8 9.2 2.0 5.7 56.0 1.2 12.0 0.9
P4W-4 1882.0 11.7 12.4 2.5 6.4 74.0 0.9 14.3 0.8
P4W-5a 1604.0 11.1 7.8 1.8 7.0 71.0 1.4 8.9 1.2
P4W-5 1568.0 22.2 15.6 33 8.4 980 1.4 19.0 1.2
P4W-5b 1563.0 12.6 7.5 2.8 6.5 540 1.7 11.4 1.1
P4W-6 1503.0 15.7 22.5 2.6 5.5 47.0 0.7 25.5 0.6
P4W-5c 1445.0 15.2 15.5 3.1 6.2 50.0 1.0 19.5 0.8
P4W-5d 1385.0 7.7 3.9 2.1 5.7 51.0 2.0 4.0 1.9
P4W-6b 1260.0 12.8 12.3 2.5 6.3 62.0 1.0 14.5 0.9
P4W-7 1175.0 10.4 9.0 2.5 64 460 1.2 11.4 0.9
P4W-9 997.0 10.6 5.7 2.3 6.6 20.0 1.9 6.2 1.7
P4W-8 965.0 7.4 3.5 2.4 9.1 28.0 2.1 3.9 1.9
P4W-11 871.0 10.2 7.5 1.6 6.3 16.0 1.4 8.7 1.2
P4W-10 718.0 10.2 9.4 1.2 7.6 11.0 1.1 9.7 1.1
P4W-11c 618.0 8.6 5.5 2.0 5.8 23.0 1.5 8.2 1.0
P4W-11a 537.0 13.2 16.3 2.9 6.3 45.0 0.8 19.9 0.7
P4W-12 465.0 11.5 6.4 2.7 6.1 21.0 1.8 10.5 1.1
P4W-13 405.0 5.8 2.3 2.6 8.6 36.0 2.5 2.4 2.5
P4W-14 367.0 13.0 15.6 2.7 6.9 50.0 0.8 18.4 0.7
P4W-15 302.0 8.8 7.8 1.6 6.0 16.0 1.1 8.3 1.1
P4W-16 277.0 8.1 5.5 1.8 6.4 15.0 1.5 6.4 1.3
PAW-17 255.0 7.7 7.3 1.3 5.9 14.0 1.0 7.5 1.0
P4W-18 233.0 6.1 9.0 1.2 6.0 12.0 0.7 10.0 0.6
P4W-19 208.0 7.3 12.4 2.5 5.3 107.0 0.6 15.2 0.5
P4W-20 60.0 12.0 16.9 2.4 42 NM* 0.7 20.6 0.6
Mean 11.6 12.6 2.3 6.4 60.1 1.2 14.7 1.0
Median 10.8 9.0 2.4 6.3 47.0 1.1 11.4 1.0
Std Deviation 4.5 11.7 0.6 1.1 744 0.5 12.4 0.5
Minimum 5.8 2.3 1.2 4.2 11.0 04 2.4 0.4
Maximum 23.9 61.9 3.3 9.1 1250 2.5 64.6 2.5

* Not measured, > 200 feet
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Table C-3. Summary table of cross section stream hydraulics

Distance
on Discharge . Shear  Shear Unit Friction Threshold
. |longitude Velocity . stream Froude o
Cross Section rate, Q stress  velocity factor grain size
(from =y (U5€) yotesq) (ftisecy  POWEr mumber v~ (mm)
upstream q (Ibs/ft/sec)
x-sec 20)
P4W-1 2935.0 50.1 2.1 0.3 0.4 0.6 0.4 5.6 15.2

P4W-2 2627.0  50.1 2.6 0.4 0.4 1.1 0.3 59 21.8
P4W-3 2318.0  50.0 4.6 1.0 0.7 6.1 0.6 6.4 73.4
P4W-4 1882.0  50.0 43 0.9 0.7 43 0.6 6.3 55.8

P4W-5a 1604.0  50.0 4.5 0.9 0.7 4.4 0.4 6.8 53.2
P4W-5 1568.0  50.1 23 0.2 0.3 0.6 0.1 6.7 12.5
P4W-5b 1563.0  50.0 4.0 0.7 0.6 4.2 0.3 6.7 43.9
P4W-6 1503.0  50.0 3.2 0.5 0.5 1.9 0.5 6.0 333

P4W-5¢ 1445.0  50.0 33 0.5 0.5 2.2 0.3 6.3 32.9
P4W-5d 1385.0  50.0 6.5 1.6 0.9 10.4 0.7 7.3 170.6
P4W-6b 1260.0  50.1 3.9 0.7 0.6 33 0.5 6.4 45.7
P4W-7 1175.0  50.0 4.8 1.1 0.7 6.6 0.6 6.5 84.4
P4W-9 997.0 50.0 4.7 0.8 0.7 4.4 0.4 7.2 52.6
P4W-8 965.0 50.3 6.8 1.7 0.9 12.6 0.7 7.3 197.2

