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INFORMATION PERTINENT TO THE MIGRATION 
OF RADIONUCLIDES IN GROUNDWATER 

AT THE NEVADA TEST SITE 
Part 1: Review and Analysis of Existing Information 

Abstract 
This report is a comprehensive, 

detailed review of what is huown 
concerning migration of radionucl ides 
in ground water at the Nevada Test 
Site (NTS). A history of NTS is 
giver., the geologic and hydro logic 
setting is described, and the amount 
of radioactivity deposited within 
and near the main aquifers is 
estimated. The laboratory and field 
invest igat ions into general processes 
retarding the movement oi radioactivity 
from the source and dispersing Its 
concentrations are described, 
together with results of programs 
designed to monitor the source terms 
and the movement of radioactivity at 
the site. The conclusions include: 
1) information currently available 
is insufficient to stiite categorically 
that radioactivity will never be 
carried otl the Nevada Test Site by 
ground water movement; 2) nonetheless, 
such a migration at levels above the 
maximum permissible concentration to 
existing wells and springs is con
sidered unlikely; 3) if offsite 
migration occurs, it will probably be 
from the southwestern margins of 

- 1 -

?ahute Mesa, where there is only a 
small chance of contamtn.it in)', ex is t ing 
pub Ilc water suppl ies ; Ut [r it turn is 
the most mobile radionuclide ,md m.iv 
be the on 1 v long- I ivi-d isotope <>i 
ronri-rnj '?> pred ii'i f on*; ot migrat ion 
both within and without NTS .irr 
iiimpered by a lack ^i valu-s tor 
fundament..! parameters used in 
transport c a l cu l a t i ons . Ri/• mmend.i-
l ions for future s tudies to minimiz*-
uncer ta in t i e s arc described and 
given p r l o r i t v r a t i ngs . Highest 
p r io r i t y is assigned to 1> nea*itiri— 
irent of t r i t ium and other r.idionm'I idt-s 
in large water samples taken from 
nuc I ear chimneys that w.iti-r ha* 
re-entered af ter an explosion; 
2) expansion oT the exis t ing ground
water monitoring program at NTS to 
include wells with a higher 
probabi l i ty i*f in te rsec t ing flow oi 
contaminated water; 3) measurement 
of ground-water flow v e l o c i t i e s and 
other associated hydro logic 
parameters. High p r io r i ty is assigned 
to 1) production of an inventory of 
radionuclides deposited near NTS 
borders, especia l ly beneath Pahute 
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Mesa; 2) determination of amounts of 
radioactivity deposited directly 
into the Lower Carbonate Aquifer; 
3) a sensitivity analysis of the 
many parameters that enter into 
Transport calculations; 4) a study 
of the many unplugged holes that 
penetrate the Tuff Aquitard; 5) 
testing of the assumption that radio
nuclides deposited in the unsaturated 

The Nevada Test Site (NTS) is 
operated by the Energy Research and 
Development Administration (ERDA) for 
the testing of nuclear explosives. 
It is located abour 120 km northwest 
of Las Vegas, Nevada (Fife. 1). 

This study is part of a program, 
Radirnuclide Migration in the Ground, 
funded by the Nevada Operations Office 
of ERDA (ERDA-NV) as part of the 
ongoing environmental research 
relative to NTS. The purpose of 
tnis report i; to summarize knowledge 
about migration of radionuclides in 
the ground, with particular reference 
to the Nevada Test Site. 

Eighteen years of underground 
testing has resulted in the deposition 
of a large quantity of radioactivity 
at NTS. Some has been deposited in 
saturated water-bearing formations, 
but"much resides in the overlying, 
relatively dry rock. It is clear 
that if radionuclides are to migrate 

zone are isolaU-J from the saturated 
zone because of limited precipitation 
and downward movement of moisture; 
6) determination of distribution 
coefficients for NTS alluviuo, 
carbonate, ana rhyolitic rocks, which 
are lacking or poorly represented in 
the literature. Twelve other 
recommendations of lesser priority 
are also given. 

beyond the bounds of the test site, 
it will be by transport to and 
within the site's aquifers. 

Some of the aquifers underlying 
NTS extend olfsite. ."low within them 
is towards the south and southwest. 
Given the state of our knowledge in 
1974, when this study was begun, it 
was not possible to state categor
ically that radionuclides would not 
eventually be carried offsite by the 
ground waLer. However, even under 
the most pessimistic of assumptions, 
it seemed probable that, if such 
migration should occur, it would take 
decades to pass the bounds of the 
Nevada Test Site. Beyond this, little 
could be predicted. The nature of 
the radioactivity, its concentration 
in the ground water, the must lficely 
point of offsite detection, and Che 
time it would take to reach that 
point were largely conjectural. The 
very possibility that off-site 

1. Introduction 
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Fig. 1. Location of Nevada Test Site. 

migration might occur constituted the 
stimulus for this study. Therefore, 
the purpose is to develop a better 
understanding of the mechanism of 
deposition and migration of radio
activity through aquifers at NTS. 
In so doing we hope to pinpoint the 
specific gaps in our knowledge which 
hampar predictions at the present 
time. These in turn will form the 

basis for recommendation of futur? 
la£6j?atory and field studies. 

As a first step we have outlined 
parameters that need to be known in 
order to evaluate the situation >it 
NTS and permit long-term prediction. 
These includff details relating to the 
geology anJi hydrology of NTS, 
information on -he radiochemical 
source term and how it changes with 
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time, and the many factors which 
affect the movement and retardation 
of specific long-lived radionuclides. 
Once particular variables were 
recognized as important, an extensive 
search of the literature was made for 
data relevant to the NTS situation. 
The extensive empirical literature 
describing laboratory and field 
studies at reactor and waste-disposal 
sites was also reviewed. In this 
case the objective was to provide a 
broad insight into the problem at 
hand by understanding the fundamentals 
of radionuclide movement as deduced 

at other sites. Thus, if particular 
measurements or information are 
lacking at NTS, qualitative evalua
tions and estimates may be made with 
some degree of confidence. 

The present report represents a 
compilation of information resulting 
from the study. No attempt was made 
to judge the biological significance 
of the radioactivity deposited at 
NTS. The specific literature drawn 
upon is listed in the references. 
Additional information forming the 
background of the report is abstracted 
in UCRL-52078 Part 2. 

the feasibility of fully contained 
underground nuclear testing. Since 
July 17, 1962, all of the tests at 
NTS have been detonated underground. 
Under the terms of the Limited Test 
Ban Treaty signed in Moscow on 
August 5, 1963, atmospheric tests by 
signatories are not permissible. 

Prior to signing of the nuclear-
test-ban treaty, 84 atmospheric 
nuclear tests had been conducted in 
the Yucca Flat and Frenchman Flat 
areas of NTS (Fig. 2). Radioactive 
material from these 84 atmospheric 
tests may possibly have entered the 
ground-water system after surface 

II. Nevada 

A. BRIEF HISTORY OF NUCLEAR TESTING 

In December 1950, the Nevada 
Test Site (NTS) was selected as a 
supplemental site for atmospheric 
testing of relatively low-yield 
nuclear explosives. Until that time, 
all U.S. nuclear tests but the first 
had been i_cnducted in the Pacific 
test areas. The first nuclear test 
at NTS took place on January 27, 1951. 
From then until 1957, all but two 
shallow cratering tests were detonated 
at or above the ground surface. 

The first contained underground 
nuclear test at NTS was the Rainier 
event, detonated on September 19, 
1957. This experiment demonstrated 

II. Nevada Test Site 
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transport to a recharge area, but 
the amount currently in the ground 
water should be negligible compared 
with the material from the under
ground tests. 

