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SUMMARY

In the absence of historic geochemical baseline data for the Grants Mineral
Belt, environmental changes resulting from uranium mine-mill activities can only
be determined by indirect methods. A methodology for determining the age of
recent sediments in streams draining the region has been established based on
combined geomorphic, stratigraphic, and radiometric dating techniques. Because
clay-rich sediments retain possible radionuclides and heavy metals derived from
mineralization and mined sources, sample sites which contain fine-grained deposits
that both predate and postdate mine-mill activity were located in abandoned-
channel segments (oxbows) of major streams draining the eastern Grants Mineral
Belt. Aerial photographs {and derivative maps) taken between 1935 and 1971
provided the historical and geomorphic documentation of approximate dates of
oxbow formation and ages of alluvial fills in the abandoned-channel segments.
Pits were dug at these oxbow sites to determine stratigraphy and composition
of the deposits. Samples collected from pit walis and auger'holes below the
pits were subjected to radiometric analysis by gamma ray spectrometry for the
artifical radionuclide Cs-137 and the natural radionuclide Pb-210 as well as
other U-238 and Th-232 daughters. Because of the dynamic nature of the system,
absolute dating with Cs-137 was not possible but samples could be dated as
either pre- or post-1950. The 1950 date is important because it marked the
beginning of the uranium activity in the region. The Pb-210 dating was not
possible because background Pb-210 was very high relative to fallout Ph-210,

It may be possible to separate effects of uranium mining and milling activity
by comparing U-238 daughter accumulation to daughters in the Th-232 series.

Sediments dated by the correlative Cs-137, stratigraphic, and historic
techniques were then analyzed for radionuclides and trace metals which would
be associated with uranium ores. The U-238 daughters are generally high in.
the region and Tittle difference was observed for their values between the
control site and the sites in the uranium mining and miliing region except for
the Paguate Reservoir site. Recent sediments at Paguate clearly show elevated
levels of U-238 daughters in sediments unambiguously dated after the mid 1950's.
Sediments from the Jackpile uranium mine have been trapped in the reservoir fill.

Trace metals were also analyzed in old and more recent sediments and As,
Se, Cd, Hg, and U show elevated values on a regional basis but no correlation
with age (i.e. pre~ or post-1950). These elevated trace metal values may
simply be due to their association with the regionally mineralized material.

vii



I. INTRODUCTION

A. Research Objectives

The major objective of this research proposal has been to determine
the extent to which active uranium mining and milling operations in the
Grants Mineral Belt of west-central New Mexico may be contributing excess
trace metals and radionuclides to Rio Puerco and Rio San Jose sediments.
Historical baseline data for the region is not available. The Rio Puerco
and Rio San Jose are ephemeral and intermittent streams which drain the
active uranium mining area east of the Continental Divide. Episodic major
floods deliver large quantities of sediments derived from the region of
uranium mineralization and mine-mill activity downstream to the Bernardo-
Elephant Butte reach of the Rio Grande. Sediment delivery is very efficient
because flood flows are largely transmitted through a regional system of
channels confined in arroyo-type valleys. Available historical data on
Puerco-San Jose channel behavior permits identification and sampling of
stream sediments that both predate and postdate onset of uranium mine-mill
operations which began about 1950 (Perkins 1979). In order to determine
trace metal and radionuclide contributions from the uranium industry during
. the past thirty years, the processes of sediment transport and the age of
sediments tested must be established. Therefore, subsidiary objectives of
this proposal include (1) determination of the modes of sediment movements
in the San Jose-Rio Puerco drainage systems and (2) determination of the
age of deposits along and adjacent to the modern drainage channels. Compar-
ison of sediments deposited within the past 30 years (1950-1980) with
earlier sediments from the same area will establish man-induced contribu-
tions to sediments and will provide long-term baseline data on behavior of
the affected drainage system.

B. General Approach

Figure 1 shows the study area, including the Rio Puerco-Rio San Jose
watershed of the west-central Ric Grande basin and relationships between
major streams and uranium mine-mill activity. Procedures used to determine
the processes of sediment transport and deposition, the ages of the sedi-
ments, and the trace metal-radionuclide content of the sediments include
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Figure 1. Location of mines and mills of the Grants Mineral
Belt, gaging stations, and sample sites in the Rio
Puerco drainage basin.



the following categories:
(1) geomorphic evaluation of the fluvial transport and depositional

system from the uranium mines and mills in the headwaters through

the Rio San Jose-Rio Puerco drainage systems, and evaluation of

loci of sediment deposition along the drainages;
(2) historical documentation of loci of deposition to aid in deter-
mining the age of sediments;

(3) field sampling and sediment characterization along the drainages;

(4) Tlaboratory characterization of grain size and grain mineralogy
of sediment samples; '

(58) 1laboratory determination of trace metals and radionuciide concen-

trations in sediments; and
(6) laboratory determination of ages of sediments using radiocactive
Cesium-137 (Cs-137) and Lead-210 (Pb-210).
Categories {2) and (6) should corroborate each other in establishing the
age of a particular sediment layer.

C. Overview of Study Area

Since 1948, New Mexico has supplied more than 40% of the nation's
uranium production, 99.8% of which came from the Grants Mineral Belt
(Rautman 1977). It is estimated that New Mexico has 52% of the United
States reserves of U308 at $ 50 per pound and 16% of the world's reserves
excluding China and the U.S.S.R. (Perkins 1979). As of 1978, there were
35 active uranium mines in the Grants Mineral Belt, as well as five milis
capable {by 1977) of handling about 21,000 tons of ore per day. Until
recently activity in the area was increasing rapidly; nine more mines
are under development (Perkins 1979}, and a large mill to handle Gulf
Mineral Corporation's Mt. Taylor mine is in the planning stage (Rautman
1977). The Tocations of a number of these facilities are shown in Figure
In order to assess the impact of mining operations in the area, it is
important to determine both the present and the past condition of the
river sediments.

A growing population attracted primarily by the mining activity is
Tocated along the Rio San Jose from the Grants area to Laguna (see Figure
with the bulk of the habitation in the stream valley; it is important to



ensure the safety of this population as well as the local Indian population.
Also, the sediments from the San Jose enter the Rio Grande system through
the Rio Puerco and are eventually deposited in Elephant Butte Reservoir.
It has been estimated that the Rio Puerco contributes more than 50% of

the sediment load to the Rio Grande in central New Mexico while carrying
less than 16% of the water (Waite et al. 1972; Popp and Laquer 1980).
Excess metals associated with the sediments may be mobilized in the reser-
voir due to biological activity and the resulting anaerobic conditions
occurring on the reservoir bottom. Surface waters in the Rio San Jose
show higher amounts of uranium, vanadium, molybdenum, and other trace
metals than waters such as the Rio Grande (Brandvold et al. 1981}.

It is imperative that regulatory adgencies such as the New Mexico
Environmental Improvement Division have data of this nature for their
assessments and evaluations. The impact of the recent tailings pond
spill at the United Nuclear mill near Churchrock, N.M. (July 1979) on
the western slope may never be known because baseline data of this type
are not available.

D. Radiometric Dating of the Sediments

1. General

Three types of radioactive isotopes are present in the environment:
those of primordial, cosmic-ray, and artificial origins. Although those
of primordial origin are by far the most widely used in radiometric dating,
methods based on all three types of radionuclides are presently employed.

Examples of dating methods based on primordial radionuclides, or on
the decay products of these nuclides, include K-Ar, U-Th, and Pb-210
dating. These methods, as well as methods using isotopes of cosmic-ray
origin, are based on changes in the isotopic composition of the sample
with time. Such changes will begin to occur, as a result of radioactive
decay, once the sample is closed to the nuclide(s) in question. The time
elapsed since this event can then be determined from the initial and final
isotopic compositions.

Isotopes of artificial origin, such as Cs-137, Co-60, and Mn-54 have
also been used in radiometric dating. In contrast to the previous methods,



however, most methods of this type are based on the irregular rate of
influx of these isotopes, or on their absence in the environment before
1945 (Krishnaswami and Lal 1978).

The use of radionuclides with relatively short half-1ives, such as
Pb-210 and Cs-137, to date recent sediments such as those in this study
and establish anthropogenic inputs of metals is now well-established.
This subject has been reviewed by Krishnaswami and Lal (1978).

Robbins and Edgington (1975) . have used both Pb-210 and Cs-137
to establish anthropogenic inputs of lead from coal and gasoline use to
Lake Michigan sediments. Bennington {1978) has used Pb-210 to determine
Tead fluxes in Long Island Sound, and Smith and Walton (1980) have used
Cs-137, as well as pollen assemblages, to determine the sedimentation
rate in a fjord in Quebec. Determination of Pb-210 by direct gamma ray
spectrometry, by far the simplest method (and the method used in this
study) has been discussed by Giggeler et al. (1976) and Schery (1980).

A major concern in dating these sediments will be problems of mixing
and redeposition which may affect the distribution of the radionuclides.
This is due to the dynamic nature of this system as opposed to the normal
application to areas such as lakes and estuaries which have a well-behaved
depositional pattern.

2. Pb-210 dating

Pb-210 is a naturally occurring isotope with a half-1ife of approx-
imately 22.3 years (Lederer 1967). Along with Ra-226, Rn-222, Pb-214,
and a number of other isotopes, it is an intermediate in the U-238 decay
series {see Figure 2).

Because radon is a gas at room temperature, a fraction of the Rn-222
produced by the decay of Ra-226 in the crust diffuses into the atomosphere,
where it in turn decays (via a series of very short-l1ived intermediates)
to Pb-210. This isotope is then removed from the atomosphere {over a
period of several days) by both wet and dry precipitation (Krishnaswami
and Lal 1978}. Since Pb-210 is very strongly bound by sediments, virtually
all of this influx will be trapped by the surface layer of the soil or
sediment.
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In addition, a certain amount of Pb-210 is being constantly
produced within the sediment itself by the decay of other nuclides
in the U-238 decay series. This Pb-210, termed supported Pbh-210, will
be in radioactive equilibrium with its precursors so long as the system
remains closed with respect to all of the species involved (Jenne and
Wahlberg 1968).

The activity of the supported Pb-210 in a sample may thus be deter-
mined directly by measuring the activity of Pb-214 or any other isotope in
the decay series with which the supported Pb-210 is in radicactive equilib-
rium. (Alternately, it may be assumed to be equal to the activity of a
similar but older sample, in which the unsupported Pb-210 has decayed
away). From the activity of the supported Pb-210 and the total Pb-210
activity, the unsupported (atmospheric) Pb-210 can be calculated (Krish-
naswami and Lal 1978).

Since the influx of atmospheric Pb-210 to the surface layer will
essentially end once this Tayer is covered by additional sediment, the
activity of unsupported Pb-210 in the layer will thereafter decline expo-
nentially with time. The age of the sediment - or, more correctly, the
time since its burial - can therefore be calculated using the radiocactive
decay equation, A(t) = A(0) exp(-0.693 t/ti), where A(0) and A{t) are the
activities of the nuclide at time zero and at time t, respectively. In
many cases, the value of A(0) can be taken to be equal to the present
activity of unsupported Pb-210 at the surface of the sediment (Krishnaswami
and Lal 1978).

This method has been used in recent years to date a number of sediment
samples (as well as various non-sediment samplies) up to 100 years in age.
The maximum age is Timited by the initial concentration of Pb-210, by the
counting statistics, and by the ratio of supported to unsupported Pb-210.

3. (€s-137 dating

Cs-137 is an artificial radicisotope formed by nuclear fission, and
has a half-1ife of approximately 30.0 years (Lederer 1967). It has been
introduced into the atmosphere, in irregularly varying amounts, since
aboveground nuclear testing began in 1945 (Krishnaswami and Lal 1978;
Durham and Jashi 1980).



As is the case with Pb-210, Cs-137 is strongly bound by sediments.

It will therefore become trapped by the uppermost layer of the sediment,
and as this layer is buried by succeeding ones, a sequence of sediment
layers having the same irregular variations in Cs-137 concentration will

be built up. This should be true, as pointed out by Ritchie, even in areas
where sheet or gully erosion processes predominate {Alberts et al. 1979).

Dating of the sediment is thus possible by determination of the Cs-137
concentration in each interval in the sediment sequence, and by correla-
tion of the resulting pattern of Cs-137 concentrations with the pattern of
atmospheric levels since 1945 (Krishnaswami and Lal 1978). The concentra-
tion of Cs-137 in the atmosphere peaked sharply (at Tevels more than an
order of magnitude higher than in previous years) in 1958-1959 and 1962-
1963, with a further peak in 1971 (Wise 1980).

As a result, it is on these intervals, and on the first appearance of
detectable amounts of Cs-137 in the late 1940's or early 1950's that a
correlation is generally based.

This method has also been used to date a variety of sediment and
non-sediment samples. Unlike Pb-210 dating, however, this method generally
requires the analysis of considerable portions of the sedimentary record,
and not merely individual samples. Only limited dating may be possible,
therefore, in those cases where critical portions of the sedimentary record
are not preserved.

E. Factors Affecting Radioisotope Uptake by Sediments

1. Uptake as a function of grain size

It has been shown by a number of authors that Pb-210, (Robbins and
Edgington 1975; Goldberg et al. 1978) Cs-137 (Smith and Walton 1981;
Edgington and Robbins i975) and various other radionuclides are significantly
enriched in the finest size fractions - a finding which is in adreement with
the greater surface area, cation exchange capacity, and hydrous metal oxide
and organic contents of these fractions. As a result, the activities of
both Pb-210 and Cs-137 may be significantly affected by the silt and clay
content of the samples.



Such an effect {which has generally not been significant at sites
chosen in previous studies) may be corrected for in a variety of ways.
First, the concentration of stable lead or cesium adsorbed by each sample
can be determined, and the activities of the Pb-210 or Cs-137 normalized
to these values. This approach, however, is based on the assumption that
nearly all of the element in question is present as ions adsorbed onto
the surface of the particles, and not trapped within the framework of the
silicate or metal oxide structures. Such an assumption, although it may
be warranted for cesium on account of its large ionic radius, is probably
not true for lead, which is scavenged by the hydrous metal oxide phase
(Lewis 1977). (In addition, a portion of the lead will be of anthropogenic
origin, and will not have been added at a constant rate).

Alternately, several samples of identical age - such as surface samples
- can be analyzed for Pb-210 or Cs-137, and an attempt made to determine
an empirical correlation between the activity of the isotope and the per-
centages of the different size fractions. This empirical relationship can
then be used to normalize the Pb-210 or (s-137 activities of the remaining
samples.

Finally, sampies can be chosen which are all of similar lithology, or
which can be mechanically separated to remove certain of the size fractions.
Coarser sand fractions, for example, could be removed by passing the sample
through a screen or sieve of appropriate size, while silt and clay could
be removed manually if it is present as discrete, cohesive layers.

2. Uptake as a function of time

Although the annual flux of Pb-210 to sediments has been shown to remain
relatively constant from year to year, (Benninger 1978; Krishnaswami and Lal
1978) the same is not necessarily true over shorter periods of time. The
atmospheric concentrations of both Pb-210 (Peirson et al. 1966) and Cs-137
{Burton and Stewart 1960) in fact, have been shown to fluctuate at some
sites by nearly an order of magnitude over periods of several days, and also
from season to season. Such behavior is indeed not surprising, as weather
conditions will clearly affect the transport of nuclides such as Rn-222,
Pb-210, and €s-137 within the atmosphere, as well as the emanation of radon
from crust. By scavenging locally available Pb-210 and Cs-137, rainfall



can also be expected to cause temporarily increased (and later decreased)
fluxes of both of these isotopes {Krishnaswami and Lal 1978).

As mentioned by Krishnaswami, this effect has not been significant
in most previous studies because deposition has been continuous and indi~-
vidual samples have typically represented a year or more of such depesition.
In contrast, most samples in the present study appear to represent single
brief episcdes of sediment deposition, probably lasting a few days to at
most a few weeks. It seems inevitable, therefore, that some of these
irregular variations will be preserved in the final pattern of Pb-210 and
Cs-137 activities of the samples in this study.

Nevertheless, it should be recognized that dry deposition of these
isotopes will generally continue even after sediment deposition has ceased.
Since dry rather than wet deposition may in fact be the major source of these
isotopes in arid areas (Turekian et al. 1977) considerably smaller random
variations in activity may therefore result. For the same reason, any
variations in Pb-210 and Cs-137 uptake due to the differing lengths of
time which the samples spend in contact with the water during deposition
(Smith and Walton 1980) will also be partially masked.

F. Other Radionuclides

In addition to Pb-210 and Cs-137 which can be used for radiometric
dating, other radionuclides such as Th-234, Ra~226, Pb-214, and Bi-214
(as well as Pb-210) from the U-238 decay series (see Figure 1) may be
mobilized in uranium mining and milling activities. The activities of these
radionuclides should, in general, parallel the uranium concentrations in
sediments. One way of separating general radioactivity from the uranium-
related radioactivity is to examine isotopes in the Th-232 decay series.
Such an isotope in the Th-232 series is Ac-228 so it is possible to compare
relative activities of Ac-228 and the U-238 daughters to attempt to sort
out mining and miiling contributions.

G. Trace Metals

A number of trace metals such as As, Se, Mo, and V are often found
associated with uranijum ores and may be mobilized during ore processing.
Such metals are often found in high concentrations in mill tailings in
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the Grants area (Gallaher and Goad 1981) and depending on transport mechanism,
may accompany uranium and its daughters in stream waters and sediments.
Previous work by Brandvold et al (1981) and Popp et al. (1981) in the Rio
Puerco and Rio San Jose indicated Mo and V values were elevated in filtered
water from the Rio Puerco relative to the Rio Grande. Also, suspended
sediments in the Rio San Jose carried greater concentrations of As, Cd,

Co, Hg, Mo, U, V, and Zn than found in the Rio Puerco and Rio Grande.