P4W-11 871.0 50.0 4.9 1.0 0.7 5.8 0.5 6.7 76.1
P4W-10 718.0 50.0 4.9 1.1 0.7 53 0.7 6.6 80.5
P4W-11c¢ 618.0 50.0 5.8 1.5 0.9 12.9 0.7 6.6 160.9
P4W-11a 537.0 50.0 3.8 0.7 0.6 34 0.6 6.1 47.7

P4W-12 465.0 50.0 43 0.8 0.7 5.9 0.3 6.7 49.6
P4W-13 405.0 50.0 8.6 2.5 1.1 21.7 0.9 7.6 421.0
P4W-14 367.0 50.0 3.8 0.8 0.6 34 0.6 6.2 48.2
P4W-15 302.0 50.0 5.7 1.4 0.9 8.8 0.9 6.6 148.6
P4W-16 277.0 50.1 6.2 1.6 0.9 11.5 0.8 6.8 181.9
P4W-17 255.0 50.0 6.5 1.9 1.0 12.8 1.3 6.6 255.9
P4W-18 233.0 50.0 8.1 3.5 1.3 31.9 3.0 6.0 840.6
P4W-19 208.0 50.0 6.9 2.7 1.2 23.2 2.5 5.8 518.6
P4W-20 60.0 50.0 4.2 0.9 0.7 4.8 0.8 6.0 64.7

Mean 50.0 4.9 1.2 0.7 7.9 0.7 6.5 140.2
Median 50.0 4.6 0.9 0.7 53 0.6 6.6 64.7
Std Deviation 0.3 1.7 0.8 0.2 7.5 0.6 0.5 184.8
Minimum 48.6 2.1 0.2 0.3 0.6 0.1 5.6 12.5
Maximum 50.3 8.6 3.5 1.3 31.9 3.0 7.6 840.6
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Appendix D. Latitude-Longitude Coordinates for Cross Section End Points

The coordinates for features used in this report were measured with a handheld Trimble
GeoExplorer III® GPS data collection system, using Pathfinder Office software to
differentially correct the data. The data was corrected to the base station operated by the
Institute for Engineering Research and Applications (IERA) Center, located in
Albuquerque, New Mexico. IERA is part of the New Mexico Institute of Mining and
Technology.
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Table D1. Cross section end point coordinates

[Pueblo Canyon P-4 West Cross-Section end-point coordinates

Cross section

North end point (Left bank)

South end point (Right bank)

P4-W 20
P4-W 19
P4-W 18
P4-W 17
P4-W 16
P4-W 15
P4-W 14
P4-W 13
P4-W 12
P4-W 11b
P4-W 11c
P4-W 10
P4-W 11
P4-W 8
P4-W 9
P4-W 7
P4-W 6b
P4-W 5d
P4-W 5c
P4-W 6
P4-W 5b
P4-W 5
P4-W Sa
P4-W 4
P4-W 3
P4-W 2
P4-W 1

dd mm ss.sss
3552 39.10
3552 37.44
35 52 38.57
3552 38.05
3552 38.05
3552 37.93
3552 37.64
3552 37.68
355237.18
3552 36.82
3552 36.42
3552 35.92
3552 33.31
3552 34.52
3552 33.31
3552 32.20
3552 32.08
35523241
3552 32.16
3552 30.55
3552 30.24
3552 30.83
3552 30.72
355229.10
35522595
35522523

35 52 24.80

ddd mm ss.sss

106 13 35.66
106 13 35.17
106 13 33.98
106 13 33.39
106 13 33.39
106 13 33.24
106 13 32.65
106 13 32.36
106 13 31.91
106 13 31.14
106 13 30.04
106 13 29.37
106 13 29.88
106 13 27.43
106 13 29.88
106 13 27.69
106 13 24.27
106 13 26.60
106 13 25.81
106 13 25.46
106 13 24.55
106 13 23.99
106 13 23.78
106 13 21.92
106 13 18.36
106 13 15.86
106 13 12.09

dd mm ss.sss
3552 36.30
3552 38.66
3552 37.05
3552 36.67
3552 36.90
3552 36.99
3552 36.58
3552 36.32
3552 32.75
3552 35.65
3552 35.06
3552 32.55
3552 34.41
3552 32.00
3552 32.27
3552 31.63
3552 30.84
3552 29.70
3552 29.44
3552 29.39
3552 29.21
3552 29.07
3552 28.79
3552 26.58
35 52 24.54
3552 23.01

3552 22.14

ddd mm ss.sss
106 13 36.53
106 13 34.44
106 13 34.90
106 13 36.10
106 13 34.65
106 13 34.13
106 13 33.68
106 13 33.25
106 13 34.54
106 13 32.05
106 13 31.87
106 13 33.64
106 13 33.06
106 13 31.54
106 13 30.07
106 13 29.44
106 13 29.35
106 13 27.30
106 13 26.69
106 13 26.60
106 13 26.25
106 13 26.34
106 13 25.97
106 13 23.75
106 13 19.94
106 13 16.56
106 13 13.69

Geographic Latitude/Longitude North American Datum 1983 State Plane New Mexico
Central FIPS 3002 feet. Cross Section order; upstream (west) to downstream (east)
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Appendix E. Cross Section Charts, Dimensions, and Remarks For P-4 West

The cross sections presented in this appendix are from the most upstream cross section 20
to the last downstream cross section 1. The distances to each cross section are measured
along the stream channel from cross section 20. Refer to Plate 3 for reference.