Through June 30, 1975, there had 
been a total of 338 announced under
ground nuclear tests at NTS. These 
tests are geographically distributed 
as follows (see Fig. 2 for locations): 

Number Percent 
Test area of events 

251 

of total 

Yucca Flat 

of events 

251 74% 
Rainier Mesa 36 11% 
Pahute Mesa 27 8% 
Frenchman Flat 10 3% 
Other areas 14 4% 

Of greater significance to the 
question of radionuclide migration in 
the ground is the number of tests 
detonated near or below the water 
table.* There have been 78 tests 
whose shot points or lower cavity 
edge lay below the water table. (The 
cavity is the void volume created by 
a nuclear explosion that may or may 
not remain as void space, depending 
on whether there is subsequent 

*See Section II,C,3 on moisture 
transport in the unsaturated zone 
for a discussion of why the tests 
near or below the water table are 
more important than those above. 

collapse.) Their geographic distri
bution is as follows: 

Number Percent 
Test area of events of total 

Yucca Flat 53 68% 
Pahute Mesa 22 28% 
Frenchman Flat 3 4% 

In the remainder of the tests, 
the lower cavity edges are above the 
water table. These include a small 
number lying sufficiently close so 
that a temporary elevation of the 
water table due to a nearby test 
might permit interaction of radio
active material in their cavities 
with the ground water. Table 1 
summarizes the positions of the 
bottoms of the cavities with respect 
to the preshot water level, rn 
addition to the 78 tests indicated 
above, Table 1 includes 38 tests in 
which the lower edge of the cavity 
lies betwetn the water table and a 
point 75 m above the water table. 
Table 1 includes all tests conducted 
in Frenchman Flat and most tests 
conducted In Pahute Mesa, but less 
than a third of all tests conducted 
In Yucca Flat. 

The first test to have a lower 
cavity edge below the preshot water 
table was detonated in Yucca Flat 
in 1962, five years after the first 
underground test. The first French
man Flat and Pahute Mesa tests did 
not take place until 1965. 
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Table 1. Position of lower cavity edge relative to preshot water table. 

Number of tests 

Position of cavity bottom 
Yucca Frenchman Pahute 
Flat Flat Mesa Total 

36 1 18 55 
17 2 4 23 
7 3 - 10 
2 1 - 3 

9 2 - 11 
8 1 - 9 
4 0 1 5 

83 10 23 116 

Shot point below water tabid 

Lower cavity edge below water table 

0-15 m above water table 

15-30 m above water table 

30-45 m above water table 

45-60 m above water table 

60-75 m above water table 

Sum 

Anc ther category of NTS tests 
which is of interest to the Radio
nuclide Migration program are those 
wit:, shot points in carbonate rocks. 
All but six NTS tests have been 
detonated in alluvium or volcanic 

- rocks; of those six, two were in 
granite and foi r were in carbonate 
rock. All six were detonated above 
the water table; however, two of the 
carbonate tests were detonated near 
the water table. The Nash event, in 
dolomite, resulted in a cavity whose 
lower edge lay below the water table, 
and the Bourbon event, in silty lime
stone, had the lower cavity edge less 
than 15 m above the water table. Nash 
is located on the far west side of 
Yucca Flat, and Bourbon is located on 
the far east side. 

Specific details about individual 
nuclear tests are given in Griggs and 
Press (1961), Springer and Kinnaman 
(1971), and Springer and Kinnaman 
(1975). The latter reference covers 
events through December 31, 1973. 
The total number of events discussed 
in this report includes additional 
tests through June 30, 1975. 

B. GEOGRAPHIC SETTING OF THE NEVADA 
TEST SITE AND THE SURRGUNDINr 
AREA 

The Nevada Test Site occupies an 
2 

area of about 3600 km within Nye 
County, in southern Nevada (Fig. 3). 
NTS is located in the southernmost 
portion of the Great Basin section of 



Fig. 3. Index map of Nevada Test Site and vicinity (after Uinograd and 
Thordarson, 1975). 



the basin and Range physiographic 
province. Derail Valley lies about 
50 km southwest of NTS in the Sonoran 
Desert section of the Basin and 
Range Province. 

1. Physiography 

Figure 3 shows the locations of 
the principal va1leys and ranges of 
NTS and vicinity. The northwestern 
half of NTS comprises broad mesas 
and several ranges that are volcanic 
in origin. In the southeastern half 
of NTS the ranges and valleys are 
largely the product of block faulting 
and represent typical basin and 
range topography. 

The northwestern extension of 
NTS consists ot parts of Pahute Mesa 
and Rainier Mesa. Here surface 
elevations in excess of 2100 m are 
common. From Pahute and Rainier 
Mesas, the maximum elevation of ranges 
generally decreases to the south 
within NTS and to the southwest 
towards the Amargosa Desert. 

Yucca Flat, Frenchman Flat, Rock 
Valley, and Jackass Flats are the 
main valleys within the boundaries of 
NTS. Yucca Flat and Frenchman Flat 
are intcrmontane valleys without 
external surface drainage. Rock 
Valley and Jackass Flats are subsidi
ary to the large valley of the 
Ani.trgosa Desert, The minimum 

elevations of the floors of Yucca and 
Frenchman Flats are respectively 
about 1200 ra and 975 m. Rock Valley 
has a floor elevation of approximately 
915 m at the southern boundary of 
NTS, and the ground surface elevation 
of Jackass Flats at the southern 
boundary of the Test Site is about 
850 m. Thus, the floor elevations of 
the major valleys at NTS decrease to 
the south and west. 

Major ranges to the north and 
east of NTS rise to greater elevations 
than the highest surface elevation at 
the Test Site. These ranges include 
the Kawich Range, Belted Range, Groom 
Range, Pahranagat Range, and Sheep 
Range, with maximum elevations of 
2800, 2600, 2800, 2600, and 3000 m, 
respectively. Similarly, major 
valleys immediately north and 
northeast of NTS have higher floor 
elevations than thope of the valleys 
within Test Site boundaries, e.g.. 
Gold Flat, Kawich Valley, and Emigrant 
Valley, with minimum floor elevations 
of 1580, 1600, and 1400 m, 
respectively. Southwest of NTS, 
across the Amargosa Desert, lies 
Death Valley, whose minimum floor 
elevation is 85 to below mean sea 
level. Thus there exists an overall 
ground-surface slope to the south
west, across the Nevada Test Site, 
towards Death Valley. 
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Two of the largest valleys in 
southern Nevada, the Las Vegas 
Valley and the Amargosa Desert, as 
well as two of the highest and most 
extensive mountain ranges in the 
southern portion of the state, the 
Sheep Range and the Spring 'fountains, 
are located in the vicinity of NTS. 
The Las Vegas Valley is about 60 km 
long and as much as 30 km wide. The 
Valley trends southeast, and its floor 
lies at elevations between 600 and 
900 ra. The Amargosa Desert has 
dimensions, trend, and floor eleva
tions similar to those of Las Vegas 
Valley. 

Las Vegas Valley drains to the 
Colorado River. Jackass Flats, Rock 
Valley, and Mercury Valley drain to 
the so-called Amargosa River in the 
Amargosa Desert. The Amargosa 
River, in turn, drains to Death 
Valley. Drainage in most other 
valleys at NTS and vicinity is to 
playas located within each valley, 
No important perennial or intermittent 
streams exist at NTS, or in the 
nearby surrounding area. 

2. Climate 

The Nevada Test Site lies in the 
most arid part of Nevada, which is 
the driest state in the Union. 
Winograd and Thordarson (1975) present 
a map of mean annual precipitation at 
NTS and vicinity, modified here as 

Fig. 4, that shows the mean annual 
precipitation in valleys to range 
from about 8 to 16 cm. Mean annual 
precipitation on most upland areas is 
only 30 cm or less. In the large 
mountain masses near NTS, the Sheep 
Range and the Spring Mountains, as 
much as 56 to 71 cm (22 to 28 in.) of 
precipitation falls annually. Much 
of this mountain precipitation falls 
as snow. As a result of the variation 
of precipitation with altitude, the 
cJimate in the area varies from arid 
on the valley floors to subhumid in 
the upper elevations of major mountain 
ranges. 

Most precipitation at NTS and in 
the region falls during winter and 
summer months. Figure 5 illustrates 
the variation in mean monthly 
precipitation at Las Vegas and NTS. 
Winter precipitation originates in 
the west, is normally associated with 
mobile, low-pressure cells, and covers 
large areas. Summer precipitation 
occurs primarily as convective storms 
of local importance. The source of 
moisture for summer precipitation is 
to the south and southeast. 

The mean daily maximum tempera
ture at Las Vegas ranges from 13.0°C 
in January to 40.5°C in July. The 
mean daily minimum temperature for 
the same months ranges from 0.5°C to 
24.5°C. Temperatures in higher 
valleys, such as those at NTS, are 
as much as 3.0° to 8.5° lower. 
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— 2 0 — Lines of mean annual precipitation, in centimeters. Interval variable. 