H. Geologic Setting

1. Drainage basin characteristics

The Rio Puerco drainage basin is more than 200 km long, encompassing
approximately 18,892 kmz. Although most of the drainage basin is less than
2,000 m above sea level, the headwaters 1ie in the Nacimiento Mountains
(up to 3,176 m), the Zuni Mountains {2,821 m), and Mount Taylor (3,345 m)
(see Figure 1). Two major subbasins drain the Grants Mineral Belt, Rio
San Jdose, and Arroyo Chico. Smailer drainages from the Marquez area drain
the easternmost part of the mineralized belt. A particularly important
‘tributary to Rio San Jose is Rio Paguate, which is bisected by the extensive
open pit and waste piles of the Jackpile~Paguate uranium mine complex
(see Figure 3).

The drainage basin straddles. the boundaries between the Colorado
Plateau, Southern Rocky Mountains and Basin and Range physiographic prov-
inces. The upper portions of the drainage basin are underlain by thick
semi-consolidated deposits in the Albuguerque structural basin.

2. Geomorphology of the Rio Puerco and tributaries

The landscape along the Rio Puerco and its tributaries is quite
diverse. Pertinent to this study are the general features of the stream
valleys. The valleys consist of (1) the sloping valley margins, commoniy
cut in bedrock or in semiconsolidated basin fill (see geology), (2) the
valley floor, underlain by thick alluvial deposits, and (3) the incised
axial stream channel {(arroyo) and related features.

The valley side slopes are dissected by tributaries which transport
sediment from the slopes to the valley floor. Some tributaries deposit
sediment in alluvial fans along the margins of the valley floor. Others
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Figure 3. Jackpile-Paguate uranium mine compiex in center
of picture, Rio Paguate drainage and Paguate
Reservoir in lower right. Photograph by J.UW.
Hawley, 1977.
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have become integrated with the arroyo system and contribute sediment to
the axial stream channel.

The valley floor is relatively flat, consisting of sediment layers
built up by flooding from the axial stream when it was not entrenched, and
by deposition from the toes of alluvial fans along the valley margins.
Valiey floors presently are undergoing erosion by lateral and vertical
cutting of surface streams {axial arroyos and dendritic tributary arroyos)
and subsurface tributaries in pipes (natural cave-like passages through clay-
rich sediments).

Rio Puerco and major tributaries have developed distinctive geomorphic
features within their confined arroyo walls. Rio Puerco Arroyo ranges from
145 to 245 m wide between walls 8 to 13 m high in studied reaches. Geo-
morphic features within and adjacent to Rio Puerco Arroyo (see Figure 4)
include (A) the inner channel, (B) point bars along the channel, (C) an
inner floodplain which may include oxbows, (D) with sand plugs, (E) where
the channel has been cut off, (F) erosional and depositional terraces above
the inner floodpiain, (G) vertical arroyo walls, (H) remnants of valley fill
within the arroyo, (I) gently- to steeply-sloping eroded slopes, (J} the
mouths and alluvial fans of soil pipes and tributaries, and (K) uneroded
valley floor.

According to Love et al. (1983), the pattern of the inner channel of
Rio Puerco Arroyo consists of complex meanders, siraight reaches, and
gentle arcuate reaches. Some meanders are very elongate, but overall
sinuosity is about 1.5 {ratio of stream Tength/straight 1ine distance).

" Geomorphological-sedimentological features of the inner channel and
inner floodplain commonly include sand bars and ripple-marked surfaces
along the floor of the inner channel, slightly finer-grained sand bars
along the margins of the inner channel (see Figure 5), natural levees along
the outer margins of the inner channel, a relatively flat floodplain, and
coppice dunes. Chutes across point bars or parallel to the inner channel
produce relief on the inner floodplain. Locally, adjacent to the inner
channel, is a subhorizontal zone where sheet flow occurs during large floods
(Shepherd 1976). Tamarisks commonly are the dominant vegetation, although
willows and cottonwoods are common locally. In broad reaches of the arroyo,
tamarisks die out away from the margins of the inner channel and chamisa

13



Figure 4.

Geomorphic features of Rio Puerco Arroyo and

adjacent 'valley floor in reach downstream from
site 5. Letters are explained in text. Photograph
by K. Novo-Gradac and- A. Gutierrez, June, 1982.
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and four-winged saltbrush dominate.

Sediments accumulate along modern streams in several depositional
environments. Sediments are deposited in channel-marginal bars, along the
margins of point bars, in Tow areas along the inner floodplain, and in
cut-off channels (oxbows). Oxbows are 1ikely to accumulate the thickest
and most fine-grained deposits, so they were sought for study.

Channel meanders can be cut off to form oxbows by two mechanisms.

One mechanism occurs as meanders shift laterally downstream, when one
meander 1oop overtakes the meander loop downstream, causing neck cutoff
(see Figure 6A). Other meanders are cut off by formation of a secondary
channel across the enclosed point bar, forming a chute cutoff (see Figure 6B).
Once a meander loop has been cut off, new channel marginal sand bars called
"sand plugs" build across the mouths of the abandoned meander loop and the
resulting oxbow begins to receive fine-grained overbank sediments when
floods overtop the sand plugs or adjacent floodplain. As oxbows fill, they
become stable parts of the inner floodplain and receive less sediment as
they reach the topographic level of the floodplain. The filling process
may take 15 to 30 years in the Rio Puerco.

Topographically above and adjacent to the modern inner floodplain are
local erosional and/or depositional terraces at one or more levels. Dep-
ositional terraces retain the arcuate form and deposits of abandoned
channel and floodplain (see Figure 4H). Other terraces are eroded scarps
and benches without depositional features. Eolian sand commonly covers the
surface of the terraces.

Tributaries commonly have steeper gradients and have less well
developed channel and inner floodplain features than the Rio Puerco.

3. Bedrock geology ,

The drainage basin is underlain by a variety of rocks and less con-
solidated deposits (Table 1). Point-counts of 212 township and range line
intersections in the drainage basin on the geologic map of New Mexico {Dane
and Bachman 1965), were used to estimate the relative proportions of rocks
exposed. About 6 percent of the drainage basin has exposures of late
Tertiary and Quaternary unconsolidated to semiconsolidated sediments
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Figure 6. Processes of oxbow formation, A. Neck cutoff

by meander migration downstream. B, Chute cutoff
by secondary channel development across point bar.
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Unit Percent

Thick Quaternary sediments (8 percent Holocene fill) 9.4
Upper Tertiary and Quaternary basin fill 6.1
Upper Tertiary and Quaternary volcanics ' 17.0
Lower and Middle Tertiary sediments and

volcaniclastics ' 6.6
Cretaceous sandstones, shale, and mudstones 40.6
Jurassic sandstone, mudstone, 1imestone, and gypsum .7
Triassic mudstone and sandstone 5.7
Upper Paleozoic limestone, mudstone, sandstone 7.5
Precambrian igneous and metamorphic rocks 2.4
Total 100.0

Table 1. Percentages of geologic units exposed in the
Rio Puerco drainage basin.

deposited while the Rio Puerco drainage basin was developing. These
sediments are derived from sources which continue to contribute sediments

to the drainage. Thus, sediments reworked from relatively young basin

i1l are similar to sediments presently being shed from the headwater

areas. Another 8 percent of the drainage basin is underlain by thick
Holocene alluvium with characteristics similar to 20th century alluvium.
About 17 percent of the drainage basin is underlain by Tertiary and
Quaternary volcanic rocks, primarily basalt flows, which contribute 1ittle
runoff or sediment to present streams. Nearly 18 percent of the drainage
basin is underlain by Paleozic to Jurassic sandstone, 1imestone and shale,
including about 3 percent Todilto Limestone and Morrison Formation, the

two major uranium host rocks of the Grants Mineral Belt (the amount of
mineralized rocks at the surface is estimated to be much smaller than 1
percent of the drainage basin area). More than 6 percent of the rocks are
Chinle Formation and Abo Formation, major contributors of red clays to the
basin fi11 and to modern sediments. About 40 percent of the drainage basin
is underlain by Cretaceous sandstones and shales. These relatively erodable
rocks have as much as 600 m of relief and are major contributors of sediment
in modern channels and in valley fills. Precambrian crystalline and
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metamorphic rocks account for about 2 percent of exposures in the drainage
basin, but clasts of these hard rocks are common in basin fill and younger
alluvium,

4. Sources of radionuclides and heavy metals in the drainage basin

As previously mentioned, the major surface occurrence of uranium-bearing
rocks is in outcrop areas of the Jurassic, Todilto, and Morrison Formations
(<1% of drainage basin). Uranium prospects and mines in the eastern part
of the Grants Mineral Belt are discussed by McLemore (1982; Figure 7). Most
surface occurrences of uranium mineralization are sites of mines or prospects.
Further discussion of uranium occurrences in the Rio Puerco drainage basin is
given in Hilpert (1969), Rautman (1980), Perkins (1979), Hatchell and Wentz
(1980), and McLemore (in press}. Many of the mines and mineral occurrences
are underground and have little surface expression other than man-made dis-
turbance. A survey of abandoned mines and prospects (Anderson 1981) revealed
that few prospects had extensive surface disturbance with elevated amounts
of radiocactivity. With several notable exceptions, there appear to be few
surface sources for radionuclides and heavy metals from the Grants Mineral
Belt.

Uranium is also found in Eocene Baca Formation along the southern margin
of the drainage basin (Chamberlin 1981). Uranium mineralization is localized
along the eastern margin of the Ladron Mountains (McLemore 1982) and in
Cerro Colorado, an exhumed volcanic complex near the Rio Puerco west of
Atbuquerque (Hilpert 1969).

Other rocks which may produce above-background trace elements or
radionuclides within the drainage basin include sedimentary copper deposits
along the front of the Nacimiento Mountains (Kaufman et al. 1972), fluorite
(~-sulfide) deposits in the Zuni Mountains {(Goddard 1966} and trace-metal
bearing coal and humate deposits of Cretaceous formations (Bachman et al.
19593 New Mexico Bureau of Mines and Mineral Resources unpublished coai
data files; Siemers and Wadell 1977).

Another possible source of radionuclides and trace metals has been mine
dewatering. Discharges to the Rio Puerco above its confiuence with the
San Jose are approximately 22.7 m3/sec and to tributaries of the San Jose
about 13.2m3/sec {Perkins and Goad 1980)}. The New Mexico Environmental
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Improvement Divison has measured concentrations of trace metals and
radionuctides in mine discharges which exceed New Mexico groundwater
standards (New Mexico Water Quality Control Commission 1982). The same
report also indicates that mill tailings liquids may be contaminating
aquifers. Any of this material entering the drainage systems may be

moved downstream. Total uranium production to date in New Mexico has been
approximately 1.6 x 105 tons with 99% from the Grants Mineral Belt
(McLemore, in press). The Jackpile-Paguate mine is one of the largest open
pit uranium mines in the world, covering about 10.7 kmz. The Rio Paguate
runs through the pit and drains into the Rio San Jose. The sum of activity
related to uranium mining in the region could conceivably mobilize radio-

nuclides and trace metals.

5. Possible reworking of sediments within the drainage basin

Recycling (retransporting) previously deposited sediments may account
for much of the dilution of sediments derived from primary sources in the
drainage basin. Recycling of grains may occur on several scales, including
{1) episodic transport and deposition of loose sediment within the modern
channel, (2) recycling modern sediment by eroding 20th century bank and
floodplain deposits, (3) recycling earlier valley fill by lateral erosion
of arroyo walls, (4) recycling earlier valley fill by vertical erosion at
the base of the modern channel, and (5} erosion of valley fi11 by tribu-
taries. There are no data on episodic transport of sediment within the
modern channel, but bars are deposited and are reworked by later floods.
The distance individual grains are transported probably is related to the
size of the grains (whether they are part of the bedload or suspended load)
and the stream power of individual floods. Some marshy areas along the
modern Rio San Jose above Laguna act as normal sediment traps.

In order to assess the amount of lateral erosion of both 20th century
deposits (floodplain) and earlier valley fill, a 10 km stretch of the
Rio Puerco between sites 1 and 5 was analyzed by determining the course of
the inner channel on 1:4,800 scale maps produced in 1979 by the Army Corps
of Engineers. About 77 percent of the length of the inner channel was
between banks which appeared to be relatively stable (neither eroding nor
receiving sediment). About 9 percent of the length of the channel appeared
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to be impinging on 20th century deposits and, in some cases, clearly
cutting into the inner floodplain. The inner channel impinged directly
onto exposures of older valley fill along 14 percent of the channel.

Yertical cutting into older deposits is difficult to assess because
commonly the channel floor is covered with loose sandy sediment or with
water. In early fall, 1982, however, a large flood removed Toose sediment
from some reaches of the Rio Puerco and it was possible to see that the
channel locally rests on older valley fil1. Nonetheless it is not yet
possible to estimate what proportion of the channel length is eroding
older valley fill.

Pipes and small incised tributaries contribute reworked valley fill
directly onto the inner floodplain and to the inner channel. Larger tribu-
taries recycle sediments from the vallay margins as well as valley fill
directly into the inner channel.

6. Hydrology of the Rio Puerco and its tributaries

The Rio Puerco is an ephemeral stream throughout much of its length,
flowing only in response to precipitation. Water discharge and sediment
transport data from five United States Geological Survey gaging stations
with long-term records within the Rio Puerco drainage basin were analyzed
to determine the size and freguency of floods and the general behavior of
the Rio Puerco. The stations included Bernardo (1940-1982), Rio Puerco
(1934-1976) Rio Puerco above Chico Arroyo (near Guadalupe 1951-1980}, Rio
San Jose at Correo (1943-1980), and Chico Arroyo (1943-1980) (see Figure 1).
The seasonal distribution of flows at the stations (see Figure 8) reflects
the contrasting contributions of spring runoff and summer thundershower
runoff in different parts of the drainage basin. At Bernardo, near the
mouth of the Rio Puerco, the stream flows an average of only 20 percent
of the year. At Rio Puerco, the stream flows 55 percent of the year.
Near Guadalupe, the Ric Puerco flows 53 percent of the year, while Arroyo
Chico flows 45 percent of the year. Although Rio San Jose is perennial
near Grants, at Correo, the stream flows only 40 percent of the year. All
stations are marked by great fluctuations in the amount of flow each
year (see Figure 9).
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stations in the Rio Puerco drainage basin. A. Rio
Puerco at Bernardo, B. Rio Puerco at Rio Puerco,
C. Rio Puerco above Arvoyo Chico, D. Arroyo Chico,
E. Rio San Jose at Correo.
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In general, the amount of flow reflects the amount of precipitation
upstream, but precipitation gages within the Rio Puerco drainage basin
are so few that individual floods can not be traced from individual pre-
cipitation events. Individual flood peaks and Targe daily flows can be
traced downstream from upper gaging stations to Tower gaging stations
(see Figure 10). Commonly there is a loss of water in a downstream
direction, as floods lose water to the channel floor and banks. As in
other streams, the duration and size of floods becomes longer and less
peaked downstream.

The Rio Puerco is infamous for large discharge and high sediment
loads. At the gaging station near Rio Puerco, maximum discharge (Sep-
tempber 23, 1929; stage 5.5 m) was estimated to be 1,070 m3/sec, which
destroyed the railroad bridge along with the stream gage. Suspended
sediment loads of up to 680,000 ppm have been recorded at Bernardo, and
loads up to 400,000 ppm are not uncommon {(Nordin 1963).

Two major problems were encountered with the data sets compiled for
each of the gaging stations. One problem is that daily average flows are
recorded rather than individual flood peaks. Second, floods larger than
base flow (defined by the United States Geological Survey to be a flood
with a recurrence interval of 1.15 years) were also recorded, but base
flow for most stations was redefined every few years, sometimes being
increased or decreased by as much as 127 ma/sec. Therefore similar floods
were not treated equally in different years. Although there is some
correlation between peak flows and daily average flows, the correlation
is not strong enough to predict peak flows from daily average flows.

For example, at Rio Puerco above Arroyo Chico, peak flows of 197 m3/sec
(July 29, 1967) and 96 m3/sec (August 1, 1966} yielded daily average flows
of only 14 m3/sec, and larger daily flows of 30-34 ms/sec resulted from
smaller peak flows of 97 m3/sec (September 12, 1972) and 128 m3/sec
(August 18, 1961)(J. Boyle, 1983, personal communication). The result

of these two prohblems js that it is difficult to compile complete records
of floods at each gaging station with equal precision and therefore impos-
sible to determine the number of floods which may have contributed to
sedimentation in the oxbows. MNonetheless, an estimate of the magnitude
and frequency of large floods passing each gage are shown in Figure 10.
These plots show the relative decrease in numbers of large floods.
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Figure 10.
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gaging stations in the Ric Puerco drainage basin,
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II. METHODS AND PROCEDURES

A. Selection of Sample Sites

In order to select sample sites, the general sources and transport
directions of sediments were determined by examination of maps and aerial
photographs and by field reconnaissance of the drainages. The maps used
included 1:250,000 and 1:100,000 scale maps of the region, and 1:24,000 and
1:62,500 scale maps of segments of the drainage basin and 1:500,000 and
1:24,000 geologic maps. Sites were selected on the basis of (1) their
location within the drainage basin, (2) the degree of development of
abandoned channels which have been active Toci of deposition during the
past 40-50 years and contiguous active stream channels for comparison, and
{3) accessibility. The general areas considered for site location were {A)
upper part of Rio Puerco upstream from all uranium mines, (B) central part
of Rio Puerco in reaches of possible influence of mines and natural
radionuclides, (C) downstream portions of Rio Puerco where radjonuclides
would have had to have been transported, and (4) along major tributaries
directly downstream from mine activity and natural exposures of mineralized
rocks {see Figure 1).