By convention, distance at each cross section is measured from left to right when facing
down stream and is presented as such. In the east to west oriented Pueblo Canyon, the
left bank is generally to the north.

The horizontal and vertical scales have been normalized to 150 and 15 feet to present
consistent scales between all cross sections. At cross sections that exceed 150 feet, the
full cross section is presented on the right side of the page. At these cross sections, the
ER geomorphic units are related to the cross section shape on the bottom scale.

The horizontal blue line delineates the channel banks at the maximum bankfull depth.
The bankfull stage flow was estimated to be approximately 50 cfs.

The horizontal red line delineates the flood prone height, or approximately twice the
maximum bankfull depth in a riffle or straight stream section. It generally includes the
active floodplain and low terraces, and in most streams is associated with a < 50 year
return period flood rather than with a very rare flood. This feature is used to determine
entrenchment.

The comment section reflects field observations. The comments include descriptions of

potential remediation efforts that could be considered, but is not inclusive of all efforts
that should be considered.
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Cross Sections 20 and 19, first upstream to downstream

NMED 20, 8/29/02 NMED 20, 8/29/02 (entire length)

15 146
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c c
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4 [
e \_\M_,_— —— el "

actividchannel
0 0 T T l T l T T

a 50 100 150 1] a0 100 150 200 240 300
Width of River Left (narth) to Right {south) in (ff) Width of River Left inorth) to Right ¢south) in (f)

dimensions Remarks: Western upstream most cross section, C (DA) type channel, in marshy flood plain. Parallel channel appears to be cutting into northern edge of C6
120 |%section area 07 |dmean unit. Depression at 229 conveys storm water during moderately high flood stage. Upstream of Cross section 20, water flows overbank characterized by
169 |wiclh 206 |wetP features at 161, Consider sediment controls across C8 unit (terrace plains) to drop out sediments over geomorph units with high plutonium concentrations.
24 |dmax 06 |hyd radi South bank along this reach to cross section 11 should be armored (C8B, ¢4 units exposed along high unstable banks). Flood plain units {C4a) should be
42 |bankht 239 |wid ratio protected, particularly on down stream edges where flows resnter active channel sections and erosion intensified
4000 [Wilood prone are] 237 |entratio

NMED 19, 8/27/02
15
e 10 \
3 5 /—'
i
i 50 100 150
Width of River Left (north) to Right (outh) in (fty
dimensions Remarks: 148" downstream of cross section 20, DA type channel transitioned to C, water accelerating through channels from 94' to 124" deepening and
73  |x-section area 06  |dmean widening channel. They are within C6 unit and should be redirected away from bank possibly with engineered structures or natural structures {i.e. root wads)
124 |width 152 |wetP
25  [dmax 05  |hyd radi
53 |bankht 211 |wifd ratig
107.0 [Wilood prone arg|l 87 [entratio

Figure E1. Cross Sections 20 and 19
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Cross Sections 18 and 17, upstream to downstream

Figure E2. Cross sections 18 and 17

NMED 18, 8/27/02
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10 &0 10 160
Wiidth of River Left (north) 1o Right (south) in (f)
dimensions Remarks: 173" downstream, F type channel, nickpoint eroded to bedrock area eroding south bank along C6 unit. South C6 bank at 106" should be armored
61 |xsection area 07 |dmean High banks confine channel and restricts ability to meander, creating high erosion potential in unit of large plutonium inventory
90 [width 100 |[wetP
1.2 |dmax 06 |hydradi
60 [bankht 13.2 |wid ratio
120 |[Wiloodprone argl 1.3 |entratio
NMED 17, B/27/02 NMED 17, 8f27/02 (entire length)
15 15
g1 g 104
oog \\,‘_\ / w5
Tpf c2 B 1
0 0 ! J ‘Cﬂa L i i j
15 65 115 165 1} a0 100 150 200 250
Width of River Left cnorth) ta Right (southy in () ‘Width of River Left (northy 1o Right (south} in (ft)
dimensions Remarks: 185" downstream, B? or Eb? (transitional) type channel, deepening and widening, particularly against high C6 unit at south bank. Sediment
77 |xsection area 1.0 |dmean dampening efforts shauld be made on C6 terrace. C2 floodplain unit eroding at downstream edge
73 |width 75 |wetP
13 |dmax 1.0 |hyd radi
59  [bankht 70 wid ratio
140 |[Wloodproneargl 19  |entratio
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Cross Sections 16 and 15, upstream to downstream