Fig. 4. Mean annual precipitation, Nevada Test Site and vicinity (after 
Winograd and Thordarson, 1975). 

According to Weather Bureau at the Boulder City station, 
records, the average annual pan Transpiration by vegetation would 
evaporation at Boulder City, near also be minimized in the December 
Las Vegas, for the period 1961 and January winter period, 
through 1970 is 282 cm. Meyers and Abstraction of soil moisture by 
Nordenson (1962) estimate the evaporation from the soil surface and 
potential annual evaporation from by plant transpiration certainly does 
lake and reservoir surfaces to range not occur at rates equal to evapora-
from 152 to 208 cm in southern tion from free water surfaces, but 
Nevada. Evaporation is at a minimum it is reasonable to assume that annual 
in December and January of most years precipitation is equalled or exceeded 
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by annual evapotranspiration in the 
valleys of NTS and the surrounding 
region. Precipitation may exceed 
evapotranspiration locally in the 
ranges and other upland areas for 
limited periods, particularly in the 
winter months. The excess water is 
available for infiltration and 
ground-water recharge near the site 
of precipitation, and for surface 
runoff to lower elevations. This 
runoff may eventually infiltrate into 
the upper levels of the bajadas 
surrounding the ranges, resulting in 
some ground-water recharge, borne of 
the snowmelt from upland accumulations 
must result in infiltration and 
recharge of ground water at higher 
elevations; the rest, as runoff to the 
bajadas, may infiltrate and possibly 
recharge ground water in the upper 
levels of the alluvial fans. 

3. Population 

The major center of human 
habitation near NTS is the city of 
Las Vegas, about 120 km southeast of 
the Test Site. Several villages of 
2000 or fewer inhabitants are situated 
northwest of Las Vegas along U.S. 
Highway 95. These include Indian 
Springs, Lathrop Weils, Beatty, and 
Goldfield (see Pig. 1; Goldfield is 
located off the map of Fig. 1, to the 
northwest). 

Ground water provides the 
primary source of water for the region. 
Some water comes to Las Vegas from 
Lake Mead, but the city continues to 
rely on ground-water withdrawal for 
a portion of its supply. 

C. HYDR0GEOL0GV OF THE NEVADA TEST 
SITE AND VICINITY 

Among the published reports 
dealing with the hydrology of the 
Nevada Test Site, three stand out as 
being particularly useful and com
prehensive. The early regional 
hydrologic reconnaissance by Eakin, 
Schoff, and Cohen (1963) is helpful 
in placing the hydrology of the Nevada 
Test Site into a large regional 
framework. The work of Blankennagel 
and Weir (1973) deals with the 
hydrology of volcanic rocks in the 
north-western portion of NTS and 
represents the best single source of 
information for that area. The 
monumental work by Winograd, Thordar-
son, and Young (1971), which was 
superseded by USCS Professional 
Paper 712-C (Winograd and Thordarson, 
1975), offers the most complete 
discourse on NTS hydrrlogy available. 
Any summation of what is known of 
the hydrology of NTS and vicinity 
must draw heavily from these three 
sources, as the following synthesis 
dous. Understanding of the surface 
and subsurface geology at NTS 
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established the framework for 
unravelling its ground-water 
hydrology. The work of many 
geologists, before and during 
hydrologic investigations, has 
established this understanding, and 
their work is suitably acknowledge*', 
in the above cited sources. 

1. Geologic Setting 

The Nevada Test Site lies within 
the miogeosynclinal belt of the 

Cordilleran geosyncline (Fig. 6), In 
which nearly 12,200 m of marine 
carbonate and clastic rocks were 
deposited during late Precambrian and 
Paleozoic time. NTS is also situated 
within a Tertiary volcanic province 
in which rhyolltic and quartz-latitic 
ash-flow tuffs and ash-fall tuffs and 
rhyolites were erupted from calde.'a 
centers. The volcanic rocks range in 
thickness from several hundreds of 
meters to more than 4000 m. Quater
nary and upper Tertiary clastic 

Fig. 6. Index map showing Nevada Test Site and major geological and physio
graphic features (after Ekren, 1968). 
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deposits of alluvial and lacustrine 
origin occupy most of the valleys and 
depressions at NTS and in the vicinity. 
These sediments are ordinarily only a 
few hundred meters thick but attain 
maximum thickness of over 1000 m. 

There are no Mesozoic sedimentary or 
volcanic rocks in the immediate 
vicinity of NTS. The Mesozoic era is 
represented by a few small granitic 
plutons. 

The region has been the scene of 
two major periods of crustal deforma
tion. The first occurred late in the 
Mesozoic era and is manifest in 
folding and thrust faulting of 
Precambrian and Paleozoic rocks. 
Displacements along major thrust 
faults amounting to several tens of 
kilometers have been inferred from 
geologic field investigations. In 
middle to late Cenozoic time, normal 
faulting occurred In the area. The 
youngest north-south normal faults 
are superimposed on the earlier 
structures and are largely responsible 
for the region's Basin and Range 
topography* with its predominant 
north-south range and valley align
ment. Normal faults flanking the 
major basins commonly have throws of 
several hundred meters. A structural 
feature of considerable importance in 
the area is the Las Vegas Valley shear 
zone (Longweli, 1960). The zone, 
depicted in Fig. 6, finds topographic 
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expression as the Las Vegas Valley, 
and exttmds from the vicinity of 
Mercury to southeast cf Las Vegas. 
Longwell concluded that at least 40 
km of right-latercl movement has 
occurred along the shear zone. Of 
particular interest Is the north
easterly strike of normal faults and 
ranges near the shear zone. Figure 7 
illustrates the chants in strike of 
faults and ranges from north-south 
to northeast as the Las Vegas Valley 
shear zone is approached from the 
north. The change of strike is 
presumed to be the result of rotation 
associated with right-lateral movement 
along the zone (Ekren et al.„ 1968). 

The net result of sedimentation, 
complex crustal deformation, and 
erosion has been to establish a 
landscape where alluvial valleys 
occupy approximately 302 of the area, 
and where Paleozoic and upper 
Precambrian rocks form about 30% of 
the outcrops. The remaining area 
consists principally of volcanic 

rocks (Fig. 7). 

2. Aquifers and Aquitards 

Hydrologists working in and near 
NTS have chosen to designate 
stratigraphlc units, or combinations 
thereof, having similar hydraulic 
properties as aquifers or aquitards. 
An aquifer is a body of rock that 



Mercury? 

Las Vegas Val ley* 
shear zone 

Explanation: 

Quaternary alluvium Tertiary volcanics Pre-Tertfary rocks 

Fig. 7. Mar* showing pa t te rn of Basin and Range f au l t s in Nevada Test S i t e 
and v i c in i t y (af ter Ekren, 1968). 
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contains suff icient saturated permeable 
materia] to cnduct ground water and 
to yield economically significant 
quantities of ground water to wellr 
and springs. An aquitr.rd is defined 
as a confining bed that retards but 
does nor. prevent the flow of water to 
or from an adjacent aquifer. 
Aquitards do not readily yield water 
to wells or springs, but may serve 
as storage units for ground water. 
U.S. Geological Survey hydrologists 
have established a somewhat arbitrary 
division between aquifers and 
aquitards in the NTS area based on 
the drawdown response of wells to 
pumping. The division used is a normal
ized well specific capacity of 0.1 gpm 
(gallon per minute) per foot of draw
down per 1000 feet of saturated rock. 

Table 2, which is modified from 
Winograd an' Thordarson (1975), 
groups the stratigraphic units of NTS 
into 10 hydrogeologic units. It is 
significant that no major unconfor
mities occur within the Paleozoic 
miogeosynclinal rock sequence at and 
near NTS. Sedimentation apparently 
progressed with only short interrup
tions from late Precambrian time 
through the Permian. The Tertiary 
units are representative of most of 
NTS, except for the Pahute Mesa area 
in the northwestern portion of the Test 
Site; hydrogeologic units of Pahute 
Mesa are summarized separately at 
the end of this section (p. 29)* 

Lower Carbonate Aquifer 
The Lower Carbonate Aquifer is 

composed of carbonate rocks from the 
upper half of the Carrara Formation 
through the Devils Gate Limestone 
(Table 2 ) , and together with the 
Valley-Fill Aquifer has a v.fe ar«al 
distribution and importance as a 
water-supply source in the region. 