Locations of sample sites were chosen on the basis of comparing the
position of the inner channels of streams on early maps and aerial photographs
with Tater photographs (see site descriptions for comparisons). In each
case, the time of oxbow formation (neck and chute cutoffs) could be bracketed
by comparing dated sequences of photographs (e.g. between 1935 and 1954,
between 1947 and 1954, or between 1954 and 1972). Locations and depths of
samples are given in Table 2.

B. Age of Samples

The age of the cutoffs was partially determined by examination of aerial
photography. Historic photographs (Happ, 1948, plate 4) were used at one
site to help determine the age of the site. In the field, archeological
and historical items were sought in relation to the sample sites. Unfor-
tunately, the only site which yielded an historic artifact {portion of old,
Tight gauge rail for raiiroad) was unsuitable for sampling due to lack of
floods after cutoff. Recently, it was shown that tamarisks can record
annual rings and that deposits may be dated by analyzing where and when
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tamarisk germination took place (R. Hereford, 1982; 1983, written communi-
cation). This technique was used successfully on the sampie site which had
the Teast time control (D. Heath, 1983, personal communication; see Site 2,
below). Surveyors notes, historical accounts and archeological studies
{Betancourt, 1980; Love and others, 1983) were useful in determining long-
term behavior of the Rio Puerco, but were not used for selecting sample
sites. The 1938 date for construction of Paguate Reservoir was provided

by the Laguna Tribal Agency.

C. Surveying Procedures

Topographic profiles across arroyos, detailed stream gradient
determinations and detailed profiles across inner channels were done by
surveying with a theodolite (commonly a 20" instrument with 7.62 m rod).
In two Tocations, profiles across the inner channel were measured with
metric tapes. Elevations were calculated to the nearest centimeter.
Distances were measured to the nearest foot and converted to meters.

D. Estimation of Bank-Full Discharge at Ungaged Locations

Williams (1978) investigated numerous methods of estimating bank-full
discharge. He found that definition of "bank-full" varied from method to
method and that few of the previously proposed techniques came close to
predicting measured bank-full discharge in his more extensive data set.
WiTtliams found that the best estimators of bank-full discharge (Qb) was
the bank-full cross-sectional.area of the stream (Ab, in m2) and the slope
(S, dimensionless, m/m):

Qba. oapl-21 ¢0-28

The equation has a standard error of 0.174 log units or an average standard
error of 41 percent. It accouhts for 96 percent of the sums of squares of
Tog Qb (Williams, 1978). Williams indicated that there appears to be more
error for streams with small bank-full discharges {(which would include the
Rioc Puerco). In spite of the Targe possible error of the estimate, the
equation is better than other presently available techniques (including the
popular Gaukler-Manning equation, Williams, 1978).

The cross-sectional areas of bank-full discharge and slopes of reaches
near the sample sites (estimated using a theodolite) are presented in Table 2
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Cross-sectional Rank-fultl

Site Location area (m?) Stope (w/m) Discharge (mS/sec)
1 16.8 .Q0095 17.2
5 38.2 .0013 51.1
6 97.9 L0011 152.3
8 50.8 .0033 93.6
Sd 1 16.3 . 0057 27.6

TABLE 2. Estimates of "bank-full" discharge for Rio Puerco
at three locations and Rio San Jose at one location,
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along with a possible range in bank-full discharge for each locality. Caution
should be used in interpreting these numbers, however, because the hydraulic
geometry (width, depth, gradient, etc) of the Rio Puerco changes along each
reach and changes with each flow. Studies of the Rio Puerco channel

(Young, 1982) determined that more than 90 percent of the channel along the
lower Rio Puerco has shifted laterally since 1954. The shape of the channel
has changed as well, being relatively wide with Tow banks and unvegetated
point bars in the 1930's to being relatively narrow with high banks in the
1980's. The change in channel shape affects the magnitude and frequency

of overbank floods and the efficiency of transport of sediments.

E. Examination of Sediments and Sampling Procedures in the Field

Sampling at sites consisted of taking 2-kg samples of typical surface
deposits near a designated sample site and by digging and augering below
the surface. Commonly the pits dug to expose stratigraphy and sedimentary
structures were 1.5 m deep, 2 m Tong and 0.75 m wide, with steps cut in the
south wall to Tet in sunlight and to facilitate entry for description and
sampling. Approximately 2-kg sediment sampies were taken in vertical
succession from each unit of interest exposed in the walls of the pits. Once
the floor of the pit had been cleaned, two auger holes were sunk approximately
40 cm apart, using a 7.62 cm-diameter auger which took 15 cm incremental
sampTes. Possibly contaminated material at the very top of each sample was
discarded, as was any contamination visible on the sides of the sample.
Samples from the same depth in both holes were combined in order to insure at
least 2 kg of sample for Tab work. Depths of each hole were checked during
sampling to insure that the same intervals were being sampled in both hoies.
Augers disrupt the sample in part, but chunks of sediment remain intact to
aid description of each sample interval. The Munsell color (chroma and hue),
grain size and texture of each sample were described in the field along with
sedimentary structures and other notable features (such as organic remains
and evaporite crystals within the matrix). The sample number and description
were recorded in one or more notebooks, and the sample was placed in a plastic
sample bag and sealed.
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F. Sampie Handling in the Laboratory

In the taboratory, 450 mi of material were removed from each sample,
using a riffle splitter with 1% cm openings. Any pebbles coarser than 13 cm
were also removed at this point, as were any clay balls (armored mud balls),
twigs, and similar objects.

A series of additional, smaller samples were further characterized by a
variety of technigques. These included wet-sieving through 80- and 230-mesh
U.S. Standard stainless steel sieves (mesh openings 175 and 63 microns,
respectively), examination of the size fractions under a 400X optical
microscope, determination of the percentage of clay-size material in the
finest size fraction, X-ray diffraction analysis of clay-size fractions and
selected sand-size material, and chemical analysis. It was found that copper
contamination was signficant if brass sieves were used so it was necessary to
use stainless steel sieves.

G. Determination of Pb-210, Cs-137, and other Radionuciide Activities

The previously obtained 450 mL splits were mixed to ensure homogeneity
and transferred to plastic Marinelli beakers. These were sealed with tape
and, if Pb-210 analysis were desired, allowed to stand for a minimum of two
weeks to allow for Rn-22Z, and hence Pb-214, ingrowth. Procedures for
Pb-210 followed those of Schery (1980). .

Activities of the radicisotopes Pb-210, P-214, and Cs-137 used for dating
were obtained by gamma spectrometry, using an N-type, high purity germanium
detector. These gamma spectra were obtained using one of three lead-shielded
Ortec Gamma-X spectrometers 1inked to a 4096-channel pulse-height analyzer.
Minimum counting times for Cs-137 and Pb-210 were 4,000 and 16,000 seconds,
respectively, and the energy range of the spectra in both cases was approxi-
mately 0-1500 KeV. For low Tevels, counting times of about 40,000 seconds
were found to be sufficient. Activities of the radionuclides Th-234, Ra-226,
Th-230, Pb-214, and Bi-214 from the U-238 decay series and Ac-228 and Pb-212
from the Th-232 decay series were also determined.

The efficiency of each detector at a number of different energies was
determined by counting several sediment samples impregnated with known
quantities of nine radionuciides (Reference Standard QCY, 44, Amersham Corp.,
Amersham, England). As the efficiencies were found to be largely unaffected
by the mean grain size of the sediment matrix of the standards, values obtained
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from a mixture of equal guantities of medium sand and silty clay were used.
Efficiencies at other energies were found by interpolation, using programs
provided for this purpose by Nuclear Data Corporation {(ND 6600, 1980).

The areas of the Pb-210 peak at 46.5 Kev were calculated using a peak
area extraction program also provided by Nuclear Data (1980). The areas of
selected peaks were checked visually to verify the accuracy of the program,
and to verify that these peaks had been adequately resolved from neighboring
peaks in the spectrum.

Activities of each jsotope {in pCi/g) were calculated from the peak
areas, sample weights, and branching ratios, using previously determined
efficiencies at thése energies. ' The branching ratios for measured Pb-210,
Pb-214, and Cs-137 decays were taken to be 4.05%, 37.2%, and 84.6% respec-
tively {Erdmann and Soyka, 1979). Where necessary, corrections were made for
the presence of peaks at the same locations in background spectra.

H. Trace Metal Analysis

Selected 230- fractions and clay fractions were digested by the following
hydrofiuoric acid-aqua regia-perchloric acid digestion prior to determination
of metals (Johnson and Maxwell, 1981}. The hydrofiuoric, nitric, and hydro-
chloric acids used were redistilled in Teflon (Mattinson, 1972) from Baker
Reagent Grade acids.

For every 1.00 gram of sample added to a Teflon beaker, a few miliiliters
of distilled water were added. Six mL of hydrofluoric acid and 6 mL of aqua

regia were added to the resulting slurry and the solution evaporated to near
dryness in a hood. A mixture of 6 mL of hydrofluoric acid and 2 mbL of
perchloric acid was added and subsequentiy evaporated to dense white fumes
near dryness. The solution was brought up to desired volume with 10% nitric
acid.

In general 2.00 g of 230~ fraction samples and 0.25 g of clay samples
were digested and brought up with 10% nitric acid to a total final volume of
100 mL for analysis. To test the analytical procedures, SY-2, SY-3,
(Canadian Certified Ref. Mat'l.), SL-1 {Canadian Atomic Energy Commission),
and NBS 1645 river sediment were used as standard wmaterials and digested
according to the procedure described above.

Mercury (Hg) was determined by cold vapor atomic absorption on a
Coleman MAS-50 spectrophotometer according to EPA procedures (1979). The
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trace metals As, Cd, Cr, Cu, Mo, Ni, Pb, Se, and V¥ were determined on a
Perkin Elmer 403 atomic absorption spectrophotometer (A.A.) As and Se were
determined by hydride generation with a Perkin-Elmer Mercury Hydride System
(MHS-10)} using electrodeless discharge Tamps. Cr and Cu were determined by
direct aspiration techniques as described by EPA standard methods 218.1 and
220.1, respectively (1979). Mo, Ni, Pb, and V were determined by furnace
techniques on either a Perkin-Elmer HGA 2000 or HGA 400 graphite furnace
as described by EPA standard methods 246.2, 249.2, 239.2, and 286.2
respectively (1979). Generally, charring temperatures 50 to 100 degrees
lower than those recommended as general operating parameters by the manufac-
turer were employed for Pb. Uranium was analyzed spectrophotometrically with
dibenzoylmethane after separation by solvent extraction with tri-n-octylphosphine
oxide adapted from the procedure described by Houston and White {1958).
Generally a 5 mL aliquot of the acid digested material was sufficient due to
the high U levels in the sediments.

Sensitivities for the various metals are shown in Table 2

Metal Sensitivity - ppg (pg/L)
As _ 2.0
Cd 0.3
Cr 1.9
Cu 0.5
Hg 1.0
Mo 1.0
N 1.0
Se 2.0

5000
2.0

Table 3. Ana]ytiéa] Sensitivities for Metals

I. Neutron Activation Analysis Procedure for Ba, Cr, Cs, and Fe

Samples were disaggregated by grinding and approximately 0.500 grams
were placed in plastic vials. The weight, to the nearest milligram, of
gpach of these samples was recorded. After the vials were sealed, they
were irradiated at the Sandia National Laboratory reactory facility.
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Data was collected on a series of samples from the Rio Puerco in the
form of seven day and thirty day counts. These samples varied in order to
represent the various size fractions within a sample, the sample sites
themselves, and the various types of beds sampled at each site. Clays were
chosen as the most representative portion for irradiation since by surface
area phenomena they should concentrate the most trace metals.

The samples were then counted approximately seven days after irradiation
for 4000 seconds and again thirty days after irradiation for 5000 seconds on
a Nuclear Data ND6600 system using MIDAS 7 or MIDAS 8 operating systems. The
detector was a Canberra model 7229 (with a cryostat model 7500) operated at
2000 volts. The data are summarized in Appendix G.

The counts obtained were compared to standard materials SL-1, and
NBS 1645 which were irradiated with each set of samples by standard routines
available from Nuclear Data Corporation. Barium was determined from the decay
of Ba-131 which has a half-life of 12 days. The peaks used for this deter-
mination are a thirty day peak at 124 KeV, a seven day peak at 216 KeV, and
a seven day peak 496.2 KeV. These three peaks are averaged to obtain the
final value and associated analytical error.

Chromium was determined from decays of Cr-51 which has a half-life of
27.8 days. The concentration was determined from the peak at 320.1 KeV in the
thirty day count.

Cesium was determined from the decay of Cs-134 which has a half-1ife of
2.05 years. The concentration is determined from the peak at 797.0 KeV in
the thirty day counts.

Iron was determined from the decay of Fe-59 which has a half-Tife of 45.6
days. The concentration is determined from the peaks at 192.2, 1099.3, and
1291 KeV in the thirty day counts.

J. Determination of Relative Proportions of Silt and Clay

A representative portion of the crushed <63 micron fractions of the
sample was obtained using a riffie splittler with 1.25 cm openings. This
material was weighed to the nearest 0.01 g and dispersed in approximately
100 mL of water. A 1.0 mL volume of 50 g/L sodium hexametaphosphate solution
was added to promote disaggregation of the sediment and prevent flocculation.
The sample was placed on a magnetic stirrer and allowed to stir for approxi-
mately 18 hours. An alternative procedure involved stirring for about
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3 hours in distilled water followed by sonification with a Bronson Sonifier for
8 minutes at a setting of 6.5.

Additional water was then added to the sample, such that the final depth
of Tiquid was egual to the distance which a particle of 2 micron effective
spherical diameter would settle in six hours according to Stokes' Law
(assuming a particle density of 2.6 g/cm3 and a viscosity equal to that of
pure water at the ambient air temperature). The sampie was stirred rapidly
for one minute to ensure complete homogeneity, and allowed to settle for
the six hour period.

The majority of the 1iquid (the clay suspension} was then removed by
siphoning and pipetting, in such a manmer that the material which had settled
to the bottom of the beaker was not disturbed. The latter material was then
transferred to a weighed, stoppered glass tube, and water added until the
Tevel of Tiquid equalled the distance a 2 micron particle would settle in
164 hours. The sample was mixed by repeatedly inverting the tube, and allowed
to settle for the required time. This was repeated two more times. The
majority of the liquid was again pipetted off, and the settling tube dried at
80°C and reweighed. The weight of the silt in the tube was calculated by
difference, and converted to a weight percentage.

K. X-Ray Diffraction Analysis of the Clay Size Fraction

A small quantity of clay-size material was obtained for X-ray analysis
by the ultrasonic procedure treatment previously described. Four oriented
mounts of this fraction were then prepared by placing 15-20 drops of clay
suspension on glass slides and allowing the mounts to air-dry. One mount
was subsequently heated to 350°C for 1 hour and placed in a dessicator con-
taining phosphorus pentachloride. A second mount was heated to 550°C for
1% hours and allowed to cool in air, and a third mount was placed in an
ethylene glycol-saturated dessicator and heated to 60°C for 1.5-2 hours.

A partially unoriented ("smear”) mount was also prepared by placing a thick
past of <2 micron material on a glass slide and spreading it uniformly over
the exposed surface.

Diffractograms were made of each mount, extending from 3° to 33° 20 for
the oriented mounts, and from 3° to 65° 20 for the smear mounts. A Norelco
Philips Model 5001 X-Ray diffractor was used, with CuKa radiation (40KV/20mA),
1° - 4° - 1° s1its, 3% standard deviation, and a recording speed of 2° 20/minute.
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Peak intensities above background were measured, and normalized using the
intensity of the quartz peak at 26.65° 28.

The ratio of discrete montmorillonite to discrete i1lite was estimated
from the (normalized) heights of the montmorillonite and i11ite (001) peaks
at approximately 5.8 and 8.8% 28 in the glycolated slides, assuming a
characteristic jntensity ratio of 4:1(Dr. George Austin, NM Bureau of Mines,
Personal Communication). The ratio of montmorillonite to illite in mixed
layers was arbitrarily assumed to be the same as that of the discrete
minerals, and the proportion of mixed layering estimated from the increase
in height of the peak at 8.8° 20 in the 350° slide over that vesulting from
the shifting of the montmorillonite (001) peak to this position.

The ratio of chlorite to kaolinite was estimated from the (normalized)
heights of the kaolinite (002) and chiorite (004) peaks at approximately
25% 28, assuming an intensity ratio of 2:1 (Dr. G. Austin). The height of
the chlorite (004) peak.in this calculation was that measured in the 550°
slide, and the height of the kaoTlinite (002) peak was obtained by subtracting
this height from the height of the combined peaks in the air-dried slide.

The ratio of illite to kaolinite was estimated from the (normalized)
heights of the i11ite (001) peak in the glycolated slide and the kaolinite
(001) peak, assuming an intensity ratio of 1:1 (Dr. G. Austin}. Again,
the height of the kaolinite peak was calculated from the height of the
chlorite (002) peak at 12.5 - 13% 26 in the 550° slide and the height of the
combined peak at this position in the air-dried slide. This ratio was then
used in conjunction with the previous ratios to calculate the fraction of each
clay mineral (expressed in tenths).s

The calculations can be summarized in the following equations::

..M M/4 - -
mo= g T X(Sy I (M/4))
I 71 + I

may T RS - b - (W)
K* = 82 - C2 , and

C
. - 4
o= — = c » where
3 4
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M, I and S1 are the normalized intensities of the montmorillonite and
i171ite (001} peaks in the glycolated slide, and the combined peaks in the
550° s1ide.

1t should be noted that the values obtained by this method are subject
to considerable inaccuracies, and are therefore only semiquantitative (as
are virtually all estimates of this type).