NMED 186, 8/27/02
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Width of River Left (north) 1o Right (southy in ()
dimensions Remarks: 217" downstream, E or Eb? (transitional) Type channel, deepening and widening, particularly against south C6 unit bank, Same as abave for

21  |wcection area 15 |dmean terrace and lower C4 floodplain
55 |width 64 |wetP
18 [dmax 13 |hydrad
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Figure E3. Cross sections 16 and 15
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Cross Sections 14 and 13, upstream to downstream
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Figure E4. Cross sections 14 and 13
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Cross Sections 12 and 11A, upstream to downstream

Figure E5. Cross sections 12 and 11a
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Cross Sections 11C and 10, upstream to downstream

Figure E6. Cross sections 11c and 10
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Cross Sections 11 and 8, upstream to downstream
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Figure E7. Cross sections 11 and 8
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Cross Sections 9 and 7, upstream to downstream

NMED 9, 8/8/02
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Figure E8. Cross sections 9 and 7
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Cross Sections 6B and 5D, upstream to downstream
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Figure E9. Cross sections 6b and 5d
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Cross Sections 5C and 6, upstream to downstream

Figure E10. Cross sections 5c and 6
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Cross Sections 5B and 5, upstream to downstream
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Figure E11. Cross sections 5b and 5
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Cross Sections 5A and 4, upstream to downstream

Figure E12. Cross sections 5a and 4
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Cross Sections 3 and 2, upstream to downstream

NMED 3, 8/2/02 NMED 3, 8/2/02 (entire length)

15 15
g1t e 10
i e
Yo o \v\-—\,ﬂ-‘{(

\——'—\,-rﬂ‘ﬂ/ D . s i . |
0 0 50 100 150 200 250
75 125 175 225
Width of River Left {north) to Right (south) in (f)
Width of River Left (horth) to Right (south) in )
dimensions Remarks: 2258" downstream, E [DA) type channel, multiple channel, coarse sediments being deposited on active flood plain. 3 unit on north bank

10.8  |xsection area 1.2 |dmean
92 |width 120 |wetP
20 |dmax 09 |hydradi
57  |bankht 7.8  |widratig
56.0 |Wood pronearel 6.1 |entratio

NMED 2, 7/30/02 NMED 2, 7/30/02 (entire length)

=
=)

g g
= =
2 =
v \\'\ g o cv_/\»h/\_/
e~
0 ww 0 fl | ez |c1 Yczal ¢ | oo | o2 | fl
100 150 200 250 0 50 100 150 200 250
Wfielth of River Left thorth) to Right (south) in ¢ Width of River Left (north) to Right (southy in (&
dimensions Remarks: 2267 downstream, C (DA} type channel, multiple channels, coarse grained sediments being deposited on active flood plain {aggrading?, channel
185 |x-section area 06 |dmean on north deepeing). C3 unit on north bank.
314 |width 364 |wetP
26 [dmax 05 |hydradi
60 |bankht 504 |wid ratig
1250 |Wilood proneargl 4.0 |entratio

Figure E13. Cross sections 3 and 2
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Cross Sections 1, last downstream cross section
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Appendix F. DOE OB 2001 and 2002 Plutonium-239/240 and Suspended Sediment
Concentrations in Pueblo Canyon Storm Water

The measured plutonium-239/240 and suspended sediment concentrations for 65 storm
water samples are compiled in the following table. The samples were collected in Pueblo
and Acid Canyons during 2000 through 2002. Automated ISCO™ and grab samples were
collected from 9 rainfall runoff events during 2001 and 2002. We estimated mass
transport inventories at EO60 for 6 of the events. Flow estimates for the remaining events
were not available for this report (for example the 10/25/02, 10/26/02, and 11/1/02 storm
events).

Samples collected in several Pajarito drainages during 2000 led us to focus our work in
Pueblo Canyon. Further adjustments to our sampling program included particle size
distribution analysis in 2002. For additional information regarding the development of
our sampling program and the use of this data see Appendix A regarding developing
evaluations and Appendix G for mass transport inventory representations.

Station names are listed in the first column and reflect the canyon name and mileage from
its downstream confluence. For example PU-0.3 is the station at EO60 stream gage in
Pueblo Canyon, approximately 0.3 mile upstream from the confluence with Los Alamos
Canyon. Plate 4 shows NMED storm water locations as well as LANL sediment
surveillance stations. Ten year averages of LANL plutonium measurements were
presented in Figure 12 for the LANL sediment stations.