The total thickness of strata 
comprising the Lower Carbonate 
Aquifer is about 5000 m, but because 
of erosion this thickness is seldom, 
if ever, present at one location. 
The saturated thickness of the Lower 
Carbonate Aquifer ranges from several 
tens of Liters to more typically 
several hundred meters, and varies 
because of th' influence of geologic 
structure, erosion, and depth to the 
water table. The aquifer is totally 
unsaturated or eroded away only in 
the vicinity of outcrops or subsur
face structural highs of pre-Middle 
Cambrian clastic rocks. 

The intercrystalline porosity of 
the carbonate rocks is extremely small» 
as the calcite or dolomite crystals 
composing them are tightly intergrown. 
Vugs as large as 1 cm in diameter are 
visible in hand specimens; however, 
there is no interconnected vuggy 
porosity evident. The carbonate rocks 
are highly fractured and locally 
brecciated. Most outcrops exhibit 
three or more sets of high-angle 
fractures and one or more high-angle 
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Table 2. S t ra t igraphic and hydrogeologic u n i t s a t NTS exclusive of Fahute 
Mesa area (modified from Winograd and Thordarson, 1975). 

System SerIvs 
Stratlcraphic 

unit Lithotomy 
Max Imun 

thU-kress In) 
Hydrogco Logic 

unit 

Quaternary 

Tec: Ury 

Holocene, V..lley Pill 
Pleistocene, 

PJiocenv(7) 

Alluvia] fan. f luvial , 
fanelomerate, lacustrine, 
and nudflew deposits 

610 Valley-Fill Aquifer 

Tertiary Pliocene Basalt of tltvl Mesa 
KhyollU' •>! Shoshorn-

Bas.itt of Skull 
Mountain 

Basalt flows 
Rhyollte flows 

Basalc flows 

76 
610 

T6 

Lava-Flaw Aquifer Pliocene 

Timber MounLatn Tuff 
Aranonla Tanks 

Rjinler Mesa 
Member 

Paintbrush Tuff 
Tiva Canyon Member 

Top.ipah Spring 
Mi-nber 

Ash-flow-tuff. part ial ly to 
completely welded 

Ash-flou tuff, nonwelded to 
completely welded 

Ash-flou tuff, nonwelded to 
completely welded 

Ash-flow tuff, nonwelded to 
.-omplerely welded 

76 

182 

106 

271 

Weldcd-Tuff Aquifer 

Miocene 

Timber MounLatn Tuff 
Aranonla Tanks 

Rjinler Mesa 
Member 

Paintbrush Tuff 
Tiva Canyon Member 

Top.ipah Spring 
Mi-nber 

Ash-flow-tuff. part ial ly to 
completely welded 

Ash-flou tuff, nonwelded to 
completely welded 

Ash-flou tuff, nonwelded to 
completely welded 

Ash-flow tuff, nonwelded to 
.-omplerely welded 

76 

182 

106 

271 

Miocene 

Heddod Tuff Ash-fall tuff and rei..-.kerf t uff 304 Bedded-Tuff Aquifer 

Miocene 

Wrtrnnunii' Formation Lava-flow and Interflow tuff 
and breiri.i; locally al ter 
hydrothermally 

ed 
1220 Lava-Flow Aquitard 

Ash-fall tuff, tuffareous 
sandstone, tuff brccla; matr 
argillaceous or zeolltli-

Breccii flow, l i th tc breccia, 
ruff breccia, with ash-f .ill 
tuff, sandstone, s l l t s tone, 
ciaystone: aatr ix argillacum 

.sh-flow tuff, completely welded 

Too Spring Member 
UK-al Units 

of Calico Hills 

Ash-flow tuff, r re lded t welded 
Aah-fall tuff, nonweldcd to semi-

welded ash-flow tulf, tuffaccous 
sandstone, ailtscone, and 
ciaystone; a l l altered t 

<1H< c lay . a Is 
Rhyolite, nonwelded and welded 

ash flow, a3h-fall tuff, tuff 
breccia, tuff<-ceous sandstone; 
matrix of tuff and sandstone 
argillaceous or zcolltfc 

Ash-flow tuff, nonwelded to partly 
welded, interbedded with ash-
fall cuff; matrix argillaceous 
or zeoli t ic 

Tipplpah Litnestoj 

Fresh-water limestone, 
conglomerate, tuff 
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Table 2. (continued) 

Devon iai 

Siluriar 

Nevada Kona.it loi 

Undifferentiate 

Ely Sprints Dolomite 

Argil l l te , quartzitc, 
conglomerate llaestoi 

Llmeston 

Dolomite 

Eureka Quartzite Ouartiile, nlnor line* 
Antelope Valley 

Limestone 
Limestone and s i l ly 11 

Nlnen.Hi- Formation Claystone, limestone 
Goodwin Lines tune Line-tone 

Nopah Formation 
Smoky Mt-ber Dal unite. liaentone 
HaHplnt Member Limestone, doloaite 
Dunderberg Shale 

Merabc r 
Shale, mln or llraestont 

Bonanza Kinij 
Format ton 
Banded Mt. Member Limestone, dolomite 
Papoose Lake 

Member 
Limestone, do) traite 

L'pper 320 c limestone 

Zabriskie Qui 
Wood Canyon 

Quartzite 
Quartzite, s i l t s 

Stirling Quartz ice 
Johnnie Formation 

http://Kona.it
http://Nlnen.Hi-


faults with associated breccia zones. 
Winograd and Thordarson (1975) 
describe a study of joint patterns 
at Banded Mountain in northeastern 
Yucca Flat and in the Ranger Mountains 
in southern Frenchman Flat by P. J. 
Barosh. There, local joints generally 
have consistent directional trends 
over distances of a few meters, 
whereas throughgoing joint sets have 
consistent trends over distances of 
several tens of meters, and are 
parallel to associated faults. 

Neither stratigraphically con
trolled regional solution features 
within the carbonate rocks nor well-
developed solution features below the 
Tertiary-Paleozoic unconformity are 
evident. The absence of major 
secondary solution porosity within 

the carbonate section can be related 
to the rather continuous sedimentation 
responsible for the deposition of the 
rocks. There is no field evidence to 
suggest that a karst terrain was 
developed on the carbonate rocks 
beneath the Tertiary-Paleozoic 
unconformity. 

Winograd and Thordarson (1975) 
present values of interstitial 
porosity and hydraulic conductivity 
of core samples representative of 
several tens of meters of core of the 
Lower Carbonate Aquifer taken in 
eight test holes. The values, 
presented here in Table 3, show 
interstitial porosity and hydraulic 
conductivity of the Lower Carbonate 
Aquifer to be small. (The hydraulic 
conductivity is a parameter by which 

Table 3. Interstitial porosity and hydraulic conductivity of cores from Lower 
Carbonate Aquifer at NTS (Winograd and Thordarson, 1975). 

Number of 
samples Range Mean 

Total porosity 16 0.4 - 12.4% 5.4% 

Effective porosity 25 0.0 - 9.0% 2.3% 

Hydraulic conductivity 13 8 x 10~ 7 -
-3 4 x 10 m/day 

4 x 10~* m/day 

L)etermined from grain and bulk d e n s i t i e s . 

Determined by mercury in jec t ion or water sa tu ra t ion . 

Conductivity to Denver, Colorado, tap water. 
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flow velocity is related to hydraulic 
gradient in ground water using 
Darcy's Law. See Section V,B for 
more details.) 

Historical records of test holes 
drilled by hydraulic rotary tools 
show that loss of circulation of 
drilling fluid commonly occurred 
abruptly during drilling of the 
carbonate rock aquifers. The abrupt
ness of fluid loss, the absence of 
caverns, and the very low interstitial 
hydraulic conductivity of the rock 
suggests that the drilling fluid was 
lost into fractures. Conversely, in 
some test holes drilled with air, 
sudden increases in water entry into 
the hole were noted. Winograd and 
Thordarson suggest that these 
increases probably occurred on 
penetration of water-bearing 
fractures. 