Relative amounts of the non-clay minerals present in the clay-size
fraction were estimated from smear slides. The peaks used were those of
quartz at 26.650, calcite at 29.40, and clay at 19.8% 20, The intensity
ratios of these peaks were assumed to be 20 : 10 : 2.5 : 1 (Schultz, 1964}.
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ITI. RESULTS AND DISCUSSION

A.  Geologic Description of Sample Locations

1. Rio Puerco

a. Sites 1, 1A, 2, 2A

The study sites near Popalitito Windmill (Table 4, sites 1, 1A, 2A;

Fig. 1) were chosen for their position in the lower part of the drainage
basin and because the oxbow is particularly well developed (Fig. 12).

Figure 13 shows positions of the inner channel in 1954 and in 1979. The
channel cutoff occurred sometime after 1954. There are no known photographs
of the site between 1954 and 1972. During reconnaissance and pit excavation,
no historic artifacts were found to indicate a possible time for channel
abandonment. However, in a related study of the cutoff, Heath (1983,
written commun.) determined that tamarisks growing in the sand plug about 2 m
above the present channel at the downstream end of the oxbow germinated in
1960. Therefore the sand plug was in place in 1960. Heath estimates that the
oxbow formed in 1957. The oxbow at Popalitito continues to be inundated.
Two floods in 1982 (August 28; September 19) flooded the site. Water from the
second flood was still 24 cm deep in February, 1983.

Figure 14 is a cross-arroyo profile of the sample sites, showing the
relative elevation of the present inner channel, the inner floodplain, the
oxbow and the 10 m walls of the arroyo. Profiles of the present inner channel
(Fig. 15) suggest that flooding of the oxbow presently occurs at discharges
of greater than about 17 m3/s (depending on channel geometry and formula used).
Even though channel geometry has changed in the past 25 years, the size
distribution of floods at Bernardo (Fig. 10A) and Rio Puerco (Fig. 10B} suggest
that more than 22 floods have reached the oxbow since 1957.

Sediment within the oxbow is dominated by overbank clay from the Rio
Puerco (Fig. 16 and 17). Although natural pipes and short dendritic tribu-
taries debouch from the arroyo walls into the area of the oxbow, alluvial
fans from these tributaries are minor and do not affect sample site 2-2A.

Detajled descriptions of the trench walls and auger samples are given
in Appendix A. Briefly, in oxbow site 2-2A, laminated silts and clays occur
from the surface to a depth of 2.41 m (Figs. 17 and 18), resting on sand and
coarse sandy gravel of the 1954 channel. Sand interpreted to be part of the
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_SITE

1A
2A
3A

SJ-1
Sd-5
PAG-1

TABLE 4.

QUADRANGLE

Belen NW
Belen NW
Rio Puerco
Rio Puerco

La Mesita Negra
La Mesita Negra
La Mesita Negra

Guadalupe
Guadalupe
GuadaTupe
GuadaTlupe

South Garcia

Mesita
Mesita

UTMG_COQORDINATES

3837000 N,
3837000 N,
3852950 N,
3833060 N,
3884940 N,
3884880 N,
3884880 N,
3940820 N,
3940700 N,
3940900 N,
3940800 N,
3868700 N,
3882760 N,
3883430 N,

326220
325825
317940
317760
322680
322800
322800
302700
302600
301520
301420
304950
286940
288145

Coordinates and Depth of Sampling.
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M m MM m MmmmMmimm @@ oMM

BEPTH (m)

4.27
5.05
6.71
3.94
5.18
8.62
1.72

2.54
0
0
1.50
2.0
2.20

Site Numbers, Topographic Quadrangle Location, UTMG



Figure 12. Oxbow and arroyo walls at site 2. Photograph by
C.Jd. Popp, 1979.
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site 1A (from data of D. Heath, 1983).
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Figure 16. Sample site 2A in oxbow fill. Photograph by J.W.
Hawley, February, 1981.
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Figure 17. Pit exposing laminated silt and clay in oxbow
at site 2A. Photograph by D.W. Love, February,
1981.
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Figure 18. Laminated and structureless silt and clay in upper

1.1 m of oxbow deposits at site 2A. 'Tape measure

is 1.25 cm wide. Photograph by D.W. Love, February,
1981.
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1954 channel continues to a depth of 5.05 m (base of hole). Large clasts at
the base of the hole which prevented further augering suggest that the base
of the 1954 channel was nearly reached.

In sites 1 and 1A, along the present inner channel, deposits to a depth
of 2.07 m consist of fine sand, silt and clay in small cross-laminated beds
which appear to be modern channel-marginal bars deposited under low-discharge
conditions. Below 2.07 m, there are two coarse-grained channel sequences,
one to a depth of 2.92 m and one below 3.0% m to at least 4.27 m at the bottom
of the auger hole. The upper coarse-grained sequence is part of the modern
(post-1950) channel. The lower coarse-grained sequence may be either modern
or a buried channel in the valley fil1.

b, Sites 3, 3A, 4 and 5

Study sites 3-3A, 4 and 5 were chosen because of their accessible
Tocation downstream from the confluence of the Rio San Jose and Rio Puerco
and because the oxbow appeared to be recejving sediments both before and
after 1950, Figure 19 shows the position of the channel in 1936 and 1954,
The present inner channel has shifted about 60 m east of its position in
1954 (Fig. 20; Wells and others, 1982}. Figure ( 19 ) suggests that the
oxbow continued to receive sediments after 1954.

The cross profiie of Rio Puerco Arroyo in this reach (Fig. 20) shows -
extensive development of the floodplain between the inner channel and the
oxbow. The inner channel (Fig. 21) is relatively narrow compared to the
channel at Tocalities upstream and downstream. Alluvial fans from naturai
pipes debouching along the arroyo walls (Figs. 20 , 22 A) have buried the
oxbow at site 3-3A. ‘

The relatively small width and depth of the inner channel at this
locality (Fig. 21) and Tow slope of the reach imply that the threshold bank-~
full discharge under present conditions is about 51 m3/sec. Records at the
Rio Puerco gaging station 2 km downstream suggest that at least 22 ovérbank
flood events have occurred at this locality since 1950. However, because
the oxbow is presently puried by sediments derived from the valley fiil
section to the east (Fig. 22 A and .B), and the present gradient is toward
the present inner channel, floods may not have reached sample site 3-3A
often in recent years.
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Figure 22A. Sample site 3A in oxbow and edge of tributary
fan. Photograph by D.W. Love, February, 1981.
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Figure 22B.

Details of section of valley fill exposed in
arroyo wall adjacent to site 3A. Auger is

5.2 m long.
1981.

Photograph by D.W. Love, February,
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The sources of the deposits are indicated by the sedimentary structures
and grain sizes seen in the pits and auger holes. In pit 3A (Fig. 23 and
Appendix A), sedimentary structures in the upper part of the pit (to 1.04 m)
dip westward and include cross-laminated sand and clay with clay platelets.
The Tower part of the pit and auger hole below include horizontal clay layers
up to 8 cm thick interlaminated with very fine sand and silt. Between 1.67
and 2.54 m, find sand and clay of the former channel margins predominate,
overlying coarser channel sand and pebbly sand. Although it is difficuilt
to choose a Tower boundary for the 20th century deposits because the modern
sands overlie a channel sand within the older valley fill, there is a break
in grain size and amount of moisture at 4.17 m, which may indicate the base of
modern deposits. This elevation is nearly the same as the base of the present
inner channel to the west (Fig. 20). The lower channel deposits continue
to a depth of at least 6.71 m.

Site 4 was an initial auger hole in the 1980 channel and was not
studied further.

The location for pit 5 was chosen along the margins of the present
channel because the sediments beneath the inner channel were water-saturated
and impossibie to excavate. Saturated sand was reached at a depth of 3.94 m
in the auger hole beneath the pit at essentially the same Tevel as the channel
floor. Sediments sampied in the pit and auger hole {Appendix A) are pre-
dominantly cross-laminated fine sand {including climbing ripples) separated
by westward-dipping clay drapes. Near the base of the auger hoie, 0.45 m of
coarse sand with mud balls occur, suggesting that the level of the former
(20th century) channel had been reached. The grain size, sedimentary
structures and clay drapes all indicate that the sediments above the coarse-
grained Tayers were deposited by floods along the margin of the inner channel.

c. Sites 6, 7 and 7A

The oxbow at sample sites 6, 7 and 7A was selected for its position in
the drainage basin upstream from the Rio San Jose and downstream from Arroyo Chico
and other tributaries of the Grants Uranium region and its age. The oxbow
was abandoned between 1935 and 1954 (Fig. 24 ) and was capable of receiving
overbank sediments during the period of uranium mining. As both aerial
photographs show, the inner channel is relatively wide (see also Figs. 5, 25
and 26), The tamarisk-dominated levees along the east bank of the channel
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Figure 24. Oxbow at sites 6 and 7 in 1935 (A) and 1954 (B).
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are relatively high, while the floodplain east of the levees is Tow.

Alluvial fans from active soil pipes and from a recently breached water-
control structure on the valley floor to the east presently dominate
deposition on the floodplain. West of the inner channel is an older, higher
floodplain which is abandoned as an inset terrace. Locally-derived sediments
from tributaries and natural pipes west of the arroyo continue to aggrade
this terrace.

Because the inner channel at this location is wide (Fig. 26}, discharge
must exceed about 150 m3/s in order to reach the floodpiain. The distribution
of floods at Rio Puerco {Fig.10 B) downstream and Arroyo Chico (Fig.10 E) and
Rio Puerco above Arroyo Chico (Fig.10 C) suggest at least 18 floods may have
exceeded the minimum for flooding.

Sample site 6 was placed on a channel-marginail bar at an intermediate
Tevel 9 m west of the east bank of the channel {Fig. 5 above) because the
floor of the inner channel was water-saturated and was composed of coarse
sand. Sedimentary structures within the bar included discontinuously
laminated and cross-laminated sand, fining upward couplets of fine sand, silt
and clay, and coarser, Tow-angle cross-Taminated channel sand {Fig. 27). Below
about 3 m, the two auger holes encountered different stratigraphy although
they were only 40 cm apart. One hole penetrated predominantly coarse sand
with some pebbles and mud balls. The water table was encountered at 4.2 m.
The other auger hole penetrated predominantly sandy clay deposits (mudballs
in part?) below 4 m and continued to be relatively dry to a depth of 5.18 m.
The differences in the two holes may reflect extremely localized deposition
of mudballs or perhaps a clay deposit crosscut by a Tater channel sand.

The upper 50.8 cm of site 7 in the oxbow to the east (Fig. 28; Appendix A)
consists of cross-laminated fine sand, silt and gray clay platelets deposited
in thin (5-10 cm) layers as part of an atluvial fan complex derived from the
valley floor to the east. Below these clay-rich layers, the deposits consist
of layers of cross-laminated fine sand, coarsening downward to pebbly sand
at a depth of 3.31 m. The gravelly sand at this depth may indicate the base
of 20th century deposits. Clay and rusty sand layers below the gravelly
sand to a depth 8.6 m probably are older valiey fili.

Because the upper 50.8 cm of clayey deposits at site 7 had unexpected
geochemistry {(see below), the entire oxbow area was searched for thicker
sections of clay-rich fi1l1. Site 7A was selected 36 m northwest of site 7
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Figure 27. Sedimentary structures of a channel-marginal bar
at site 6. Photograph by DIW. Love, April, 1981.
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in order to sample more than 70 cm of similar clay (Appendix A).Fine sand was
encountered from 1.28 to 1.72 m, suggesting that channel-marginal bars had
been reached below the clays. Geochemical properties of the clay layers in
site 7A, however, were somewhat different from clay layers in site 7 {see
discussion of geochemistry), but no other thick clay deposits were found in
the oxbow, so further checks on natural variations in chemistry of a single
oxbow fill sequence could not be made.

During the 1982 summer rainy season, an artificial Tevee and the valley
floor east of site 7 were eroded badly by a flash flood. The arroyo wall
north of site 7 underwent rapid guilying and the alluvial fan at the surface
of sites 7 and 7A received 15-25 cm of new locally derived sediment. The
flood cut a new tributary arroyo channel in the vicinity of site 6 (Fig. 25},
exposing the stratigraphy of the natural levees and floodplain.

From these new exposures as well as from several shallow auger holes and
the auger holes at 7 and 73, it is apparent that sedimentation in this
abandoned meander was predominantly sandy, with 1ittle clay derived from
overbank flooding near the sample sites. Even the channel margins (both past
and present) are dominated by sand.

d. Sites 8 and 9

The location of sites 8 and 9 was selected because it is upstream from
all major uranium mining, and because meander cutoff occurred between 1936 and
1954 {Fig. 29; c.f. Happ, 1948, Plate 4). The cross-profile of the locality
(Fig. 30) shows the relative elevations of the oxbow and present inner channel.
Extrapolated onto the 1ine of the profile are the pit at site 9 and a remnant
of older valley fi11. Flood access to site 9 may be provided by lower banks
along the inner channel downstream from the cross-profile. Upstream from the
cross-profile, the banks at the head of the oxbow are at least as high as
those of the cross-profile, and no overbank flooding appears to have occurred
recently. i

The two cross sections of the channel near site 8 {Fig. 31) were used
to estimate bank-full discharge at about 93 m3/sec. This amount of flow has
been exceeded at the gaging station 2.4 km upstream between 8 and 10 times
(Fig.10 C). However, configuration of the inner channel has changed con-
siderably during the past 30 years. It is not clear whether large discharges
of equal magnitude have flooded similar areas in the past.
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Figure 29. Confluence of Rio Puerco and Arroyoe Chico in 1935
(A) and 1954 (B),
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The surficial deposits within the oxbow are predominantly sandy. It
remains to be determined whether floods did not deposit silt and clay or
whether floods did not reach most of the oxbow. It may be that the inner
channel has incised to the point where floods do not reach the oxbow.
Alternatively, the gradient of the oxbow may be large enough that flood-
waters drain rapidly back to the inner channel without depositing much silt
and clay.

A major natural pipe debouches into the oxbow 45 m upstream from site 9.
The gradient of the fan and the fine grain size of the sediments suggest
that the clay-rich surficial sediments at site 9 are reworked from the valley
fi11 west of the river.

The uppermost 36 cm of deposits of site 9 (Fig. 32; Appendix A) incTudes
beds of dry sandy clay which may have been reworked from upstream in the oxbow.
Below these beds to a depth of 81 cm is a sequence of couplets 2-tn-3 cm thick
composed of sandy clay grading upward to clay. These couplets reflect repeated
depositional events probably derived from upstream in the oxbow. Below 91 cm
are sandy to gravelly sand layers of the abandoned channel. The base of the
hole at 2.54 m reached pebbly sandy clay and cohesive sandy Toam which may be
the base of the 20th century sandy channel.

Only surface samples were taken along the channel at site 8 because the
channel consisted of water-saturated coarse sand.

e. Sites 10 and 11

Arroyo Chico was examined a few hundred meters upstream from the con-
fluence with Rio Puerco (Figs. 1, 33) where there was an abandoned channel.
Although an inner channel and floodplain had developed, and former channels
had been cut off, the entire system was dominated by sand, so that no thick
clay layers were encountered in augered test holes in the abandoned channel.
Therefore, only surficial samples were taken near the line of the profile
in Figure 33 along with samples of muddy water (discharge from mine-dewatering).

2. Rio San Jdose

a. _Site Sd-1

Site SJ-1 was chosen because of its location between Correo and the
confluence with Rio Puerco {Figs. 1 and 34). Small subsidiary channeils
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Figure 32.

A.
Sample pit in oxbow at site 9. Scale is in

increments of 0.1 m. A. Oxbow and pit.
Photograph by J.W. Hawley, November, 1981.
B. Detailed stratigraphy in wall of pit.
Photograph by D. Heath, November, 1981.
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Figure 34. Aerial photographs showing the area around site
SJ-1 in 1935 (A) and 1954 (B).
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appeared to parallel the majn inner channel as seen in the 1954 aerial
photographs (Fig. 34 B). The channels were located on the ground and tested
for clay layers. One with several clay layers was sampled although the

age of the fill could not be determined in the field.

The present inner channel, 10 to 15 m to the north of the sample site,
has a small cross section (Fig. 35). Bank~full discharge appears to be
ahout 27 m3/sec.

Stratigraphy in pit SJ-1 includes two major fining-upward sequences
from gravel to clay, but individual units within each sequence suggest that
deposition occurred as fil1l of an auxiliary channel. The gravel may have been
deposited when Targe floods spilied from the main channel and were routed down -
the subsidiary channels. With smaller floods, the subsidiary channels received
finer-grained deposits such as cross-laminated sand, silt and clay layers.
Thick clay layers may represent settiing of clay in backwater areas. Thus
within the major cycles are lesser fining-upward deposits 10 to 12 cm thick.
Another facet of the layers at this site are the variety of colors of sands
and clays (Appendix A ). Red sands and clays generally are derived from the
Triassic-Paleozoic terrane which predominates in southern tributaries of the
Rio San Jose. Gray and brown sands and clays are derived from Cretaceous
strata to the north.

b. Site SJ-5

Site SJ-5 is Tocated near the upstream inlet of a large oxbow of the Rio
San Jose immediately upstream from the mouth of Rio Paguate (Fig. 1). The
oxbow was formed when Rio San Jose was rerouted along an artificial chute
cutoff {related to railroad bridges?) sometime between 1954 (Fig. 36) and 1971
(Mesita 7% minute quadrangle). The date of cutoff remains to be established.
Batween 1971 and 1980, 14 floods have been greater than base flow at Correo.
Many of these floods §hou1d have reached the oxbow. Field reconnaissance of
the oxbow revealed that parts of the oxbow are isolated from flooding by eolian
sand dunes and receive only eolian sand and reworked clay eroded from valley
fi11 exposed in low arroyo walls. Although the Rio San Jose presently appears
to have perennial flow of muddy water in the nearby new channel and the sand
plug blocking the oxbow is relatively low, there is more sand than clay in the
thin oxbow deposits.
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The stratigraphy of site SJ-5 (Fig. 37) includes thin (1«2 cm) clay
Tayers interbedded with unlaminated-to cross-laminated, sand {Appendix A ).
The lowest (70-85 cm below the surface) cross-laminated sand includes pebbles
and clay balls up to cobble size indicative of the base of the channel. The
coarse-grained deposits rest on a reddish brown (7% Yr 3/2) mottled clay with
crystals of an unidentified evaporite mineral (probably sodium sulfate).