For the 2001 storm water samples, concentrations of dissolved plutonium, total
plutonium, and plutonium in suspended sediments were measured. Five samples were
filtered, the dissolved phase measured, and designated by F in the second column. UF
designates unfiltered, total, whole water sample analysis. After 2001 only total
plutonium in water and plutonium in sediments were measured. Plutonium is fairly
insoluble and dissolved phase measurements were regularly near detection levels

The date, time, and collection type (automated ISCO or grab sample methods) are listed
in the following 3 columns. The dissolved and total plutonium-239/240 concentrations
are listed in column 6 and measured in picocuries per liter. Suspended sediments were
separated from the water samples, analyzed for plutonium and reported in picocuries per
gram in column 7. The suspended sediment concentrations are reported as milligrams per
liter in the last column.
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NMED Stormwater Locations and LANL Sediment Stations
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Table F1. NMED DOE OB 2000, 2001, and 2002 Plutonium-239/240 and Suspended Sediment
Concentrations in Pueblo Canyon system

Pu-
STATION 239/240 Pu-239/240 | SSC
NAME F/UF DATE TIME | Type (pCi/L) (pCi/g) mg/L
PUN 0.1 F 9/8/2000]  16:30] Grab 0.03 0.06 NA
SFAC 0.01 F 9/8/2000 NA| Grab 2.00 107 NA
AC-0.5 F 9/8/2000 NA| Grab 0.16 0.2 NA
PU 2.0 F 9/8/2000]  18:00] Grab 0.04 0.18 NA
PU 6.7 F 9/8/2000]  16:50] Grab 0.04 0.06 NA
SFAC 0.01 F 10/12/2000]  12:00] Grab 2.6 | Commingled NA
SFAC 0.01 F  |10/13/2000] 15:00] Grab 16.4 38.1 NA
ACO0.5 F 10/12/2000]  12:15] Grab 0.2 0.1 NA
PUN 0.1 F 10/28/2000]  14:00] Grab 0.07 0.22 NA
PU 2.0 F 10/28/2000,  11:08| Grab 0.11 3.92 NA
PU-0.3 F 8/11/2001|  14:58| ISCO 0.02 NA NA
PU-0.3 UF 8/11/2001|  14:58| ISCO 55.8 1.05 53,510
PU-0.3 F 8/11/2001|  15:56| ISCO 0.04 NA NA
PU-0.3 UF 8/11/2001|  15:56| ISCO 46.2 1.5/ 30,100
PU-0.3 F 8/11/2001|  17:17| ISCO 0.037 NA NA
PU-0.3 UF 8/11/2001|  17:17| ISCO 42.8 1.96/ 20,100
PU-0.3 (dup)| UF 8/11/2001|  17:17| ISCO 44.9 NA NA
PU-0.3 F 8/16/2001|  20:37| ISCO 0.47 6.02 NA
PU-0.3 UF 8/16/2001|  20:37| ISCO 253 5.83] 39,400
PU-0.3 F 8/16/2001|  21:37| ISCO 0.046 NA NA
PU-0.3 UF 8/16/2001|  21:37| ISCO 103 5.16/ 19,400
PU-0.3 UF 6/22/2002 1:49, ISCO 161 1.67) 84,500
PU-0.3 UF 6/22/2002 2:29) ISCO 197 4.82| 40,800
PU-0.3 UF 6/22/2002 3:14| ISCO 151 5.52| 24,200
PU-0.3 UF 6/22/2002 3:59] ISCO 123 5.63] 19,500
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STATION
NAME

PUN-0.01

PU-6.7

PU-5.5

PU-0.3

PU-0.3

PU-0.3

PU-5.5

PU-0.3

PU-0.3

PU-0.3

PU-6.7

AC-0.01

PU-5.5

PU-3.8

PU-1.5

PU-0.3

PU-0.3

PU-0.3

PU-0.3

PU-0.3

PU-0.3

PU-0.3

PU-0.3
PU-0.3

F/UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF

UF
UF

DATE
7/18/2002
7/18/2002
7/18/2002
7/18/2002
7/18/2002
7/18/2002
7/25/2002
7/26/2002
7/26/2002
7/26/2002
9/10/2002
9/10/2002
9/10/2002
9/10/2002
9/10/2002
9/10/2002
9/10/2002
9/10/2002

10/25/2002
10/25/2002
10/25/2002
10/25/2002

10/25/2002
10/25/2002

TIME
17:30
17:40
14:03
20:38
21:34
22:34
23:35

0:36

1:24

2:24
13:40
12:55
12:50
14:30
15:00
15:10
15:57
16:52
11:37
12:37
13:37
14:37

15:37
16:37

Type
Grab
Grab
ISCO
ISCO
ISCO
ISCO
ISCO
ISCO
ISCO
ISCO
Grab
Grab
Grab
Grab
Grab
ISCO
ISCO
ISCO
ISCO
ISCO
ISCO
ISCO

ISCO
ISCO

Pu-
239/240
(pCi/L)

0.89
0.49
34
147
124
84
10.8
61.4
85
61.2
0.13
2.64
0.15
27.2
19.1
3.7
7.27
11
1.32
0.88
0.33
2.18

0.15
0.13

Pu-239/240
(pCi/g)

0.04
0.04
0.02
5.88
53
4.07
0.04
3.12
3.96
4.74
0.04
9.1
0.03
3.48
4.07
1.22
3.42
4.12
2.41
2.26
1.82
NA

NA
NA

SSC
mg/L

37,996
13,470
71,200
17,300
17,900
12,900
153,000
39,780
26,120
17,210
5,234
74
5,464
11,621
4,741
781
2,490
2,450
583
341
238
135