They also report the results of 
measurement of hydraulic properties of 
the Lower Carbonate Aquifer in drill-
stem and pumping tests of 10 test 
wells. These wells tapped the Lower 
Carbonate Aquifer at depths ranging 
from 224 m to 1281 m below the 
surface. These tests revtaled that 
the transmissivity of the carbonate 
aquifer varies greatly with depth in 
each hole. No uniform pattern of 
increase or decrease in transmissivity 
with depth was identified. (Trans-
missivity is the product of hydraulic 

conductivity and aquifer thickness 
and has dimensions of length squated 
per unit time). Determination of the 
storage coefficient of the aquifer was 
not possible because of nonideal test 
conditions. However, the storage 
coefficient under unconfined condi
tions is thought not to exceed 0.01. 
The specific storage under confined 
conditions probably ranges between 
3 x 10~ 6 per meter to 3 * 10~ per 
meter. (See Section V,B for a 
definition and discussion of the 
storage coefficient under confined 
and unconfined conditions.) 

Winograd and Thordarson conclude 
that water movement in the Lower 
Carbonate Aquifer is mainly through 
interconnected fractures. Their 
hydraulic tests of the aquifer yielded 
several important items of information: 

1. Water-bearing fractures are 
few, but open to depths of at least 
1280 m beneath land surface. There 
is no decrease in fracture yield to 
this depth. 

2. Transmissivity of the 
aquifer immediately below the 
Tertiary-Paleozoic unconformity is 
pot greater than that for other 
intervals. 

3. The transmissivity, as 
determined from drawdown curves 

2 
of six wells, ranges from 16 m /day 

2 to 485 m /day. The mean value 
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is 162 m /day. Results of pumping 
in a seventh well suggest a higher 

2 transmissivity than 485 m /day. 

A. Most pumping tests indicate 
that the aquifer is cut by negative 
hydraulic boundaries (partial barriers 
to flow) that may be the consequence 
of the presence of faults, thinning 
of the aquifer* or lateral decrease in 
fracture transmissivity. 

Upper Carbonate Aquifer 

The Tippipah Limestone of Permo-
Pennsylvanian age is defined as the 
Upper Carbonate Aquifer (Table 2). 
It reaches a maximum thickness of 
nearly 1100 in, but has been eroded 
away in most places at and near NTS. 
The Upper Carbonate Aquifer is 
saturated only beneath the western 
third, of Yucca Flat at elevations 
less than 1160 m above sea level; 
elsewhere at NTS these carbonate 
rocks are absent beneath the valleys 
or occur in ridges well above the 
regional water table. Hence the 
Upper Carbonate Aquifer is of 
importance only in western Yucca Flat. 

No field tests to determine 
hydraulic properties of the Upper 
Carbonate Aquifer have been made, but 
its character is thought to be 
similar to that of the Lower Carbonate 
Aquifer. 

Welded-Tuff Aquifer 

The Welded-Tuff Aquifer is com
posed of the Topopah Spring and Tiva 
Canyon Members of the Paintbrush 
Tuff, and the Rainier Mesa and 
Ammonia Tanks Members of the Timber 
Mountain Tuff (Table 2). The aquifer 
is present in much of the NTS area. 
Its occurrence within the zone of 
saturation, however, is limited to 
the structurally deepest parts of 
Yucca Flat, Frenchman Flax, Jackass 
Flats, and other incermontanc basins. 
The Topopah Spring Member presently 
serves as the sole source of ground 
water in Jackass Flats. 

The physical characteristics of 
ash-flow tuffs influence the movement 
of ground water through them and are 
related to their mode of origin. 
Until recent years this mode was 
largely misunderstood, and many ash-
flow tuffs were considered to be 
silicic lava flows. Hlnograd 
(1971) presents a preliminary 
appraisal of the hydrogeology of 

ash-flow tuffs from which the follow
ing discussion is drawn. 

Ash-flow tuffs are consolidated 
deposits of volcanic ash emplaced 
through flow of turbulent mixtures 
of hot volcanic gas and pyroclastic 
debris. The deposits are initially 
composed primarily of glass shards 
and pumice fragments generally less 

-22-



than 3 or 4 an En size. They may 

cover hundreds to thousands of square 
kilometers. The dcpoAJm arc 
nonsorted, exhibit no bedding., and 
cosu&onty are tens to hundreds 01 
taeierH thick. 

After t-oapaction, welding o( the 
ash may result In a $03! reduction In 
the porosity of the flow. Wtdlnp of 
ilu- ash Irt a complex, proa pi process 
that bonds the hot glaAN shards and 
nuttlre. WUhfn a flow, ehe 

variability la degrees of welding 
(Pig. 8) can strongly influence 
t«iv Interstitial porosity of the 
tuff. An inverse relation exists 
between degree of welding and both 
the interstitial porosity and the 
interstitial hydraulic conductivity. 
Laboratory determinations of inter
stitial porosity and hydraulic 
conductivity of 20 core samples 
form the Wcided-Tuff. Aquifer arc 
suafsarircd in Fig. 8. 
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Fig. 8. Idealized section of ash flow tuff showing the relation of joint 
density, interstitial porosity, and hydraulic conductivity to degree 
of welding (after Wlnograd, 1971). 
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The zones of complete (or dense) 
and partial welding are characterized 
by columnar jointing. The joints are 
formed during cooling as tension.*1 
forces act. Joint spaclngs range from 
less than 1 cm to several meters; 
the more closely spaced joints occur 
In the zone of most complete welding. 
The geometry of these primary cooling 
joints is often obscured in older 
tuffs by secondary joints resulting 
from regional stresses. Together, 
the primary and secondary joints 
provide the principal pathways for 
ground-water flow through completely 
welded tuff. On the other hano, 
interstitial flow as a principal 
pathway through nonwelded tuff is 
indicated by its low fracture density 
and modest interstitial hydraulic 
conductivity. Outcrop studies at NTS 
have shown the strike of secondary 
joints in welded tuff to be variable, 
with dominant strike directions 
paralleling that of major normal 
faults. 

The transraissivity of the 
Topopah Spring Member was determined 
or estimated in testing three wells in 
Jackass Flats and one in southern 
Yucca Flat. The transmissivity 
determined from the drawdown curves 
in two of the weils in Jackass Flatj 

2 is 348 and 845 ID /day. Estimation of 
transmissivity from testing the third 
well in Jackass Flats yielded a value 

2 greater than 845 m /day. The estimate 
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based on the test in southern Yucca 
2 Flat is much lower, about 2.5 m /day. 

Negative hydraulic barriers are 
evident from the shape of the draw
down curve of one of the wells tested 
in Jackass Flats. Young (1972) 
associates these barriers with normal 
faults, known and inferred, at the 
edges of Jackass Flats. The storage 
coefficient of the Welded Tuff Aquifer 
has not been determined. 

Bedded-Tuff Aquifer 

The Bedded-Tuff Aquifer is 
composed of ash-fall tuff interbedded 
with the Tiva Canyon and Topopah 
Spring Members of the Paintbrush 
Tuff, and the Crouse Canyon Member 
of the Indian Trail Formation. 
Locally the ash-fall tuffs are as 
much as 100 m thick, but 30 m is a 
common upper limit of their thick
ness. The ash-fall tuffs are composed 
of fine-grained to granule-sized 
particles that are poorly to well 
sorted and are quite friable. The 
ash falls have been locally reworked 
by running water or deposited in 
standing water and exhibit prominent 
stratification. 

The soft, friable nature of the 
ash-fall tuffs seem to defy the 
formation and maintenance of open 
fractures in them. Water movement 
through interstitial pore spaces 
seems to be the most likely flow 
mechanism in the ash-fall tuffs. 



Studies of 48 samples of vitric ash-
fa]] tuff gave an average interstitial 
porosity of 40%. Interstitial 
hydraulic conductivity values of from 
3 * 10" 3 to 1.6 * 1 0 - 1 m/day were 
obtained in studies of II samples of 
vitric ash-fall tuff, Uinograd and 
Thordarson (1975). 

The transmissivity determined 
from the drawdown curve of one well 
probably completed in bedded tuff at 
NTS is 16 m 2/day. The Bedded-Tuff 
Aquifer is saturated only beneath the 
structurally deepest parts of Yucca 
Flat, Frenchman Flat, and Jackass 
Flats. 

Lava-Flow Aquifer 

The basalt of Skull Mountain, 
the rhyolite of Shoshone Mountain, 
and the basalt of Kiwi Mesa constitute 
the Lava-Flow Aquifer. Surface 
exposures of these units indicate 
that they are as much as 76, 609, and 
76 m thick, respectively. They are 
restricted to Jackass Flats and 
possibly lie within the saturated 
zone in east-central Jackass Flats. 