This clay layer and the sequence of thin sand and clay below is a widespread
deposit which was noted in other auger holes in the oxbow and in exposures
along the present stream channel. This deposit appears to be part of the
older valley fill.

¢. Site PAG-1

Site PAG-1 is Tocated on the deita of Rio Paguate where it encroaches
into Paguate Reservoir (Fig. 36). Paguate Reservoir, built in 1938, is filling
with sediments derived from the Rio Paguate drainage basin. The drainage basin
includes over 10 km2 of uranium mine workings which began to accumulate in
1950. The sample site was Tocated above a topographically low part of the
Rio Paguate channel upstream from the dam, based on the 1935 aertal photographs
(Fig. 36).

Because the surface sediments were nearly water-saturated, no pit was dug.
Stratigraphy in the auger hole included an upper series of layers of dark
grayish brown (10 YR 4/2) clay and silty clay 90 cm thick (Appendix A ).

From 90 to 220 cm are interbedded clays., sandy clays and thin sand beds. The
water table was reached midway through a clayey sand layer at a depth of 110 cm.
It was impossible to sample below 220 cm because the walls of the auger hole
kept collapsing. The upper clay layers are interpreted to be overbank flood
deposits between distributary channels on the delta. The interbedded sand

and clay below are interpreted to be adjacent to a distributary. Perhaps

some of the clay layers are lake deposits within the reservoir,

B. Sample Characterization - Physical and Mineralogical Aspects

Optical and XRD analyses were performed on eighteen selected samples from
four sites and results are shown in Appendix B. As expected, samples of similar
mean grain size were also shown to be relatively similar in mineralogy. Sites
1 and 4 were channel sites and sites 2 and 3 were oxbow sites.
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The most abundant non-clay mineral in all size fractions was found to
be quartz. Feldspar (apparently largely albite, with minor microcline) and
calcite were also present in smalier quantities in all size fractions. Evap-
orites and magnetite were not detectable by XRD, but were noted in field samples
from later sites. The presence of trace quantities of other minerals, including
mica and dolomite, was also suggested, although optical and XRD evidence was
not conclusive.

The most abundant clay mineral in all eighteen samples was found to be
kaolinite. Significant quantities of montmorilionite, i11ite, and chlorite
were sometimes found but varied considerably between samples. Mixed layering
of the montmorillonite and i11ite was also noted.

No systematic variations in mineralogy of individual size fractions with
either site or depth were noted, except for a possible increase in the pro-
portion of chlorite in the clay~size fraction with depth. Furthermore, no
systematic variations were apparent in the proportion of fine-grained material
in samples of a given mean grain size, or in the relative proportions of siit
and clay in this material.

C. Dating the Sediments Using Pb-210, Pb-214, and Cs-137

Both Pb-210 and Pb-214 peaks were clearly resolved by gamma spectrometry,
with full peak widths at half the maximum peak height above background (FWHM)}
of approximately 1.1 and 1.3 KeV, respectively. Peak shapes were consistently
Gaussian, and centroid energies were in good agreement with one another and
with published values (NCRP 1978), again indicating that no significant inter-
ferences were present.

Cs-137 peaks were occasionally less clearly resolved, on account of the
greater full width at half maximum (approximately 1.7 XeV) and the presence of
a neighborihg peak at 665 KeV. The iterative nature of the peak area calcu-
lation, however, does appear to accurately separate the peaks in most cases.
In the remaining cases (marked by small Cs-137 activities and atypical cen-
troid energies of FWHM values), visual estimation of the peak areas was oc-
casionally necessary.

No other interferences were indicated for any of the isotopes in tables
of known peaks from major fission products and isotopes in the U-238, U-235,
and Th-232 decay series.

88



Because of the random nature of the individual radioactive decays, the
measured activities were subject to statistical uncertainties which were in-
versely proportional to the square root of the number of decays measured. It
was therefore possible, for example, to halve the uncertainty in a particular
measurement by increasing the counting time by a factor of four. The typical
counting times of 1% - 24 hours for Cs-137, and 4 - 48 hours for Ph-210, Pb-214,
and Cs-137, thus reflect an attempt to balance the relative errors of the activ-
ity measurements against the counting required. (For example, the longer count-
ing times within each range often correspond to those samples which, on account
of their grain size or depth, could be expected to have relatively Tow Pb-210
or Cs-137 activities). Counting times of about 12 hours were finally adopted.
This time allowed counting statistics to generate relative errors of usually
Tess than 10%, even for the low level isotopes.

In addition to statistical errors, the measured activities may also be
subject to systematic errors in the peak areas and efficiencies used, due to
such factors as differences in self-absorption between sand and clay samples.
The resulting relative errors are expected to be on the order of 10 percent,
and will vary depending on both the nuclide and the detector. Although such
systematic errors should not significantly affect any Cs-137 dating, they
would seriously affect the accuracy of Pb-210 dating of any sample in which
supported Pb-210 levels are high, or in which unsupported Pb-210 levels are
low due to age. This difficulty may be partially overcome by dealing with the
ratio of Pb-210 to Pb-214, rather than the difference between the two values.
In accordance with the radiometric decay equation, this ratio will decay ex-
ponentially with time to a value of unity in any closed system.

Finally, the measured Pb-214 activities will be subject to a further
systematic error due to differences in the rate of radon emanation with
depth. Continual escape of gaseous Rn-222 from a sample can, over time,
substantially lower the amount of supported Pb-210 present. After sealing
of a sample, however, Rn-222 {and hence Pb-214) would re-equilibrate at a
higher level. The calculated Pb-210/Pb-214 ratio, which 1ike the calculated
unsupported Pb-210 activity is based on assumed secular equilibrium between
the measured Pb-214 and supported Pb-210, would therefore be too low in those
samples nearest the surface. To estimate the magnitude of this error, a
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previously counted sand sample was unsealed and allowed to stand for two weeks,
then recounted. The decrease in the measured Ph-214 activity was found to be
0.21+0.04 pCi/g, or 27%. The resulting increase in the measured Pb-210/Pb-214
ratio, if statistical variations in the Pb-210 activities were neglected, would
be 0.40. The typical increase for finer-grained sample would presumably be less.

D. Pb-210, Pb-214, and Cs-137 Activities

The activity of Pb-210 in the 213 samples was found to range from 0.55 to
15.6 pCi/g, with a mean of 1.35. Pb-214 activities ranged from 0.51 to 13.6
pCi/g, with a mean of 1.18. Typical uncertainties for the two nuclides were
on the order of 0.1 and 0.025 pCi/g, respectively; the Targer uncertainty for
Pb-210 as a result of the low probability of v emission.

The ratio of Pb-210 to Pb-214 activities in the samples generally fell in
the range of 0.7 - 0.2, with a typical uncertainty of 0.1 - 0.2. Again, the
uncertainties are due primarily to the relatively high uncertainty in the Pb-210
activities.,

The highest Pb-214 ratio found in any of the samples, including the addi-
tional surface samples collected at other nearby sites, was 2.3. Thus, in sharp
contrast to previously studied areas, the level of supported Pb-210 on the
lower Rio Puerco is greater than the atmospheric (unsupported) Pb~210 flux.
This is presumably the result of natural and mining-related erosion of uranjum-
rich material (such as Morrison Formation outcrops and mine-mill tailings) in
the upper portions of the drainage basin. Such erosion would result in the
transport of elevated amounts of U-238 and its decay products in both soluble
and particulate form.

The measured Cs-137 activities of the samples ranged from <0.002 pCi/g
to 0.73 pCi/g, with most upper core samples falling in the 0.1-0.3 pCi/g range.
Uncertainties were typically on the order of 0.01 - 0.03 pCi/g with 0.03 pCi/g
background levels.

The radionuclide activities of the individual samples are summarized in
Appendix C.

E. Correlation of Pb-210, Pb-214, and Cs-137 Activities with Grain Size

The Pb-210/Pb-214 activityv ratios of the surface clay and clayey silt
samples are plotted in Figure 38. (For the purposes of the plots, the mean
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Figure 38. Pb-210/Pb-214 Activity Ratios in Surface Clay Samples
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grain sizes of the clay samples were arbitrarily taken to be approximately 1u,
those of silty clays approximately 2u and those of silts approximately 30u).
The activity ratios of the silt and sand samples are plotted in Figure 39.

As expected, the ratio is highest in the clay and silt samples (as are
the Pb-210 and Pb-214 activities themselves). Despite the large uncertainties
in the individual ratios, however, it also appears that the ratio varies sig-
nificantly even among samples of similar mean grain size.

The Cs-137 activities of the same samples, plotted in Figures 40 and 41,
also show increases in finer-grained samples and large variations among similar
samples (as illustrated by the seven clay samples, which range in activity from
0.078 to 0.248 pCi/g).

These varfations may be partially explained by fluctuations in the rates
of Pb-210 and Cs-137 deposition over the course of the year during which these
surface samples were collected, and by random variations in the mineralogy of
the clay-size fractions, as indicated in Appendix B. Nevertheless, the vari-
ations appear to be only partially random, as indicated by significantly higher
Cs-137 activities in those clay samples from the upper (oxbow) portion of site
2R, relative to clay samples from similar depths at other sites.

As shown in Appendix B, neither the percentage of clay minerals, nor their
relative proportions, are markedly different in the upper portion of site 2.
The relative proportion of silt- and clay-size material also show no gross
differences.

Nevertheless, the higher site 2 activities, as well as the generally
higher activities of surface samples from the other oxbow sites 3A and 7,

San Jose 1, 4, and 5, and Paguate Reservoir fill indicate that some factor
or factors in the depositional environment of these silts and clays plays a
significant role in Cs-137 deposition.

In determining an empirical relationship between Cs-137 activity and mean
grain size, oxbow and active-channel surface samples were therefore considered
separately. The points were fitted to a curve in which the activity decreased
exponentially with increasing grain size, and this curve was then used to
derive a set of approximate normalization factors (Table 5) used in correcting
the activities of samples from depth for the effects of grain size variations.
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Gs-137 Activity (pCi/g)

Figure 40. Cs-137 Activity in Surface Clay Samples'
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Cs-137 Activity (pCi/g)

Figure 41. Cs-1137 Activity in Surface Siand and Silt Samples
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Mean Grain Size Cs-137 Activity of Sample

(1) Cs-137 Activity of Clay
1.00
0.99
30 0.86
61 0.73
88 0.63
125 0.52
177 0.39
250 0.27
350 0.16
500 0.07
1500 0.01

~Table 5. Normalization factors used in Cs-137 dating.
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F.  Correlation of Pb-210, Pb-214, and Cs~137 Activities with Depth

Interpretation of the activity profiles of the small sites is complicated
by the existence of systematic as well as random variations in grain size with
depth; even in the sandiest channel deposits, for example, the surface layer
may consist of silt or clay. Nevertheless, it does appear that the Pb-~210
activities - and hence the Pb-210/Pb-214 ratios - are higher in surface samples,
reflecting the effects of atmospheric Pb-210 deposition. In contrast, the non-
atmospherically-derived Pb-214 typically reaches its maximum at some point beiow
the surface.

The Pb-210/Pb-214 ratio does not, as expected, decrease to unity with depth.
Rather, it immediately drops froma value of 1 - 2 to a value of approximately
0.8 - 0.9, and generally remains between 0.8 and 1.0 throughout the remainder
of the core. This clearly indicates that the majority of the samples-had not
remained closed with respect to the immediate precursors of Pb-210 (presumably
Rn-222 in particular) during the time between thejr deposition and the sampling.
The magnitude of the discrepancy appears to be approximately 0.1 to 0.5 pCi/g,
in good agreement with the value of 0.4 pCi/g obtained (as previously described)
by measuring the effect of radon emanation on a typical sand samplie. The
radon loss from individual samples will presumably vary with both grain size
and proximity to the surface, being highest in shallow sand samples.

Profiles of normalized Cs-137 activities of samples from sites 1-7
{Appendix D) also show a consistent pattern, with a broad subsurface maximum
followed by a transition, at a depth of a few meters, to samples with littie
or no detectable activity. Although smaller variations are superimposed on
this general pattern, these show 1ittie or no correlation between cores, and
may be due to the same random variations in Cs-137 activity seen in the surface
samples. Alternately, in the case of relatively coarse-grained samples, they
may represent artifacts of the normalization process.

In those samples below the transition in which Cs-137 was reported,
measured activities are typically less than 2 standard deviations above back-
ground after background corrections are made. These occurrences may therefore
represent either contamination of the samples with small quantities of Cs-137
during sampling or handling, or statistical fluctuations in the background.

In the Tatter case, the correspondence of the reported centroid energies with
that of Cs-137 can be largely accounted for by the inclusion of the background

97



Cs=-137 counts in the energy calculation.

G. Pb-210 BDating

Pb-210 dating of the samples was not possible for several reasons, the
most important of which involves the error introduced by radon emanation.
Although it is possible to correct for the effects of radon emanation
(Christensen 1982; Imboden and Stiller 1982) the actual emanation rates at
the sites studied are expected to depend in a complex fashion on the individual
sediment sequence.

Additional factors preventing dating of the sediments include the varia-
bility of the initial unsupported Pb-210 activity among relatively similar
surface samples, and the high levels of supported Pb-210. The latter will tend
to magnify the effect of systematic errors in the efficiency calculations, in
addition to increasing the uncertainty due to counting errors.

H. Cs-137 Dating

Relatively narrow and well-defined maxima in the Cs-137 profiles, on which
most previous dating has been based, were not seen in any of the oxbow sample
sites (Figures 42-44). This may be due either to non-deposition or subsequent
erosion of the sediments corresponding to times of peak Cs-137 fallout, or later
redistribution of the sediments. Such redistribution, if it produces sufficient
upward tailing of the individual maxima, could result in the observed pattern
of a single very broad maximum. The most stable or regular depositional envir-
onment was at the Paguate site where sediments were deposited behind the Paguate
Reservoir dam (Figure 44)}. At this site several maxima were indicated but
a more detailed core segment would be necessary to corrcborate these data.

In the absence of datable maxima in the profiles, the scope of the Cs-137
dating is Timited to determining whether or not significant levels of Cs-137
are present, and therefore whether or not the samples in question postdate 1950.

1. Site 1A - Rio Puerco

The sediment sequence at site 1A, an active channel site, consists primarily
of alternating fine sands and clays (0-208 cm), underiain by coarser sands
(208-249 cm), gravel (249-259 cm}, and further sands. The gravel layer is
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presumed to correspond to the base of the channel sequence, and thus to a
date of circa 1950. "

With a few exceptions, the Cs-137 activities of the samples in the upper
208 cm were sufficient to indicate post-1950 ages, in accordance with the
stratigraphic date (Appendix C). Below 208 cm, the activities fell to zero.
As the mean grain size of these samples was relatively large, however, this
does not necessarily indicate pre-1950 ages for the sediments in question.
Cs-137 dating of this portion of the core was therefore not possible.

2. Site 2A - Rio Puerco

The sediment sequence at site 2A, an abandoned-channel (oxbow) site,
consists of clays (0-152 cm), underlain by further clays interbedded with
increasing amounts of fine sand and silt (152-267 cm), and sands coarsening
to gravel (279-523 cm). The upper clays are presumed to represent the later
stages of oxbow deposition, and the underlying clays and the fine sands the
earlier stages. The position of the base of the oxbow sequence can not be
precisely determined, but should fall between 152 and 267 cm.

With only one exception, the Cs-137 activities of the samples in the
upper 185 cm were high to extremely high, again clearly indicating post-1950
ages. From 185 to 262 cm, activities were lower but still significant. Thus,
assuming the Cs-137 evidence is correct, the base of the oxbow deposit should
fall much closer to 267 than to 152 cm. Activities were zero or near zero
below 262 cm, although the evidence was again inconclusive on account of the

coarse grain size of the sediments (Appendix C).

3. Site 3A - Rio Puerco

The sediment sequence at site 3A, an abandoned channel (oxbow) site,
consists of a mixture of fine sands and clay clasts (apparently from the
nearby bluff face) and oxbow clays (0-163 cm), underlain by fine sands
(163-213 cm). The base of the oxbow deposits is presumed to 1ie between
163 and 254 cm.

The Cs-137 activities of the samples in the upper 68 cm are, with two
exceptions, sufficiently high to clearly indicate their post-1950 ages. Very
Tow Tevels of Cs-137 were also detected in most of the samples from 168 to
254 cm. Because of the longer counting times and lowered levels of back-
ground Cs-137, however, the activities of mahy of these samples were still
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statistically significant. The Cs-137 dating, therefore, again indicates that
the 1950 horizon 1ies close to the lower limit set by the stratigraphic evidence.
Cs-137 dating of the sampies below 254 cm was again not possible because of the
coarse grain size of these sediments (Appendix C).

4, Site 5 - Rio Puerco

The sediment sequence at site 5, an active channel site, consists of gen-
erally fine sand with minor clay and silt (0-290 cm), underlain by sands coars-
ening to gravel (290-353 cm), and further sands. Once again, the gravel pre-

sumably represents the base of the post-1950 channel.

The Cs-137 activities of these samples are low, even in comparison with
the channel sediments from site 1A. The activities of several of the samples
in the upper 198-213 cm are sufficient, however, to indicate post-1950 ages for
this portion of the core. Below 213 cm, the Cs-137 evidence is once again
inclusive on account of the coarse grain size of the samples (Appendix C).

5. Site 6 - Rio Puerco

The sediments sequence at site 6, an active channel site, consists of
generally fine to medium sand, with rare clays and bebb?es {0-295 cm), under-
lain by gravel (295-345 cm) and further sands and clays. The principal gravel
layer, rather than either of the slightly pebbly horizons, is presumed to rep-
resent the base of the recent channel.