46
111

113




STATION
NAME

AC-0.01
AC-0.01
AC-0.01
AC-0.01
AC-0.01

PU-5.5
PU-5.5
PU-5.5
PU-5.5
PU-5.5
PU-5.5

PU-0.3
PU-0.3
PU-0.3
PU-0.3
PU-0.3
PU-0.3

F/UF

UF
UF
UF
UF
UF

UF
UF
UF
UF
UF
UF

UF
UF
UF
UF
UF
UF

DATE

10/26/2002
10/26/2002
10/26/2002
10/26/2002
10/26/2002

10/26/2002
10/26/2002
10/26/2002
10/26/2002
10/26/2002
10/26/2002

11/1/2002
11/1/2002
11/1/2002
11/1/2002
11/1/2002
11/1/2002

TIME

19:50
20:50
21:50
22:50
23:50

18:48
19:48
20:48
21:48
22:48
23:48

12:52
13:52
14:52
15:52
16:52
17:52

Type

ISCO
ISCO
ISCO
ISCO
ISCO

ISCO
ISCO
ISCO
ISCO
ISCO
ISCO

ISCO
ISCO
ISCO
ISCO
ISCO
ISCO

<
<

Pu-
239/240
(pCi/L)

6.03
2.07
0.17

23
1.91

0.05
0.08
0.06
0.02
0.01
0.008

4.54
0.48
0.19
0.15
0.14
0.11

Pu-239/240
(pCi/g)

22.3
NA
NA
NA
NA

0.06
0.03
0.02
0.02
0.03
0.02

2.21
2.37
NA
NA
NA
NA

SSC
mg/L

320
51
38
21
12

1,437
2,458
1,708
1,425
942
515

503
212
68
39
27
19

NA = not analyzed

< indicates measurement was less than minimum detectable activity
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Table F2. Particle Size Distribution for Storm water Samples in Pueblo Canyon

Station
PUO0.3a
PUO0.3b
PUO0.3c
PUO0.3d
PUO0.3e
PUO0.3f
PUO0.3 g
PU5.5h
PU 5.5 h dup
PU5.51
PU55]

PU 5.5 dup
PU 0.3k
PU 0.3 1

PU 0.3 m
PU5.5n
PUG6.7 0
PUN 0.01 p
PUN 0.01 p dup
Pu6.7 q
Pu0.3r
Pu0.3s
Pu0.3t

Date
9/10/2002
9/10/2002
9/10/2002
6/22/2002
6/22/2002
6/22/2002
6/22/2002
7/15/2002

7/25/2002
7/25/2002

7/26/2002
7/26/2002
7/26/2002
9/10/2002
9/10/2002
7/18/2002

7/18/2002
7/18/2002
7/18/2002
7/18/2002

Time
15:10
15:57
16:52

1:49
2:29
3:14
3:58
14:03

21:33
23:35

0:36
1:24
2:24
12:50
13:40
17:30

17:40
20:36
21:34

22:34

Gravel

SO0 -~00 o o OO WO OOOOo

N
ocoomoo

2.0-
1.0

coocoo

¢ o 0o ©0o ¢
Lo O0ONO_RNO R ,R00 R 22000000

o

Percent Weight
Sand (in millimeters)

1.0- 0.5- 0.25- .025- |fine
0.5 0.25 0.025 0.0625] silt
04 42 2 1.1146.1
06 22 1.4 0.6/54.8
0 1.5 21 1.6/50.7
01 03 0.5 0.557.4
0 0 0.1 0.1/53.2
03 03 0.2 0.757.9
0.1 03 0.2 0.9 57.4
1.2 04 5.3 6.8/ 33.4
1.1 3.6 5.5 6.3 32
0.7 138 4.3 9331
09 &7 4.4 7.430.7

1 0 5.4 8.531.5

0 02 0.4 0.3/59.5
01 0.2 0.5 0.3/52.9
0.1 0.3 0.3 0.1/50.9
0 0.1 0.9 2.841.3
04 09 3.6 5.2 42
01 0.2 0.6 1.946.2
0.1 0.2 0.4 2 46
04 06 1.5 3.5/50.1
0.1 0.2 0.3 0.1/54.7
01 03 0.3 0.1147.6
01 03 0.3 0.3 42

Silt
coarse
silt

8.2
6.3
1.4
13.6
24
14.3
10.7
36.5
35.5
36.4
36.7
35.5
4.4

4.6
3.5
35.5
36
17.7
17.4
22.8
3.4
2.6
2.1

total
sand

6.4

total
silt

54.3

61
52.1

71
77.2
72.1
68.2
69.9

68
69.5
67.3
67.1

64
57.5
54.4
75.9

70
63.8
63.4

73
58.1
50.2
441

clay

37.4
34.2
42.6
27.7
22.6
25.5
30.3
13.3
15.3
14.8
14.2
14.6

35
45.3
44.9
19.1
10.6
33.2
33.8
20.7

41
48.6
54.9
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Appendix G. Plutonium-239/240 and Suspended Sediment vs Flow Plots For Storm
Water Runoff Measured in 2001 and 2002

Twelve charts are presented in this appendix. They reflect the relationships of suspended
sediment and plutonium-239/240 concentrations to flows measured at the E060 stream
gage during 6 runoff events. For each chart, time is reflected on the bottom scale,
plutonium or suspended sediment concentrations are scaled on the left, and the flow rate
is presented as the blue line, scaled on the right side of the charts.