Field examination of the basalt 
of Kiwi Mesa and knowledge of the 
hydrology of basalts in other areas 
of the western United States suggest 
that ground-water movement through 
the basalt occurs along bedding 
planes and cooling joints. Ground
water flow through the rhyolite of 
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Shoshone Mountain may be along 
secondary fractures. 

Valley-Fill Aquifer 

The collection of alluvial fan, 
fluvial, lacustrine, and mudflow 
deposits found in the structural 
depressions between ranges makes jp 
the Valley-Fill Aquifer. The valley 
fill is the primary source of ground 
water for supply in Frenchman Flat, 
but is largely unsaturated beneath 
Yucca Flat, western Jackass Flats, 
and Mercury Valley because of the 
great depths to the water table in 
these valleys. The thickness of 
valley fill deposits varies widely in 
any given valley and also between 
valleys. The valley fill is as much 
as 1160 m thick in southern Yucca 
Flat, 515 m in central Frenchman 
Flat, and 316 m in Jackass Flats. 

The detritus of the valley fill 
is poorly sorted and only loosely 
stratified. It contains clay- to 
boulder-sized particles and was 
transported to the valley floors from 
the surrounding ranges by ephemeral 
streams. Wilmarth et al. (1959) report 
no apparent change in texture of 
valley fill materials with depth, 
based on six test holes in northern 
Yucca Flat. The valley fill contains 
detritus composed of tuff, limestone, 
dolomite* quartzite, granite, basalt, 
and other lithologies in various 
proportions. 



Valley-fill detritus is uncon
solidated to semiconsolidated. 
Secondary calcium carbonate (caliche) 
is evident as a cementing oaterial in 
trenches, pits, and collapse craters 
in Yucca Flat. The caliche occurs 
as discontinuous and irregular beds 
up to 1 m thick and as veinlets and 
irregular masses scattered through the 
valley fill. Lithologic logs of test 
holes in Yucca Flat indicate that the 
caliche is present to depths of at 
least 150 m (Wilmarth et al., 1959). 
Secondary calcium carbonate accumula
tions have been more recently observed 
co be scattered throughout the total 
vertical extent of valley fill in 
Yucca Flat (Fernald, 1976). Where 
caliche is present, the valley fill 
is semilithified. 

The drawdown curves from pumping 
tests in three wells completed ir* 
valley fill give a range of transmis-
sivity for the valley fill of 30 to 

2 164 m /day (Winograd and Thordarson, 
1975). The storage coefficient of 
the Valley-Fill Aquifer has not been 
determined, and it is unclear whether 
the aquifer behaves in a fully 
unconfined manner. It seems reason
able to assume that the zones of 
higher hydraulic conductivity within 
the valley fill would behave as 
semlconfined aquifers during protracted 
periods of pumping. There is general 
agreement that ground-water flow in 

the valley fill takes place through 
interstitial spaces. 

Lower Clastic Aquitard 

Aquitards are important in 
providing boundaries to flow in 
aquifers, and, under some conditions, 
in supplying scored ground water to 
aquifers. The Lower Clastic Aquicard 
and the Tuff Aquitard have wide 
areal extent in the zone of satura
tion at and near NTS and exert 
important influences on regional 
ground-water movement. The Lower 
Clastic Aquitard provides an 
effectively impermeable lower boundary 
Co the Lower Carbonate Aquifer. 

The Lower Clastic Aquitard 
includes the clastic rocks of the 
Precambrian Johnnie Formation through 
the lower half of the Carrara Forma
tion (Table 2). The rocks of the 
aquitard are largely siltstone, 
quartzlte, shale, and sandstone. 
The fractures formed during folding 
and faulting of the sandstone and 
quartzite tend to be sealed by 
flowage of interbedded shales and 
siltstones into them. Coring of test 
holes in the Lower Clastic Aquitard 
revealed very little evidence of 
porosity derived from secondary or 
later solution processes according to 
Winograd and Thordarson (1975). 

Table 4 lists values of inter
stitial porosity and hydraulic 
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Table 4. Interstitial porosity and hydraulic conductivity of cores from the 
Lower Clastic Aquitard, Yucca Flat (Winograd and Thordarson, 1975). 

Total porosity 

Effective porosity 

Hydraulic conductivity 

Nunber of 
samples Range Mean 

23 0.2 - 10.OX 3.8Z 

20 0.6 - 5.0« 1.97. 

18 3 * 10" 8 -
4 ' 10 m/day 

u • 10" m.'day 

Determines from grain and bulk densities. 

Determined by mercury injection or water saturation. 

Conductivity to Denver* Colorado, tap water. 

conductivity of core samples taken 
from a single test well drilled into 
the Lower Clastic Aquitard In Yucca 
Flat. The drawdown curve derived from 
a pumping test of the same hole gave 
a transmissivity for the Stirling 
Quartzite and Johnnie Formation of 

2 less than 7.5 m /day. Winograd and 
Thordarson argue persuasively that 
regionally integrated fracture 
transmissivity is lacking in the 
clastic strata and that regional 
ground-water movement is controlled 
by their low interstitial hydraulic 
conductivity. 

Upper Clastic Aquitard 

The Late Devonian to Late 
Mississippian Eleana Formation is 

defined as the Upper Clastic Aquitard 
and consists of as much as 2400 m of 
argillite, quartzite, and conglomer
ate. The Upper Clastic Aquitard 
plays an important role beneath 
western Yucca Flat and northern 
Jackass Flats* where it separates the 
Upper and Lower Carbonate Aquifers. 
At other locations at NTS the Eleana 
Formation has been eroded away, is 
above the regional water table, or is 
represented by time-equivalent 
carbonate rocks. 

As in the Lower Clastic Aquitard, 
secondary solution porosity is poorly 
developed, and open fractures are 
likely to be sealed at depth. Winograd 
and Thordarson report the results of 
porosity determinations on 22 outcrop 



.samples of the Kleana Formation, The 
to ta l porosity of the samples ranges 
from 2-0 to 19.3'! with a mean value 
of 7,b7 . The ef fec t ive porosity 
ranges from 0.6 to 15.12 with a mean 
va luu of 'i. 2\ . 

The Kleana Formation lias been 
liydrau I leal Ly tested in one well in 
Yucca F la t . An improvised hydraulic 
inject ion t es t in t e s t hole I'K-IL 
indicated that the t ransmiss ivi ty of 
the Eleana Formation is between 0.01 
and 0.1 tn~/day. Comparison with the 
tower Clas t ic Aquitard suggests that 
the t ransmiss i f i ty of the Upper Clast ic 
Aquitard Is generally less than 7.4 
m"/day. Ground-water flow through the 
Upper Clas t ic Aquicard presumably i s 
control led by i n t e r s t i t i a l hydraulic 
conduct ivi ty . 

Tuff Aquitard 

The Tuff Aquitard, as defined by 
Winogrnd and Thordarson. is composed 
of a l l the tuffs and re la ted sed i 
mentary rocks below the Paintbrush 
Tuff. The formations that make up 
the aquitard include nonwelded ash-flow 
tuff , ash-fal1 tuff, tuff brecc ia , 
breccia flow, tuffaceous sandstone, 
s i l t s t o n e and mudstone, fresh-water 
limestone, and minor volumes of 
welded tuff. Most of these l i t h o l o -
gles have substant ia l zeo l i t e or clay 
mineral content which helps explain 
the i r low i n t e r s t i t i a l hydraulic 

conduct i v i t y . The Tuff Aquitard 
generally separates the Wt*tdod and 
Bedded-Tuff Aquiters from tlie under
lying Paleozoic aquifers and 
jqu i t a rd s . The Tuff Aquitard is as 
much .is 600 m thick tn Yucca F la t , 
more than 600 m thick in western 
Jackass F l a t s , and more than 1400 m 
thick in Frenchman Fla t . 

Thordarson (1965) has studied the 
occurrence and movement of water 
perched in the Tuff Aquitard tens of 
meters abuve the regional water tab le 
in the underground workings at 
Rainier Mesa, where it is composed ul 
zeo l l t i zed .ish-f.itl tuff and 
zeol it ized tul f aceous sed intents. 
Among his observations are the 
following: 

1. The i n t e r s t i t i a l porosity o( 
five beds of zeol i t ized ash- fa l l tuff 
of the Indian Trai l Formation ranged 
from 25 to 387, while the i n t e r s t i t i a l 
hydraulic conductivity was only 
1.6 - 10" 5 to 1.2 < 10~3 m/day. 