The Cs-137 activities of only 2 of the samples {at 0-3 and 46-64 cm) were
found to be statistically significant, and therefore indicative of post-1950
ages. The Tevel of Cs-137 present in the post-1950 samples thus appears to be
extremely low at this site, presumably due primarily to the coarser grain sizes
of most of the channel sands. 1In spite of this fact, however, one additional
Cs-137 date was obtained. The sample in question, a clay sample from a depth
at 457-475 cm, was found to have less than 0.004 pCi/g of Cs-137, clearly
indicating its pre-1950 age (Appendix C).

6. Sites 7 and 7A - Rio Puerco

The sediment sequence at site 7, an abandoned channel (oxbow)} site, con-
sists of silt and clay {0-51 cm), underlain by fine sand (51-213 cm), and
sand grading into gravel (213-437 cm). The base of the oxbow deposits is
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presumed to 1ie at a depth of siightly greater than 51 cm.

The high Cs-137 activities of the samples in the upper 41 cm once again
clearly indicate their post-1950 ages. The Cs-137 activity of the clay sample
at 41-51 cm, however, is Tess than 0.010 pCi/g, suggesting that the 1950 horizon
has been reached. This is once again in good agreement with the depth indicated
by the stratigraphic evidence (Figure 42).

7. Site 9 - Rio Puerco
The sediment sequence at site 9, an abandoned channel (oxbow) site upstream
from all active uranium mining and miiling activity consists of silt and clay

(0-99 cm) underlain by coarse sand and gravel (99-183 cm) grading to sandy clay-
loam (183-254 cm). The base of the oxbow deposit is presumed to be at a depth
of about 100 m.

The high Cs-137 values in the upper 110 cm again clearly indicate a post-
1950 age. Al1 samples lower in the core have Cs-137 activities <0.01 pCi/g
including several clay samples which is in good agreement with depth indicated
by the stratigraphic evidence {Figure 43).

8. Site 1 - San Jdose

The sediment sequence at site on the Rio San Jose consists of interbedded
sands and silt clays to a depth of 120 cm followed by a bluish-gray clay
presumed to be quite old and at the base of the oxbow deposit.

The Cs-137 values decrease to background in the bottom two samples, again
in agreement with the stratigraphic evidence (Appendix C). This oxbow site was
probably part of the active channel a number of times due to the narrow, con-
fined nature of the stream bed. '

9. Paquate Reservoir

This site 1s located in the fill deposits of the Paguate Reservoir which
is only 6 km downstream from the Jackpile open pit uranium mine (see sample
sites, Section III A.c. The entire core was quite uniform being primarily
silty clay interbedded-with fine sand to 220 cm. The core did not penetrate
to below the reservoir deposits. C(s-137 was <.02 pCi/g below 120 cm which
clearly indicates pre-1950 age for the bottom 5 samples (Figure 44). Because
the grain size was uniform in this case, there is no ambiguity to this conclusion.
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I. Radionuclide Distribution

1. General

Naturally occurring radionuclides which are commonly present in uranium
deposits as daughters of U-238 decay (see Figure 2} and which may be transported
away from mining and milling activities are Pb-210, Pb-214, Ra-226, and Th-234.
These radionuclides are not soluble under oxidizing conditions, as opposed to
uranium jtself, and therefore may be transported within the sediment load of
streams. If finer-grained material is responsible for the transport of the
radionuclides, they may be expected to accumulate in the oxbow deposits {or
further downstream in reservoirs), Individual sample radionuciide values are
summarized in Appendix C.

2. Pb-210

Data for Pb-210 are shown plotted as a function of depth at oxbow and
Paguate Reservoir sample sites on Figures 45-51 . A general decrease in Pb-210
activity from recent to older samples from Sites 2 (Figure 45), 7 (Figure 47),
San Jose 1 (Figure 50), and Paguate (Figure 51) is evident. The most striking
differences are at Paguate and Rio San Jose-1 which are the closest sites to
the Grants Mineral Belt. The highest values found were at Paguate at 16 pCi/g
which is about 10x the average level of Pb-210 in the oldest sediments tested.
No trends are apparent at Site 9-Rio Puerco (Figure 49). This site is above
the confluence of the Chico Arroyo which is the furthest upstream from contyribu-
tion of active uranium mining. Samples from Site 9 should then be indicative
of regional effects and none are apparent. The values for recent sediments
(from Cs-137 concentrations and aerial photography) are about the same as for
the valley~fill and deep-core sediment samples which may be thousands of years
old. Pb-214, which is in secular equilibrium with Pb-210, shows similar trends
and data are summarized in Appendix E.

A somewhat puzzling set of data for Site 7A is shown in Figure 48. In
order to test the results from Site 7, which showed a decreasing trend in radio-
activity with age, a second field trip to the site was made to sample ancther
portion of the oxbow. As previously described, located upstream from the Rio
San Jose and a minimal amount of mining activity (with the axception of explor-
ation and some dewatering) was present. It was unexpected that radionuclides
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such as Pb-210 would show increased levels and, in fact, as opposed to Site 7,
the 7A Tevels were relatively constant. Site 7A may show dilution of the silt-
clay samples by older valley fill clays from the side walls and tributaries and
what was found for the auger core at 7 may simply be a function of grain size
(more silt-clay, more adsorption of radionuclides).

3. Ra-226, Th-234

These radionuclides, as expected, show exactly the same trends as those
observed for Pb-210. This is expected because they are all members of the U-238
decay series, are insoluble and are strongly sorbed by sediments. The data for

these two isotopes are summarized as histograms in Appendix E. The highest value
found for any radionuclide of 26.85 pCi/g was found for Ra-226 in Paguate Reservoir
sanmple #2 which was found at a depth of 15-30 cm.

4. Ac-228

Actinium-228 is a relatively long-Tived isotope in the Th-232 natural decay
series. The natural thorium concentations found in uranium deposits may not
be elevated 1ike the Th-234 levels because Th-234 is a daughter of U-238. If
this is the case,the Ac-228 levels would not show the drastic increases shown
by U-238 daughters in the mining region. The Ac-228 values at Paguate (Figure
52) does not show any trends with depth which is in stark contrast to the
U-238 daughters. However, the Ac-228 trends at Sites 2 and 7 (Rio Puerco -
Figures 53,54) and Site 1-Rio San Jose (Figure 55) mimic those shown by the
U-238 daughters and suggest that the trends indicated at these sites are simply
a function of grain size as was previously discussed for £s-137 dating(Section III
E). This relationship warrants further investigation.

J. Trace Metal Distribution

The 230-(<63u) fraction of sediments from the core sampies were analyzed
for a number of trace metals including As, Cd, Cr, Cu, Hg, Mo, Pb, Se, V, and
U. A number of these trace metals have been found to have concentrations in
stream sediments in the region which are much higher than crustal abundance
(Brandvold et al. 1981,1981 ) and the Grants Mineral Belt is suspected as a
source. Also, the composition of uranium mill tailings often shows high Tevels
of these same trace metals (Dreesen et al. 1982} and if the tailings material
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is transported by surface waters, the metals may be enriched downstream. In
order to compare similar sediments, the 230- sieved fractions were digested
and analyzed.

1. Trace metals in post- and pre-1950 oxbow sediments

Data for trace metals in core samples from oxbow sites in the streams and
in the Paguate Reservior fill are shown in Table 6. The elements As, Se, Cd,
Hg, and U are considerably elevated above crustal abundances (Krauskopf 1979}.
Mercury values are an order of magnitude higher and uranium two orders of
magnitude higher and mercury is considerably higher in the Rjo San Jose sediments.
As, Se, and U are associated in many of the ore deposits in the region. These
same five elements have previously been reported to be elevated in regional
sediments (Popp and Laquer 1980; Brandvold et al. 1980). There does not appear
to be any significant trend with depth at any of the sites. This is quite
different than the radionuclide resuits. Apparently the solubilities of As, Se,
Cd, Hg, and U under oxidizing conditions are sufficiently high that they are
eventually transported downstream while the radiocactive species measured
(Th-234, Ra-226, Pb-210, and Pb-~214) are less likely to be transported. Because
most of the Pb is not radiocactive, the overall Pb values need not be present
in elevated concentrations even though the radioactive Pb is high.

2.  Trace metals in surface sediments - 230- fractions

Surface sediments collected in the oxbow sites and in Paguate Reservoir
would reflect very recent depositional events and the trace metal analyses
are shown in Table 7 . These sediments show the same trends in concentration
as do the core sediments (Section J. 1.) in that As, Se, Hg, Cd, and U are
elevated above crustal abundance with Hg again highest in the Rio San Jose
sediments. The Paguate Reservoir site has higher U and V values in its surface
sediments as well as elevated Pb-210, Ra-226, and Th-234 which are U-238
daughters. These radiocactive species plus U and V are probably elevated due
to the proximity of the Jackpile mine. The Rio San Jose does not seem to have
a significant effect on the Rio Puerco sediments except perhaps for mercury
as judged by values in the Rio Puerco surface sediments above and below its
confluence with the San Jose.
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611

As

Se

Cd

Cr

Cu

Hg

Pb

Mo

| e o | i = m o

| el

| et m~mc o ™

Rio

Rio Puerco San Jose Paguate
Crustal
2 3 7 A 9 S PAG Abundance
12.4 10.4 12.0 6.3 16.8 11.8 6.7 1.8
8.8 15.0 11.1 - 12.9 8.3 7.2 -
0.40 0.40 0.41 0.13 0.26 0.20 1.3 0.05
0.29 0.58 0.33 0.19 0.19 0.13 0.5 -
0.22 0.30 0.28 0.37 0.32 0.33 0.62 0.15
0.46 0.39 0.24 0.48 0.37 0.37 0.83 -
57 55 53 53 44 51 38 100
57 49 48 29 37 45 32 -
31 79 36 29 63 19 18 50
61 68 49 20 27 17 18 -
0.16 0.24 0.22 0.51 0.22 0.98 0.13 0.02
0.15 0.22 0.18 - - 2.30 0.56 -
22 32 19 - 42 - 25 i3
30 4] 31 47 27 - 30 -
1.4 3.4 1.5 2.7 1.8 2.4 1.4 1.5
5.3 2.8 3.1 1.6 1.8 2.3 2.2 -
115 124 115 108 99 94 110 123
106 97 104 93 134 82 91 -
352 243 560 284 370 425 368 2.7
373 343 398 - 375 300 380 -
Table 6. Trace metal concentrations in auger core 230-{<63u) sediments. Values

in ppm dry weight.

U stands for upper sections determined to be deposited

post-1950 and L stands for lower sections determined to be pre-1950.



Rio Puerco

Rio Puerco

Abgve San Jose Below San Jose Ric San Jose Paguate
As 14 8.5 22 4.6
Se 0.29 0.20 0.15 2.0
Cd 0.32 0.35 0.92 0.31
Cr 48 37 34 43
Cu 73 39 19 20
Hg 0.17 0.67 0.93 0.06
Pb 40 13 9.7 16
Mo 1.3 2.2 1.4 2.4
v - 110 61 95 180
U 420 340 310 550
Cs-137 0.138 0.167 0.184 0.195
Pb-210 1.27 1.16 1.92 5.39
Ra~-226 1.93 2.57 2.41 11.5
Th-234 0.906 1.23 1.06 4.45
Ac-~228 1.19 1.55 1.48 2.02
Table 7. Trace metal concentrations in 230-(<63u) fraction in

surface sediments at oxbow sites. Values in ppm dry

weight.
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3. Trace metals in active channel sediment core samples - 230- fraction

The trace metal data shown in Table 8 for the 230~ in active channel
sediment core samples show about the same trends as all the other sediments.
Again, Hg, Cd, and As show slight elevations in the Rio San Jose sediments.
However, because the 230- fraction is so much larger in the oxbow sediments
than in active channel sediments, the total metals stored in the oxbow sedi-
ments will also be much greater.
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As
Se
Cd
Cr
Cu
Hg
Pb
Mo

Table 8,

Rio Puerco
Below San Jose

10.2
.30
.43

52

53
.42

22

2.6

91

353

Rio Puerco
Above San Jose

10.6
.45
.37

a4

55
.49

21

2.4

92

361

Rio San Jose

35.1
.14
1.32
33
23
1.23
35
.95
88
380

Trace metal concentrations in 230-(<63u) fraction in

sediments from active channel sites.

dry weight.
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IV. SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FURTHER WORK

A methodology for establishing the age of recent sediments in streams
draining a major uranium mining and milling region has been established
based on combined geomorphic, stratigraphic, and radiometric dating techniques.
In the absence of historic geochemical baseline data for the region, environ-
mental changes resulting from uranium mine-mill activities can only be deter-
mined by indirect methods.

The primary goal of geological studies was to determine the age of recent
sediments in order to evaluate possible contributions of radionuclides and
heavy metals to alluvial deposits of the lower Rio Puerco-San Jose drainage
system. These studies focused on (1) processes of sediment transport and
deposition along the Rio Puerco and Rio San Jose downstream from the Tower
Arroyo Chico and Rio Paguate areas, and (2) identification of stream deposits
that immediately predate and postdate the onset of uranium mine-mill activity
in the early 1950's. Because clay-sized sediment is primarily responsibie for
sorption of radionuclides and heavy metals, datable sites of clay-rich sedi-
ments were sought along the drainage system downstream from the major mine-mill
areas of the eastern Grants Uranium Belt. Abandoned channel loops {oxbows)
were chosen for study because they are easy to Tocate on aerial photographs
taken since 1935, can be assigned an age for development, and commonly have
thick clay-rich fi11l. Adjacent reaches of the present stream channel were
studied for comparison.

Pits were dug at oxbow sites to determine stratigraphy and composition
of deposits. Samples collected from pit walls and auger holes below the pits
were subjected to radiometric analysis by gamma ray spectrometry for the
artificial radionuclide Cs-137 and the natural radionuciide Pb-210 as well
as other U-238 and Th-232 daughters. Because of the dynamic nature of the
system, absolute dating with Cs-137 was not possible but samples could be
dated as either pre- or post-early 1950's. The Pb-210 dating was not possible
because background Pb-210 was very high relative to fallout Pb-210.

Sediments dated by the correlative Cs-137, stratigraphic, and historic
techniques were then analyzed for radionuclides and trace metals which would
be associated with uranium ores. The U-238 daughters are generally high in
the region and 1little difference was observed for their values between the
control site and the sites in the uranium mining and milling region except for
the Paguate Reservoir site. Recent sediments at Paguate cliearly show elevated
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levels of U-238 daughters in sediments unambiguousty dated after the mid 1950's.

Sediments from the Jackpile uranium mine have been trapped in the reservoir fill.
Trace metals were also analyzed in old and more recent sediments and As,

Se, Cd, Hg, and U show elevated values on a regional basis but no correlation

with age (i.e. pre- or post-1950). These elevated trace metal values may

simply be due to their association with the regionally mineralized material.

From study of aerial photographs, there appears to be much larger changes
in configuration of the inner channel and inner floodplain between 1954 and
the present (29 years) than between 1935 and 1954 (19 years). These changes
may be related to hydrologic changes in the drainage basin and to changes in
vegetation on the inner floodplain. Many oxbows. particularly those abandoned
prior to 1954, have not developed extensive clay-rich deposits. Instead, the
fi11 1is predominantly sand along with poorly-sorted sediments from smail
tributaries eroding adjacent valley fill. Along the Rio San Jose and the
tower Rio Puerco, sediments from different source areas may be distinguished
in a general way by color.

Although deposits have been placed in a general time framework, correlations
between individual fining-upward deposits and individual recorded floods remain
to be completed. Changes in the geometry of the inner channel and complexities
in the records for gaging stations along the Rio Puerco make it difficuit to
determine the number of floods which inundate each sample area. By tracing
floods downstream from distinctive headwater areas, it may yet be possible
to correlate some sand-plug or inner-floodplain deposits based on further
work with tamarisk germination ages and depth of burial of former surfaces.

The following recommendations are made:

1}  The approach developed in this study can be used to evaluate mine-mill
effects in fluvial environments downstream from the activity. The
procedures should be generally applicable to western mining regions.

2} Sediments deposited in environments closer to mine-mill operations
should be studied, especially in areas which appear to be ‘sinks' such
as Paguate Reservoir and the McCarty's marshes along the Rio San Jose.

3) A study of this nature in the Rio Puerco of the West near Gallup may help
answer questions regarding the effects from the United Nuclear tailings
pond spill in 1979.