Plutonium-239/240 and flow relationships are presented in the charts on the top of each
page. Suspended sediment and flow relationships are presented on the bottom. The
small figures in the charts reflect the analytical measurements for storm water samples
collected during the event. The lines through the small figures that represent the
analytical measurements reflect the calculated concentrations throughout the runoff event
and are based on the equations for the regression correlations of flow to plutonium or
suspended sediment concentrations.

The maximum instantaneous flow rate or peak flow, the daily accumulative rainfall, the
maximum hourly rate, as well as the time from the rainfall centroid to the beginning of
the flow event are presented in the tables below the charts. The plutonium-239/240 and
suspended sediment masses transported past the E060 stream gage are also presented.
We presented mass transport estimates for the first hour of the runoff event, 5 hours into
the event, and at 10 hours. Plutonium-239/240 mass transport is measured in mCi and
suspended sediment is in tons.

The rainfall event on September 9, 2002, was a long, infiltrating, and low intensity rain
over much of the state. It combined with the Bayo wastewater plant discharge (average ~
6 cfs) generating a maximum 28 cfs flow that increased and ebbed during an approximate
10-hour period. Suspended sediment and plutonium-239/240 concentrations were low,
suggesting runoff was minimal. Twenty-two of the 37 runoff events greater than 10 cfs
were less than 30 cfs. This includes the July 18, 2002 event, a storm of shorter duration
but greater intensity, which generated a ‘flashy’ runoff and 3 times more suspended
sediment and plutonium-239/240 mass transported beyond E060 than the event on
September 9.
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Figure G-1. Plutonium-239/240 and Suspended Sediment Concentration Relationships to Flow during
August 11, 2001 Runoff Event

Plutonium-239/240 Concentration vs Flow
400 250
Pu vs flow regression equation
350 ¢ 0.2267
5 y= 8.5845x™ 1 200
2300 | 2_
: R°=055
8250 + T 150 @
@ 3
Y200 1 — 3
E | Pu Conc for individual samples 3
'€ 150 1 100 &
§ | Pu conc based on regression equation
& 100 -
150
50 | °
0 } } } } } =0
0 100 200 300 400 500 600
Elapsed time in minutes
Suspended Sediment Concentration vs Flow
100,000 . . 250
SSC vs flow regression equation
90,000 | y = 36.867x%'
80,000 | R? = 0.69 1 200
70,000 |
-y 1 Flow (cf 1 -
T\g" 60,000 y 150 @
S 50,000 + |SSC for individual samples | 2
@ 40,000 | SSC based on SS vs flow | 1100 i
30,000 |
20,000 1 +50
10,000 -
0 ; ; ; ; ; H 0
0 100 200 300 400 500 600
Elapsed time in minutes
Daily precipitation accumulation 0.71”
Max hourly rate 11:00-12:00 0.55”/hr
Peak Flow Time at E060: 15:10 248 cfs
Peak flow 3 hours 40 minutes after rain centroid
Time into event 1 hour 5 hours 10 hours
Plutonium transport inventory (mCi) 0.91 1.6 1.74
Sediment transport inventory (tons) 1223 1621 1650
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Figure G-2. Plutonium-239/240 and Suspended Sediment Concentration Relationships to Flow during

August 16, 2001 Runoff Event

Plutonium-239/240 Concentration vs Flow
400 . . 250
Pu vs flow regression equation
350 + y = 0.0308x" %%
- 2_ + 200
§ 300 + R™=1
I
< + 150 &
g S
2 200 | —— 3
Né |Pu Conc for individual samples 3
E 50l +100 i
§ Pu conc based on regression
3 100 | R
o 150
50
0 } } } } } 0
0 100 200 300 400 500 600
Elapsed time in minutes
Suspended Sediment Concentration vs Flow
100,000 250
90000 1 SSC vs flow regression equation
’ _ 0.8356
80,000 | Flow (cfs) y = 32.344x 1 200
' RZ2=1
70,000 |
I 60,000 | [SSC for individual samples | 1150 &
m S
E 50,000 | §
(8] o
9 40,000 + [ SSCbased on SS vs flow +100
30,000 |
20,000 - 50
10,000
0 } } } } } 0
0 100 200 300 400 500 600
Elapsed time in minutes
Daily precipitation accumulation 0.52”
Max hourly rate 16:00-17:00 0.35”/hr
Peak Flow Time at E060: 20:35 174 cfs
Peak flow 4 hours 5 minutes after rain centroid
Time into event 1 hour 5 hours 10 hours
Plutonium transport inventory (mCi) 2.04 3.36 3.93
Sediment transport inventory (tons) 373 673 818
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Figure G-3. Plutonium-239/240 and Suspended Sediment Concentration Relationships to Flow during June
22,2002 Runoff Event