2. The only free ground water 
occurs in open fractures, mostly 
fault zones. Not all open fractures 
are saturated. 

3. Water-bearing f rac tures a re 
poorly connected or unconnected, as 
evidenced by Item 2 above and by the 
fact that water i s perched in the 
aqui tard . 
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4. The normalized specific 
capacity of a hole drilled Into 187 m 
of saturated aquitard from the floor 
of one of the tunnels was loss than 
0.02 gpm per foot of drawdown per 
1,000 feet of saturated aquitard. 

Ihordarson's observations have 
led to the interpretation that ground
water movement in the Tuff Aquitard 
is controlled by the aquitard's meager 
interstitial hydraulic conductivity 
rather than by the poorly connected to 
unconnected fractures in it. 

Several test holes in Yucc;» 
Flat, one in Rock Valley, and one in 
western Jackass Flats provided core 
samples from, and hydraulic test 
opportunities in, the aquitard. 
Interstitial porosity and hydraulic 
conductivity values from cores of the 
aquitard are given in Table 5. 

Hailing, swabbing, or injection 
tests were performed on 32 intervals 
in the test holes to arrive at a 
normalized specific capacity range 
of 0.01 to 3 gpm per foot of drawdown 
per 1000 feet, while the median is 
0.09 gpm per foot of drawdown per 
1000 feet. Some of the higher 
normalized specific capacities and 
the mean are above the semiarbitrary 
limit established for aquitards. 
That some of the normalized specific 
capacity values edge into the realm 
of those associated with aquifers is 

likely related'to the presence, within 
the Tuff Aquitard, of completely 
welded to partially welded tuff units 
and perhaps other units with sub
stantial hydraulic conductivity. 
U^nograd and Thordarson*s view, that 
regional ground-water flow through 
the Tuff Aquitard is chiefly influ
enced by its low interstitial 
conductivity, is based on the poor 
hydraulic connection of water-bearing 
fractures in the tunnels of Rainier 
Mesa. 

None of the twelve water-supply 
wells in Yuica Flat, Frenchman Flat, 
Mercury Valley, and Jackass Flats 
shown in Fig. 9 produce from the 
strata of the Tuff Aquitard (Claassen, 
1973; Thordarson et al., 1967). 
Rather, the wells produce from the 
major aquifers, namely the Valley-Fill 
Aquifer, the Weided-Tuff Aquifer and 
the Lower Carbonate Aquifer. (The 
system of hydrogeologic units of 
Table 2 is not applicable to the 
three supply wells on Pahute Mesa, nor 
to Well 8). Thus, the existing supply 
wells provide some indication that 
the strata of the Tuff Aquitard do 
not qualify as aquifers, and can 
therefore be classified as aquitards. 

Aquifers and Aquitards of 
Eastern Pahute Mesa 

General - Gravity data, as 
illustrated in the Bouguer gravity 
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Table 5. Interstitial porosity and hydraulic conductivity of cores taken from 
the Tuff Aquitard at NTS {Winograd and Thordarson, 1975). 

Zeolitized tuff 

Argillaceous tuff 
and argillaceous 

sed iments 

Total porosity 
N Tiber of samples 34 
Range (%) 19.8 -• 48.3 
Mean (%) 37.7 

Effective porosity 
Number of sampies -
Range (%) -
Mean (%) -

Hydraulic conductivity 
Number of samples 
Range (m/day) 
Mean (m/day) 

n-6 

32 
1.8 - 21.6 
11.0 

38 
8 » 10" 8 -

Determined from grain and bulk densities. 

Determined by mercury injection or water saturation. 

Conductivity to Denver, Cc'irado, tap ^ater. 

map of Fig. 10, suggest the presence 
of a deep structural depression 
beneath the eastern portion of Pahute 
Mesa. Deep exploratory drilling, 
reported by Blankennagel and Weir 
(1973), confirmed the presence of 
the depression and showed that it is 
filled with a Tertiary volcanic 
sequence of complexly interstratified 
ash-flow and ash-fall tuffs and 
rhyolitic lava flows that is at 
least 4170 m thick. The structural 

depression resulted from volcanic 
caldron subsidence and has been named 
the Silent Canyon Caldera (Noble 
et al., 1968; Orkild et al., 1968). 
To the south is a second, younger 
caldera, the Ti jer Mountain Caldera 
(Byers et al., 1968). 

The outstanding structural 
feature of the Silent Canyon caldera 
is its boundary-ring fault zone with 
vertical displacements ranging from 
1500 m to 2100 m. Basin and Range 
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Well 

Fig. 9. Location of water-supply wells at Nevada Test Site (after Claassen, 
1973). 
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— 1 9 0 — Bouguer gravity contour resulting from variable density 
reduction of the Pollute Mesa gravity data. Contour 
interval is 2 milligals. Datum plane is 1680 m (base 
of mesa). 

d^_jj^> Gravity low area. 

— — Silent Canyon caldera boundary. 

• I I Timber Mountain caldera complex. 

Fig. 10. Bouguer gravity map of Silent Canyon caldera (after Blankennagel 
and Weir, 1973). 
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faulting occurred during the evolution 
and volcanic in-fill of thp caldera. 
Most of these faults are present at 
the surface with strikes from north-
northeast to north and displacements 
of a few meters to about 200 m. 

Table 6 presents a summary of 
the stratigraphy of the hydro-
geologically important volcanic rock 
units beneath eastern Pahute Mesa. 
No pre-Terti-iry rocks were found in 
exploratory holes drilled within the 
Silent Canyon caldera or immediately 
outside the caidera. Of all the 
formations listed in Table 6, only 
the Belted Range Tuff, Timber 
Mountain Tuff, and Paintbrush Tuff 
occur throughout the eastern Pahute 
Mesa area. A rather heterogeneous 
assemblage of discontinuous ash-fall 
tuffs, ash-flow tuffs, and rhyolitic 
lava flows, which were emplaced 
during caldera formation, occurs 
between the widespread ash-flow 
sheets of the Belted Range Tuff and 
the Timber Mountain and Paintbrush 
Tuffs. Division of this assemblage 
of rock units into a system of hydro-
geologic units applicable throughout 
the Silent Canyon caldera and vicinity 
is not possible. 

Blankennagel and Weir (1973) 
report the results of 197 hydraulic 
tests of 46- to 61-m-vertical 
intervals, isolated by straddle 
packers, in test holes on Pahute Mesa 

that are summarized below. They 
measured the relative specific 
capacity of the rocks in the intervals 
(relative specific capacity is a 
rough measure of hydraulic conductivity) 
and found that the lowest conductivities 
exist in zeolitized tuff. The highest 
conductivities were found in rhyolitic 
lavas and associated materials, and 
the welded tuffs seemed to be some
what more conductive than the 
zeolitized tuff (see Figure 11). 
Discussion of the discontinuous 
aquifers and aquitards of Pahute Mesa 
must be mainly in terms of these 
three lithologies. Because of 
nonideal test conditions, no measure 
of the coefficient of storage or of 
the effective porosity of the 
rhyolitic lava flows has been passi
ble. 

Rhyolitic Lava Flows - Rhyolitic 
lava flows have a wide range In 
water-yield potential, as can be 
seen from Fig. 11. Some flows are 
nearly impervious, while others have 
highly fractured or brecciated zones 
of high conductivity. Eruption of 
rhyolitic lava into the subsiding 
Silent Canyon caldera was rather 
continuous in its eastern part and 
sporadic in the late stages of 
subsidence in the western part. 
Vertical and horizontal fractures 
developed in the flows as a response 
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Table 6. Volcanic rock u n i t s at Pahute Mesa, NTS (modified from Blankennagel 
and Weir, 1973). 