4} It may be possible to separate effects of uranium mining and milling
activity from natural background by comparing U-238 daughter accumulation
to daughters in the Th-232 series.
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Appen 1ix

Deptn
{cm)

25-51

5i-5t

Bi=94

94=122

122=13%

135~152

. 152=153

163=173

173-183

183=1%¢

196=2M8

.
P
Tow

Saugle

HO.
1A-1

1A="

iA=3

LAa=7

134=9

1R=9
1A=~19

1A=11

1A=-12

1h=13

1A=14

Megerlotions of 3ample vits aad Aujger bHoles

site 1A
Lascription

surfare sealments from center of cnannel;
silt 2nd clay (57%) witn very trins Lo meoign
sand (43%; 02=570 4). Color 19 Y« 7/3 arys
1% YK 573 wet

silt and clay (938%) «ith minor very fine to
wedaiuam sana (2%y 62=35%0 u). Color 10 YR B/3
arye 10 IR 473 wet

s1lt and ciay (7o%) with very fine to fine
sand [(243%; 62=177 W)e. Oolor 1uv ¥R 6/3 4dry,
19 YR 4/3 set

very fine to fine sand (73s: £2-25u¢ u) witn
silt and clay (24%). Color 10 YK 6/3 dry, 10
¥R 4/3 wet

varyvy fine to coarse sand (61%; 62-1,000 u) with
il and elay in thin jaminae. Color 10 YR 7/3
drys 10 YR 5/3 wet

very fine to wredium sand (50s; 62=350 u) witn
equal silt and clay, Color 10 YR 6/3 dry,
10 YR 4/3 wet,

siit and clay (53%) with fine to medium sand.
Color 10 YR ©/3 dry, 10 YR 4/3 wet

very fine to medium send (58%; 6$2=350 u).
silt and clay. Color 10 YR /3 dary, 10 ¥R 4/3
wel

nase of pits: very flne to medium sand (52%;
62=350 u)

aliost vater-saturated clayey sand; “15% brown
and rea clay, (177=-250 y4) sand

very Wet loose fine sand (58%; 62-38J u) with
brown clay at base, C(Colors predominantly 10
YR 6/3 dry, 10 YR 4/3 wet; some ¢lay has
reddish tinge

clay at top, fine sand (83%: 177«250 u) getting
coarser below. Color 10 YR 7/3 dry, 10 YR 5/3
wet } N

vervy fine sand (65%; #2~710 u) at top,
(lu YR 4/32) clayev nret sana at base,

clavey sand (62-1,4310 u), particularly clayey
at base, Sand (473%), silt and clay (83%).
Colors 10 YR 7/3 drv, 19 YR 3/3 vet



208=210

21y=22%

229=2339

239=249

249m259
259=264
264=274

274=2654

284=292

292=297

297=312

13«?y yagiuvn sand (E£53; o02e«2,0uf uyj, 3mn way sizsz
withh S$ilv ard clay

no sangle vedium sand, not as watel saturated as
abhgove

10 sample $aue wedium (3%0=54M w) sead witn flat
peptle 3onm diameter

iMA«16 peobly (356-500 Q) sard; rose guartctz grain,
peoiles up to 8 mm In diameter

1h=1g pepbly (up to 35 mm) sand (5u0=710 u}
no sample sane pebholy sand
no satmple fipe (250~300 ul) sanc

13A=17 mediun gozrse (500=70% u) sand, up £o 7 mm
ponbles

no sample medium (504 y) sand

no sample {(380«5400 W) sand with clavey matrix, redder
clay (7.5 ¥R 4/2) and pebbies with up to 1i mpe

1A=18 reddisn (7.5 YR 4/4) clavey sand (L25=177 u);
sand (75 %), sSilt ard clay (25%)

312 no sample (177*250 gl sand

312=317

317=-330

330=340
340~=348
348~356
356=37%

\311-378

. 378=389

3849=401
401~427

no sawple coarse (710=1,000) sand, ho pepnbles

no sample coarse (710-1,000 u) sana; redaish sand
clasts up to 4 mh

no sample coarse {1,000 u) pebbly sand

ao sample reddisn (7.% ¥R S/4) ($19-700 u) sand
12«19 coarse (50u=719 u) (10 ¥R 4/3) sana

ne sample £ine (250=~350 u) sand

ng sample fine {?.S'YR 4/72) sand and red clay (2,5 YR
376) in sandr red sand at base

no sample brown ¢lay in f£ine (250-350 uw) sand
no sample (250=350 u) sand

14~20 loose fine to mediur sand (93%; 350~500 w)

4727 no sample gray {10 YR 5/2) cley base with rusty mottles

(5 YR 4/0) 8 mm pebble in clay



Deptn
(cm)
D=2 .5

2.5~15
15=30

Io-41

41=61
61=31
8i=91
91-112
112=-132
132=152

152=164
160~1568

168=178

178=185

185-193
193=203

203=213

213~224

aite 2a

Sample uescriptioen
r:OC
ZAmsurface c¢lay with color i YR of/3 dry, 10 YR 4/3
wetl

20=1  ¢lay and silt with color 10U ¥R &/3 dry, 10 YR
4/3 wet

28»2 c¢lay angd silt witnh color 16 ¥R 7/2 dry, 10 YR
5/2 wet

ZA=~3 Jaminated silt and clay with color 16 YR 6/3
dryve 10 YR 4/3 wet, grain size from < 2 u teo
61 U

2h=4 ¢lay and sgilt with colory 10 ¥R &/3 dry, 10 ¥R
) 4/3 wet

2L=5 clay and silt with color 10 YR 6/3 dry, 10 YR
4/3 wet

24«5 ¢glay and siit wilth color 10 YR 6/3 drv, 10 ¥R
4/3 wet

2h=7 ¢lay and silt with color 10 YR 5/3 drv, 10 ¥YK
4/3 wet

2Ah«8 c¢lay and siit with rcolor 19 ¥R 573 dry, 10 YR
4/3 wet '

2A=9 Dbase of pit at 152; ¢lav and silt with color
10 YR &/3 dry, 10 YF 4/3 wet

2A=10 chocolate pbrown (7,5 YR 4/2) clay w#with streaks
and cracks containing reddisn fine (5 YR 7/8)
sand

2A=11 brown (iv YR 4/3) clay with whifisn evaporite
crystals and coatincgs on fractures; only
siightiv molst, some horlzontal partings

23«12 reddlsth brown (5 YR 5/3) c¢clay kroken in blocks:
mixed with brown clay with evaporite coatings

24«13 mixture of brown (10 YR 5/6) clay and fine
. {61=88 u) sand with small Q1obu1es nf
evaporites-
2A~14 fine (88 u) 10 YR 6/4 very loose sand
2R~15 migture of fine sand and brown (10 YR 6/4)
¢lay containing organics (dark brown=black}
and rusty root holes

20=16 35% siity strong brown (7.5 YR 6/8) sand
{(61=88 1) with clay to make mixture plastic

2A=17 very fine (61-28 u) sand interpnedded with 40%



224=235

235=241
241=251

251~262

262272

272279

279~290

290=305
305=315
315-325

.325-338
338~348

348=361
361=-364

368~321
381=391
391-4904

404=417
417~427

427=432
432=~412

laminated clay (10 YR 0,.5/74), incldding
organics aad evaporite crystals
2h~14 prown clay (1C YR 6/4,3, 6/4 at ease) full of
rnots and rust-staired margins around former
root nelas
2h=13 togp: ~70% ciay similar to apove (10 YR 5/41};
pase: fine (61=80 y) silty sand (10 Yi 7/4)
at 241 cm, iron oxide stain ranges to 5YR 5/8

2A=20 7.5 ¥R A/% sand and silt {30=8i u)

2A=21 very fine (30=81 u) (7.% YR o/%) sand,

and clay,

siit
very unifeorr textur2 with some mottles

2h=22 very fine (88 q) locgse sand {lu YR &/4)

2A=23 fine (48 u)} sand with brown (10 YR 65/4) ¢lay
lawinae {(actually 3 clay laminae 0.5 cm thick)

2A=24 fine (88 u) 10 YR 7/4 clean friable sand

2hw2%5 very fine (<82 u) 1¢ YR 7/4 clean sand witn
no clay
almost

no sample very tineg gnlform sand,s no

¢layy may cve splian

Ary,

21=26 same very fine (88 u) sand witn a few hard nodules

0f stratified sandv
no sample £ine gand with clay ncdules
28=~27 same fine {(177~25¢ u) sand (10 YR 7/4)

no sample f£ine sand over Clay laminae of different colors
(5 YR 6/6 and 12 YR 5/4)

2h=258 fine (125-177 1} sand wilth clayvey sand blebs
(10 YR 6/4); sand at base {7.5 YR T/4)

ne sample fine (10 YR 7/4) sand
2h=29 fine (125«177 u) (10 ¥R 7/4) sand

no sample nearly dry fine (10 YR 7/4) sand, sllgntly
coarser than overlving sand

2A=30 f£ine sand (7.5 YR 7/4) fine with some coarser grains
and some ¢lay

Zh=31 fine sand over hrecciated red (5 ¥R 4/6) chunks
of clay in brown (in YR 5/4) clay

no sample fine sand with chunks of red clay (5 YR 4/4)

no sample very f£ine sand with brown silty clay
laminations (silty climbing Tipples)



442~452

452=462

462472

472~482

482=493

493-503

503~505

0o

nHo

no

no

no

2R~

sarple fipe ($77=250 wY (i YR o/4) sand

sarrple cogrser L(SGO=T717 ¢) (10 YR &/4) sand,
coarsest arain 7 1 ra

sample fine (25U=35¢ u) sand, largest grain
M2 wmm

sample fine sang wlth larger rock fragments up
To 2 my

sample fipe (350 Q) sand with larger ¢lasts (5
gquartz grain, fragment of a snail)

32 f£ine (350=500 u) (10YR 6/4) sand and larger
clasts up to 3 mm

mm

no sample sand (354 u) with pebbhles at base of hole;

large ¢last w»ill not fit {nto auger



Nepth Sample

{cm}
g=5

51=69

H9~94

94=195

105-122

122=137

137~152

152~167

167=178

178~1838

188=198

198=203

208=218

218=220

218=226

226+234

Lo,
3A=1

3Aw2

3A=3

3A=4

JAm5

3A~6

3A=7

3A=g

3A=9

sive 3A

Fescrintion

silt (2=5] u) with organic amaterial

finely interiaminateag 10 YR 5/4 sand and 7.8 YR
4/2 clay, icw of 10 ¥R 4/3 ¢lay at base

10 ¥R 4/4 sand {177=-250 u) witn (10 YR 3/3)
clay clasts, and cross=bedded 10 YR 3/3 clay
pleb layer below

cross~lamningted very fine (8¢=125 u) sand to
clay; clay=-streakea riprlea sand

£ine (125=177 u) friable 10 ¥R 5/3 to &6/4 sand
Lo clay; clav=streaked undulatery ripple=
laminated sand

10 YR 4/%2 to 3/3 clay grades downward into f£ine
(39=61 u) sandy clay and 10 fR 4/4 sand; “09%
clay

taminated medium (177 v) sand (10 YR 6/4)
£ining upwarap; many 10 YR 4/2 c¢lay c¢lasts and
carbonates

10 YR 3/3 ana 5 YR A/3 ¢lay with fine sand
laminae, grading upward to unliform 10 YR 6/4
sand .

lavered fzu ¥R 4/2 fo 3/3) clay and thin very
£ine (10 YR 4/3) sand and sillt laminae

no -sample lavered 10 YR 4/2 clay and very fine

3A=10

3A=11

3A=-12

3A=13

3h=14
3A~15

3A=16

3A=17

10 YR 6/4 sand and silt; base of pit at 157
cm

~30% fine (<b2 u) 10 YR 6/4 sand and 4 cm
thick, 1¢ IR 5/3 clay bed; sand layers 4 ca
thick CrdCKPQ into polydgons,

fine (125-177 u) continuous 10 ¥R 5,5/4 sand

very fine (85-1235 u)} 18 ¥R 5 5/3 sand with
some cement

£inely 1an1nated fine (125~177 i) 10 YR
5.5/4 sand

£ine (125 177 u) 10 YR 5.5/4 sand

nard fine (12%=177 u) 10 YR 7/4 sand with
T30% 10 YR 5/3 sllity brown clay

10 YR 4/2 clay cracked with £ine sand

dry c¢layey siit



234-24}

241=25%

254204
264=274
274=284%
284-295

295=305

305~315

316=338

338=3tv

348=361

361=368

33-13

JA=2y
3a-21
3A=23
3h=23

3A=24

3A=25

3A-28

3Am=2T

AT
raots,

reauish gray (5 YR 4/3) clays
caleareyus

arandge

fipely lazninarted (62=Ry u) ¢ iR &/1 sand

nelow rad

Clay;

T20% clay

dry wmediam (£50-350 u) 10

ary lnosa

loose dry

lnose q4Qry

loose dry

coarse
medium
mealum

mecium

(350=5040
{(250~350
(250=350

(250-350

#itn 8 chunk of clay

logse dry medium (250=35¢

with Clay

palls

loopse dJdry wedium (250=350
with clay fragments

IR

u) 1o

a)y 10
u) 149

W) tu

u) 1w

u) 19

iR
n
LR

IR

R

iR

6/4 loose sand

6/4 sand
5/4 sand
6.5/4 sandg

B6.5/4 sand

8.5/4 sand

f.5/4 sand

gravelly (350=%00 1) sand with charcoal armored
mudballs, >» & mm gravel

coarse (350=500 W) sand with C¢lay balls and

pepbles

poorly sorted (177=250 u) 10 YR &/4 to 7.5 YR

7/4 sand with clay balls
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Deptn
(cm)
J=5
5=13
13%25
25=33

33+-61

61-86

Bo=112

112=119

119=132

132=-140

140=150

150-168

168-~198

198~213

213=229
229~244
244=254

254=267

267~279

279~290 5

290~300

3og~33u

310=320

S5=10

S=11

5-12
Gw=i3

S=23

5w24

Site &

e escription
clav
very fine (fg=125 u) brown (10 YR %/3) sand

brownlsn (1¢ YR 5/3) fine (V145 u) sand
reddish (10 YK p/4) very fine (%8-125 u} sand

loose discontinuous
19 ¥R 5/3 sand

laninae of £ine (177-250 u)

fine (7177 ul} 1¢ ¥R 6/3 sand

hard comnacted fine
laminated 1¢ YPF 5/3

to medium (177=3%0 1)
sand; upper part is coarser

distinctly finer (788 1) 10 YR 5/3 £ine sand
with sijt 10 YR 6/3; rusty root molds

clay~coated 10 YR 6/3 fine (™177 ul) sand

silty (125=177 ul) sapd #ith minor cnunks of
plastic bhlack clay

hard £ine (125%5-177 0} 10 YR 5/3 sang

fine (177 u) 10 YR 6/3 sand and some silty 10

YR &/3 sand (88=3125-n) in ripples; coarsest sand
(250*350 u)

very fine (88= 125 u) 10 YR 5/3 sand, base 0f

pit at 1398 o¢nm )

£ine (125=177 u) 10 YR 6/3 sand
£ine (125«177 u) 7.5 YR 6/4 sand
fine (177 u) 7.5 YR 6/4 sand
fine £177 B) 1¢ YR b/d sand

fine (177 u) 10 YR 6/4 sanda
> 2 mm

very few grains
fine (177-250 u) 1oAxR 6/4 sand
£ine (177 w) 10 YR 6/4 sand

medium (250=350 u) 10 YR 6/4, a few grains
" 2 onn

fine {177=250 u) 10 YR 6/3 sand;
clay balls

10 YR 5/3

very coarse (1,000 u) puufl? sorted 2,8 YR 5/8
sand &and gravel with 10 ¥R 5/4 clay halls



320=325 5-2% aravels (»1,440 uj) i YR 5/3 witn lumps of 10
YR /4 ¢lay; poessibly distinct clay layer,
raysically deposited, rot 1lluviatea

325=330 5=26 (>1,410 u) 10 Y& 5/3 gravels dltn lumnps of 7,5
Y8 4/2 to 4/4 clay

330=340 5=27 (»1,410 4) 10 YR 5/3 gravels #ith 10 ¥R 5/3
clays: size to 3 ¢&m

340=353 5«28 coarse (Ti0=1,000 u) In YR 5/3 poorly sorteg
wet sands '

353=366 5=29 10 ¥R 5/3 sand, coarse at tops Line (177=250 u)
at vottonm

366=381 5=30 medlum (250 u) well sorted i YK 5/3 wet sand

331=394 5«31 medium (“250 u) 10 YR 5/3 sand, wet to point
of saturacion

394 no sample very wet sand, water table



Depth
{cw)

Sample
Ho.