Plutonium-239/240 Concentration vs Flow

1200 - 750
Pu vs flow regression
equation + 650
g =73.62Ln(x) - 475.69
S 900+ y " (x) 1 550
2 R* =1
g 1450 —
o Flow (cfs) S
& 600 | / 1350 3
9 o
E i
2 | Pu Conc for individual samples 1 2%
[e]
5 300 - + 150
o Pu Conc based on regression equation
+ 50
0 | | | | | H -50
0 100 200 300 400 500 600

Elapsed time in minutes

Suspended Sediment Concentration vs Flow

300,000 SSC vs flow regression equation | 700
270,000 + 0.7426
’ y =43.629x
240,000 1 R?=0.99 1690
210,000 + 500
= 180,000 + n
g‘ 150.000 1 |SSC for individual samples 1400 ©
£ 150, 2
(&)
9 120,000 + : 1 300 &
|SSC based on SS vs flow regression
90,000 14 1 200
60,000 +
30,000 |, 1100
0 ; ; ; ; ] P 0
0 100 200 300 400 500 600
Elapsed time in minutes
Daily precipitation accumulation 1.38”
Max hourly rate 21:00-22:00 0.80”/hr
Peak Flow Time at E060: 00:45 583 cfs
Peak flow 3 hours 15 minutes after rain centroid
Time into event 1 hour 5 hours 10 hours
Plutonium transport inventory (mCi) 8.66 14.06 14.34
Sediment transport inventory (tons) 2109 3045 3136
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Figure G-4. Plutonium-239/240 and Suspended Sediment Concentration Relationships to Flow during July
18, 2002 Runoff Event

Plutonium-239/240 Concentration vs Flow
400 250
350 +
- 1200
= 300 4 /_ Flow (cfs)
O
L
S 250 11 1150 %
S L
3 200 Pu Conc for individual samples g
ERER 1100 &
5
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50 -
0 } } } } + 0
0 100 200 300 400 500 600
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90,000 + y= 0.2903x 3852
80,000 | R -1 1 200
70,000 +
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2 oo g
@ 40000 | [SSC for individual samples 1 100 2
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20,000 1 150
10,000
0 } } } } } =0
0 100 200 300 400 500 600
Elapsed time in minutes
Daily precipitation accumulation 0.25”
Max hourly rate 15:00-16:00 0.18”/hr
Peak Flow Time at E060: 22:05 53 cfs
Peak flow 6 hours 35 minutes after rain centroid
Time into event 1 hour 5 hours 10 hours
Plutonium transport inventory (mCi) 0.73 1.07 1.59
Sediment transport inventory (tons) 115 248 312
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Figure G-5. Plutonium-239/240 and Suspended Sediment Concentration Relationships to Flow during July
26, 2002 Runoff Event
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Elapsed time in minutes
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Max hourly rate 19:00-20:00 0.42”/hr
Peak Flow Time at E060: 01:35 94 cfs
Peak flow 6 hours after rain centroid
Time into event 1 hour 5 hours 10 hours
Plutonium transport inventory (mCi) 0.91 1.86 2.26
Sediment transport inventory (tons) 297 601 724
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Figure G-6. Plutonium-239/240 and Suspended Sediment Concentration Relationships to Flow during
September 10,2002 Runoff Event
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Pu vs flow regression equation
350 y = 0.0265x°9%°"
-y 2 + 200
= 300 | R*=0.99
(&)
i
3 250 1150 %
& 200 | §
b 3
(=
(<]
5 1004 | Pu Conc for individual samples |
o + 50
50 | | Pu conc based on regression equation
0 - >——9 : : —— : )
0 100 200 300 400 500 600
Elapsed time in minutes
100,000 Suspended Sediment Concentration vs Flow 050
90,000 + SSC vs flow regression equation
_ 1.0817
80,000 | y= 2.26396x 1 200
70,000 | R*=0.92
I 60,000 + 1 150 =
m Y
E 50,000 + Flow (cfs) 2
S [Flow (cfs) | z
8 40,000 + 1100 i
30,000 | |SSC for individual samples
20,000 1 | SSCbased on SS vs flow 150
10,000
0 : : : : : 40
0 100 200 300, . 400 500 600
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Max hourly rate 05:00-06:00 0.32”/hr
Peak Flow Time at E060: 05:45 29 cfs
Undetermined time from rain centroid to peak flow, long low intensity rainfall
Time into event 1 hour 5 hours 10 hours
Plutonium transport inventory (mCi) 0.01 0.09 0.11
Sediment transport inventory (tons) 2 27 32
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