O=1,3 =5u=~C

1,3=10
10=356
36=46
45=54
6455
Bo=129
106~122
122=137
137=147
147=163

163=173
173~188

18y~-198

198~213
213=229
229=244
244264
264=274

274-284
284=295
295=305

305=318

©318-330

=1

=2

Site »
Pescriptior
vary fine (Ru=i25 u) sand

thin discontinvous laminae, rippled, 10 YR o/3
to 5/3 £ine (125=-177 u) sana

thin discontinuous laminee, rippled, 10 YR o/3 to
to 5/3 fine (125=177 u) sand

granulesg at base of Coarse (350~500 u) ¢ross=~
laminated sand

two fining upward 7,.5=10 cm lavers; very f£fine
{38=125 1) sand at base to clay at top

Wavy clizwping=rivple-laminated (< 838 u) sand;
15 & siit=clay

discontinupusly cross~laminated low angle coarse
(380=500 u) 1u ¥R 6/5 to 5/74 sand; peoble 2,5 cm
long at base; somne flner lavers

10 ¥R 6/4 unitorm fine (125«177 u) sand

uniform fine (™177 u) sand

fine (177=250 u) sand

medium (250=350 u) sand

medxuﬁ-(zso-aso u) sand

ﬁedium {250=35¢ 1) sand

medium (250-350 u) sand

medium (350-500 u) sand; some grains up to 4 mm
medinm (350«500 ui‘sénd; some grains u§ to 2 mm
medium (350=500 u) sand

coarse {“500 u) sand with pebplesvﬁp to 1 om

coarse (%500 u) moister sand with clay blebs 2
mm and she}l fragments up 4 mm :

medium (250350 U) sand up to 3 mm
medium (250~350 u) sand '
coarse (>1,000 u) sand with gravel up to 1,2 cm

coarse (500-710 u) sandr base 2Z,5~5 ¢m includes
10 ¥R 4/3 clay bhall . '

10 YR 4/3 clay wottled with rust, mud balls in



33u~335

335-345

345~3506

3%5p~360

365=373

6=id

=25

b=2A

6=27

b=23

f1,uliw]l,40¢ 4) sdana +1Th renoles > (o=
mdd talls 10 wravelly (l,uf)wi, =09 g} sand

coarse (i,cu0=1,3100 y) sand witpn clav, pebhles
to 1 <x

coarse (>1,000 gy sard with clay chucks and
pvenbles > 2 cm

cregter akount oFf (710 to >1,9%0 u) sand, fewer
clay chunks, pebbles To N.5 cwmp clay is #et

coarse {(»1,00u u) sard ana clavy, pepvles Lo 3.3

e e e m e owm MEL M M WAy g et eep FURE TR s n o ar R R =

cm



Debth
(em)
0=10

10~18

18+~26
26+31
31~38
38=54
54-57

§7=60
60=70

T0=79
T9=85
§5=88

88=91

91«97

97-102

102=107
107-113

113=115
115=125

Sample
No.
ThAmsu

Tawy

TA=2
Thw3
TA=4
TA=5

TA=6

Site 7TA
PDescription

10 YR 5/2 discontinuous sandy <¢lay crust and
2.5 YR 4/2 loose sandy (62=500 u) cover

10 YR 5/3 ripple crosse=laminated sand, 10 IR

-4/2 fine sand and silt with ¢lay laver at base;

discontinous clay layer at top as above

1¢ YR 5/2 very slightly ripple-laminated
subangular to subrounded, f£ine (62=250 u) sand

10 YR 3/3 clay with fine discentinuous sand
zones; rounded pallet strugture common 1w ¢lay
zones with possible worm castings

10 YR=2,5 Y 4/4 very fine (<125 u) sandy clay

10 YR 4/3 very fine silty sand; tubular veolds
with worm ¢astings and rounded clay pellets

18 YR 3/2 laminated clay with scattered tubular
pores filled with worm castings

no sample very fine 10 YR 4/3 laminated sand

TA=7

TA=8

TA=9

TA=9

TA=10
TAmiy

TA=12

7A=13

TA=14

Thmiy
TAwie

10 YR 3/2 laminated undulatory c¢layp upper part
of thick clay layer

lower part of thick clay layer; 10 YR 3/2
laminated undulatery clay with discontinuous:
thin 10 YR 4/3 sand laminae

2,5 YR 4/2m very fine laminated sandy clay loam

2,5 IR 4/2m very £ine laminated sandy clay
loam with a 2,5 YR 4/2 clay streak at 85 cm

10 YR 3/2 laminated undulatory clay

10 YR 4/2 and 2.5 ¥ 4/2 very fine (<88 u)
sandy clay loam with wavy laminatlons

3=4 com of 10 YR 3/2 and 2,5 YR 3/2:1am1nated
clay with a layer of 10 ¥R 4/2 sandy clay loeanm
below

10 YR 3/2 ¢lay with very thin sandy partings
and undulatory laminations

10 YR 4/2 laminated very f£ine sandy loam to
very fine sandy clay loan

10 YR 3/2 laminated clays thins to south
10 YR 5/3-4/3 laminated very fine sand with



sandy loam to sandy clay leoam interbeds

125=128 7A«17 S mm of 10 YR 3/2 c¢lay over 10 YR 5/3 very fine
sand; base of plt

128=133 7A=18 fine (<125 u) sand
133=150 7A=19 very fine (<88 u) sand
150=172 7A=20 very fine {<125 u) sand



Depth

(cm)

0-1.3 7
)0-205

25123

18=30,5

30,5=41
41=51
51=58
5g=74
74=89
89=104

104~114

114127
127137
137-152
152168

168~1383
183=-198

‘198'213

213=-229
229-244

243-269

Sample

N,
51y}

7=1

7=2

7=3

=10

7-11
1=12
T=13

T=14

7=15

T=i6

T~=17
T=18

T=19

T=20

Site 7
vescription
granular platy clay

gragular platy 10 YR 5/3 clay D=2 cm thick that
breaks in plocks

sandy clay «ith horizontal platy breakage alond
Fedding (laminae) and mudcrackea, 10 ¥R &/3 sand
Is less thap 12%5 u

browyn (10YR 3/72) damn flakes 0f clay which pbreag
Into lightere=colored (10Y¥YR /4% blocks at 30 ca

siity (62«08 u) 10 YR 6/4 clay in discrete
bhlocks, non=stratified

10 YR 4/2 clay with 10YR 6/4 laminated sand (88
1) partings, pottow 1s undulatory

5 cm 0f sana over 2,5 ¢m Oof hara f£lne (61 Q)s
laminated 10 YR 6/3 sand with wavy croessheds

lowwangle discontinuously oross-laminated fine
(177 u) 10 IR 6/3 sand

low~angle discontinuocusly cross=laninated fine
(177 u) 10 ¥R €/4 sand

low=angle discontinuously cross~laminated fine
(125 u) 10 YR B/4 sand

fine (125 u) 10 ¥R 6/3 sand; floor of pit at
107 ¢cm .

fine (88 u) 10 YR 6/3 sand

fine (B8=125 u) 10 ¥R &/3 sand

£ine (125 ul} 10 YR &/3 sand
fine‘(125~177 u) 10 YR 6/3 damp sand

fine (i77-250 ) 10 ¥R 6/3 sand with laminated
clay layer . )

fine (125=177 u) 10 YR 6/3 sand with hard

" sand cpunks and 10 YR 5/3 clay layer

fine (125=177 u) 10 YR 6/3 sand with chunks

transition to coarser (250-350 u) 10 YR 6/3 sand,
grains to 1 wmm

coarse (500 u} 10 YR 6/3 sand, minor pebbles
to 9 mm

coarse {350=500 u) (10 ¥R &/3) sand, gravel to



Depthn
(cm)
Om?2 5

245=15
15=25
25=36
36"43

4343

4855

55«60

60=69

69=81
Biwg9
89=91
91-99

99=112
112-122
122-137

137=152

152=168

Samgle
() o
Gegy

91
Gm2
9~=3

9=

gma

Gmg
=7
g=1
9=7

9«~3

Site 9

cescription

when drys  structureless loam witn lots of roots:
when moists 10 YR 5/6 loam witn fine sand

ahen ary: structureless loam witn lots of roots:

vhen woist:; 10 YR 5/6 loam with fine sana

¥hen dry: ripple=laminated sand (lu YR 4/3m);
when nmoist: ctexture is a clay loam

when dry: 10 YR 4/3 messive ana sandy clayy
wneh Heist: sdndy loam and 40% clay loam

sequence of douplets of 10 YR 53/4 clay over
sandy clay

10 Y% 3/3 ciay over sandy clay; cliay layers from
2.5=5 om thick, Sano lavers grace from loaRy sand
to clay :

19 YR 3/3 clay over sandy clays clay‘layers from

2.5=5 cm thick, sand lavers graae frowm loamy sand
to clay

1¢ ¥R 3/3 clay over sapndy clav: clay lavers from

2.5=5 otm thicxk, sand layers grade from loamy sansa
to ¢lay

10 YR 3/3 clay over sandy clay: clay layers from

2.5=5 om thicky sand layers grade from loamy sand
to clay :

nolst massive plastic 10 YR 4/4 strong clay

10 YR 3/4 laminated - loawmy fine sand

13 YR 4/3 clavey sand with evg@Orites

sand (177 u: subrounded)

coarse 10 YR 4/3 sandy clays rare peboles to 1.2
em including coal

pehbhle gravel with sandy c¢lay matriny gravel
Includes flat plecCes o0f sandstone and mudstone

bottowm of pit, moist clean sand (10 YR 4/4)
with pebbles .

coarse {(1,000=~1,400 u) sand with 5=mm pebbles

coarse (710=1,000 q) 10 ¥R 6/4 sand with clay
balls and pebples to 5 ¢m )



1

165=1433

183=444

194=213

213-234

234=7243

243-254%

$=~13

g-14

g=15

gravel with coariugs of Lo (R 4/3 clay; Roestly

dravel

1 (R §/2 clay
(4 ¢m clasts)

with small &wounts of gravel

19 YR 5/7 gravel with swall asounts of clayy

S3=cm ¢lasts

10 ¥R 5/2 gravel in conctact with clay and (50u=

710 1) sand

16 YR 5/2=5/1 (blotchy teo B5/4) clay~=rich laver
{overall sanday clay loam) with some pebbles to
i cm witnh sand and sandy clay .

mostly cohesive sand (RQ0=719 u) and 2.5 ¥ 5/2

cobesive sandy

loam




Dertn

{¢cm)
RLBRY

1i=14

14=26

26+=32

32-38

38~44

4g=4%"

48~49

4G=-

o
&

65=69

68~77

T7=89

80=g9

f8=91

91-98

98=1400

Jauple
e,

3JL=]

§Y1~2

BJ1=3

STl =
3\T1“4
SJ1+5
3J1=6

S\Ii"'?

5J1i-8

SEJL~2
5J1=10

8J1~11
SJi=12
5J1=13

SJi=~14

oite SJi
vescription
19 IR 4/3 to 5 (R 5/4 amottled clay

reddisn nprown (5 ¥® £4/3) clay ou Lop of pale
brownt (10 Y T7/4) fime (177=250 u) sand

reddish (7.5 YR 5/4) clay in the form of

plates ang granules with (1v YR 7/4) laminated
sana (177-250 u)

ripple=laminated 10 YR 7/4 sand (7Tiu=1000 1
aaXimam, 35u~503 4 predominately)

Einlnge=ypward seguence from bhasal sand to
sandy clay leam o silty <lay; includes red=
brown plates of clay )

19 YR 7/4 sand {(350=5G0 v; sup=angilar,
sub=rounded) badged separately; 2.3 cm basalt
pebole

red browa (2.5 YR 4/4) clay hetween sand:
well sorted medium (254-350 u) 10 YR 7/4
sand below; (sand taken seperdtely as SJ1=5
sand)

clay less tnan 1 ¢m thick; 2 different=colored
laminae pinch out to soutn

laminated £ine to medium {2§G 500 4} 19 YR 7/3
subrounded Sand

two distinct clay 1ayers {10 YR 4/2 and 4/3)
separated by 3=4 mm of medium (300 4u) sand
which is continuous around trench but which
thins to west to pecome sandy c¢lay; 5 YR
4/6 for reddlsh streaks in clay

laminated €ine to hediym (259- 50@ u) 19 YR
6/4 sand

10 ¥R 4/3 to 5/4 sandy clay, evaporites in
clay: moist laminated sand {350 u) with ¢lay
at nase

fine-medium-(aeviés u; up tO 350 u) laminated
sand; laminae are coarse, up %o 1 mm thicxk

10 YR 4/4 and 7.5 YR 4/86 clay=~rich layer
wvhich thickens to 4 cm in some places

7.5 ¥R 5/4 and 10 YR 7/74 lamlnated, moderately
dry sand with 10 YP 4/3 clay petween 93-%4 cnm

graveliy sandy 7,5 YR 4/4 clay layer locally
on gravel, poorly sorted, subTounded clasts,



100=1335

103=129

120=13v

13v=14v

149=159

npase ¢f o1t

o samnle gravel te & ©m In diaweter

53113

8il=lo

531-17

5J1=13

massive fine (359=500 u) 10 YH o/4 sand vitn
a clay laver at 110={12 ca up to 2 cm tinick

geper part is cross=hedded 10 YR 4/4 sand
(250 4} and cla¥Y, ¥ater saturated

10 ¥R 4/3 sand (»25%¢G u) witn clay layers

i ¥R 473 to 7.5 YR 4/4 mottled sandyv, clavey
Gravel 5 ¢my 4n staip, mollusx fraguents, red
sand at water table, water taple at 150 Cuwy
not pasal zone of valley £111




Depth
tecm)

(=

2

2}

1(0=

13-

13

14

14=18

18

-3}

ZU=70

Tu=

85~

110~

130~

145«

16G~

185=

85

ii0

130

145

160

185

204

Sarple
10,

noneg

SJU5=1

nena

8J5=2

none

5J5=3

SU5=5

none

nonhe |

nane

none

none

nane

Sitte 3.7=5
pascription
siurface ¢rust of sana ana clay

upper c¢lay (12 YK 472 m); platy clay less
than 1 cw thick (14 YR 3/73 W)

well sorted (177=250 g) structureless sand
(1v YR B/4 @)}

clay {10 YR 3/2 wm) less than 1 c& Lhick

poorly sorted (ave, 250 u; witn yralns to )
mi) laminated sahd (10 YR 4/3 m)

two thipg clay lavers witn intermediate sang
laver from 1 to 3 cm thick; like clay and
sand above

sand with c¢ross=laminatean zones, and scattered
clay balls up to smal) cobble size; one peoble
of pasalt noted; sand (avg 177=250 u; grains
up to 1 mm) 19 YR 5/3 moist; dgiscontinuous
lenises of sand and coarse sand witn granules
from 40«50 Cm below surface

sand witn fihe pekble gravel, granule gravel
and clay balls up to large cobble slze; base
of pit

brown clay (7.% Y& 3/2) with 7.5 ¥R 4/6 aocttles
and gray=white evaporite (sulfate?) crystals;
seil=like "black slkalil"; wmottles of avaporite
increase duwnward: some charcoal; other colors
inclyde 7,5 YR 4/4, 4/6

simiiar to clay above

very fine sand in vertical cracks in
gleyed clay {5 ¥ 5/1)

clav of 2,5 ¥ and ¥ 5/ colors; pecoming
moist

thin layers of water=saturated gray sand in
¢lay layers; dominant colors are 7,5 YR
Prowns with gray mattles. no mwore evaporite
¢rystals ’ '

?.s_xR colors-w1th gray mottles in clay



Degth
(qm)
U=3
3=15
15=39
3049
44~590
50=590
Gyu=70
70=82
go=90
y=100

100+110

11y=~120

}20-130
130-150
15y=168
165-175
175=200

20y~220

Sample
O,
PRGL=E
PAGL=Y
PAG1=2
P2GL=3
PAGL=4
PAGL=5
PRG1~6
PAGL=T
PAG1=S%
PAGL =2

PAGL=10

PAGL1=11

PAGL~12

PAG1=13
PAGl=14
PAGLI=15
PAGIw1ig

PAGL=17

Site Ppu~l

frescriptior
surftace ¢lay platelets

molst plockKy clay: 10 YR 4/2.5

moist prown (10 YP 4/2.9) clay

solst brown (10 ¥P 4/2.5%) clay

molst prown (19 ¥R 4/2,3) clay

ROLSL Drown IR 5/3 to

malst prown P S/4) clay

molst brown ¥8 5/4) Clay

wolst prown (10 YR 5/4) clay

velry fine sand at 90 cmy 1lv ¥R 5/4
interpedded fine sand and clavey sand:
sand layers are saturated with water;
water taple at 169 c¢nm,

similar £ine sand and clay lnterveds
clay an 12¢ ¢m

c¢lay with interbeds of saturated sand

clayey sand iﬁterhedded with sandy clay

soupy sandy c¢lay ¥ith organics (umugk)
soupy saind with cohesive clay at bkase
cohesive brown (10 YR 4/2) clay laver

brown {in YR 4/3) clay
base of hole due to collabsing sides

5/4) siity clay



269=2Fq

2R4=305

305-320

320~335 7

335-351

351~366

360=3706

370=380

386~396

396=427

T=25

T=26

7=27

7=28

2.5 caognag 10 YR 472 mraball

fineg {177~23¢ u) sand, 10 YR 4/2 wndball in oae
hole, 1 penple 7 mn

coarse (1,000 v} 1G YR 6/3 sand with ¢lay ball
base; other hole has 10 YR /¢ to 5/3 clay «itn
gypsuin, evaporites, 7 rm pephles

coarse (»1,000 g 1¢ YR 5/4 sand with pebbles
to 2 ¢m and 1V ¥R 4/3 clay pall

medium (250=350 ua) i YR 5/3 sand with sone
10 YR 4/3) clay with evaporites and coarse
penbles at pase; ¢lay layer at 339 cwm Is & Cm
thick

hard brown 10 YR 4/2 elay with some 10 YR 4/3
sand and peohlesy hossibly from cracks

T99,5% clay with root ralrs and evaporites

clay, as abkove with fine (177=250 u)} 10 YR &6/3
sand at bottom

coarser {(250=350 u) rusty sand with eccasional
pebbles, some clay from abave; ¢olors include

10 YR 6/B and 10 ¥R &/3

rusty (10 YR 5/4) medium (250~350 u) sand

rusty (10 IR 5/4) mediunm (350~%u0 u) sand witn
pebbles, {10 YR 4/3) mudballs, and (10 XR &/5)
clay ‘ .

»



Appendix B

Selected X~Rav Diffraction Data ( <2u fractions)

Composition (%) Relative Abundance (%)

Sample Clays Qt=z. Calc. Alb. Il1. Mont. Kaol. Chlor.

1i-2 59 25 8 8 16 24 49 i2

1-6 82 9 5 4 6 - 9 80 4
1-16 64 18 10 9 9 8 77 6
1-20 80 14 3 <8 14 18 52 16
2-1 67 19 11 s 19 28 47 6
2-20 60 18 8 14 10 12 67 11
2-27 59 18 13 11 7 3 82 7
2~30 69 14 9 8 14 9 46 31
3-1 18 15 54 12
3-2 ' 23 9 60 8
3-8 74 11 8 8 6 11 64 19
3-23 53 36 5 5 13 17 63 12
3-27 75 15 6 6 12 14 68 6
4-1 80 11 2-3 6 9 16 66 9
4-3 24 37 20 21 11 18 53 18
4-12 74 16 5 9 16 18 47 19

4-14 72 10 12 4 14 16 , 49 20



Appendix C.

Radionuclide Activities for Individual Samples - pCi/g Dry Weight.
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Appendix D.

Normalized Cs-137 Activities of Samples from Sites 1-7.
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Appendix E.

Histograms of Radionuclide Distribution in Core Samples
{grouped according to Radionuclide}.
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Appendix F.

Trace Metal Concentrations for Individual Samples. ppm Dry Weight.
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Appendix G.

Neutron Activation Analysis of Clays



Neutron Activation Analysis of Clays
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1(80-230) 20
1(230-) 32
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2 38
5 67
8 34
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14 45
23 49
23 36
24 36
26 34
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33 34
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12 70
14 49
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9 16.7
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23 15
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