T h i r s t y Canyon Tuff T r a i t Kidse 

Spearhead 

Q-bO Above wa te r Labi* 

0-90 Above water t a b l e 

0-80 Above wa te r t a b l e 

R.iini.-r M«.-s.i Ash-f low tu f f , nonwelded t o 
i-ooipleeely welded; b a s a l pa r t 
i s s a t u r a t e d and nay be 
l e o l i t i z i d In Area 20 

Khyojf te S o . 5 R h y o l l l e lava 

R h y o l i t c No- ~ R h y o l i t e lava 

Tiva Canyon Ash-1 low t u f f , cionwelded t o 
comple te ly welded 

Tuff of Black- Ash-f low t u f f , nonwelded t o 
top Bt i t t es p a r t i a l l y we lded , and a s h - f j l l 

luf f 

Lavas o! S.TuBham fthyolite No. 3 Rhyo l f t e lav.i 

KhyKll tc So. I Hhyol i t i - l.n 

i s and r h y o l l t e s L'pper rhyol 
f \T*.\ -'0 I.IV.1M o( 

Are.i 20 

0-100 Above wa te r t a b l e 

0-426 Above wa te r t a b l e In 
Area 19 and owst 
of Area 20 

0-172 Above water tab le 

Q-J5J Above water tab le 

O-lOo Above wa te r t a b l e IT 
Area 1 9 . Welded 
tuff aquifer in 
parts of Area 20. 

0-60 Khyp iUe aqu i fe r i n 

Area 20 

0-J98 Above water tab le 

ded. 0-117 Weldrd- tuf f aqu j fe r 
irt wes t - ren t (a I 
Area JO 

i e o l i t f r - e d t u t f 
a q u l t a r d s In w e s t 
e rn p a r t of S i l e n t 
Canyon c a l d e r a 

Be l t ed Range Tuff 

h Ash-f low t u f f , z e o l l t i z e d . 
.• t u f f nonwelded to p a r t i a l l y welded 

Bedded tuf f of A s h - f a l l t u f f , t u f f a c e o u a 
Deadburse s a n d s t o n e nvA c o n g l o m e r a t e . 
F l a t i niMiiiiIji z e o l l t l z e d 

Ash-f low tuf f Ash-f low and a s h - f a l l t u f f , 
of Deadhorse nonwelded t o comple t e ly 
F l a t welded 

R h y u l i t e and welded 
t u f t a q u p f e r e and 
z e o l l t t z e d t u f f 
a q u i t a r d s In e a s t 
e rn p a r t of S i l e n t 
Canyon c a l d e r a . 
Not p r e s e n t In 
Area 2 0 . 

R h y o l l i e and welded 
tu f f a q u i f e r s and 
z e o l l t l z e d tuf f 
a q u 1 t a r d a in e a s t 
e rn p a r t of S i l e n t 
Canyon c a l d e r a . 
Sot p r e s e n t In 
Area 2 0 . 

Welded tu f f a q u i f e r 
o u t s i d e H a l t s of 
S i l e n t Canyon 
c a l d e r a o c c u r s 
th roughou t c a l d e r a 
and v i c i n i t y . 
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0.03-
0.04 
0.05-
0.09 

1 1 • ! ^mmfessssm^ • ! 
1 i i 

Welded tuff 
1 
I 
1 

0.00-
0.02 
0.03-
0.04 
0.06-
0.09 
0.10-
0.50 

k^4^4^^4 H ^ 

Zeolltized bedded tuff 

0.00-
0.02 
0.03-
0.04 
0.05-
0.09 
0.10-
0.50 

[ ' " : ' ! ' « 
• I L M J 

S I I [ - [ '•-* 

10 

Rhyolite, rhyolrte 
breccia, and 

|vitrophyre i 
^ ^ ^ ^ ^ U 

30 40 20 30 
Number of tests 

Fig. 11. Relative specific capacity 
(46 to 61 ra intervals) of 
the major rock types within 
the saturated zone beneath 
eastern Pahute Mesa (after 
Blankennagel and Weir, 
1975). 

to cooling and are particularly well 
developed along the outer margins of 
flows. Impermeable zones occur in 
the central portions of thick flows 
of viscous lava. 

Most of the water produced from 
exploratory drill holes during pump
ing tests at Pahute Mesa is obtained 
from fractured intervals that 

constitute only 3 to 10 percent of 
the total interval penetrated in the 
saturated zone. High relative 
specific capacities, measured in 
intervals of rhyolite lavas Isolated 
by straddle packers, are attributed 
to the presence of thin zones of 
interconnected fractures by 
Blankennagel and Weir (1973). 

Pumping tests were carried out 
in 14 exploratory holes at Pahute 
Mesa. The dominant sources of 
production in 12 of the holes were 
fractured zones in rhyolitic lavas. 
Production was from fractured '..'elded 
tuff in the remaining two holes. 
Transmissivities determined from the 
drawdown curves of the 12 pumped 
holes in rhyolitic lavas range from 

2 17 to 1740 m /day. The mean trans-
2 

missivity is about 400 m /day. Draw
down curves from some of the tests 
indicate that the water-bearing frac
tures are well connected. An obvious 
conclusion to be drawn from the 
hydraulic tests is that most ground
water flow in rhyolites takes place 
through systems of interconnected 
fractures. 

Welded Tuffs - The welded tuffs 
emplaced during caldera subsidence are 
generally of low hydraulic conductivity 
except in areas that have been disturbed 
by faulting. Fractures in these welded 
tuffs commonly are resealed at depths 
greater than 300 m below the water 
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table (Blankennagel and Weir, 1973). 
The ground water that does flow 
through the welded tuffs of Pahute 
Mesa follows interconnected fracture 
systems. The Tlva Canyon and Topopah 
Spring Members of the Paintbrush Tuff 
are the only welded tuff units that 
consistently display the hydraulic 
characteristics of aquifers. These 
two units occur within the saturated 
zone, however, only in the southwest
ern part of the caldera. 

Nonwelded and Altered Tuffs -
The interstitital porosity and 
hydraulic conductivity of ash-fall 
tuffs and nonwelded tuffs are greater 
than those of the rhyolitic lavas and 
completely welded tuff. Fracturjs 
are generally sealed in these rocks; 
hence ground-water flow through 
them follows interstitial paths, as 
in ash-fall and nonwelded tuffs 
elsewhere at NTS. Most ash-fall and 
nonwelded ash-flow tuffs are 
zeolitized, and some are argillized, 
below the water table. 

In summarizing the extent of 
aquifers and aquitards of Pahute Mesa, 
Blankennagel and Weir (1973) point 
out that the only aquifers of 
importance in the eastern part of the 
Silent Canyon caldera are fractured 
rhyolites and welded tuffs of the 
lava and tuff of Deadhorse Flat. 
Fractured rhyolites and welded tuffs 
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of the tuffs and rhyolites of Area 20 
constitute the important aquifers in 
the western and central portions of 
the caldera. Zeolitized ash-fall and 
ash-flow tuffs, interbedded with the 
aquifer lithologies, act as aquitards. 
Two of the four water-supply wells on 
or near Pahute Mesa produce from 
rhyolitic lava. The other two wells 
produce water from both rhyolitic lava 
and fractured welded tuff. 

Ground-Water Movement 

Regional Reconnaissance Hydrology 
and the Concept of Interbasin 
Ground-Water Flow 

A ground-water basin is a three-
dimensional system that completely 
contains the flow paths followed by 
water recharging the basin. The flow 
pattern may include one recharge area 
and one discharge area, or be e.-nplex, 
with multiple recharge and discharge 
sites. The total natural recharge to 
a ground-water basin, adjusted by 
the amount of consumptive use and 
storage of ground water, must equal 
the natural discharge from the basin. 

Flow patterns in a ground-water 
basin are governed by three factors 
and their interrelations: 1) shape 
of the region containing the flow 
system, 2) boundary conditions, and 
3) nature of the variations of the 
hydraulic properties of the region. 
The water-table configuration, a 



boundary condition, ;y,)d variations 
in subsurface hydraulic conductivity 
have been identified as the most 
important broad governing factors 
that control regional ground-water 
flow within a ground-water basin 
(Freeze and Witherspoon, 1967). 

Under conditions of homogeneous 
subsurface hydraulic conductivity, 
recharge to a ground-water basin is 
expected to occur beneath upland 
tracts. Discharge from the basin 
should occur in regions of low ground-
surface elevation. The effect of the 
presence within a ground-water basin 
of an aquifer of great transraissivity 
is to create a preferred path or 
conduit for ground-water flow so that 
the percentage of flow traversing the 
entire basin is maximized (Freeze and 
Witherspoon, 1967). 

An assumption that has been 
applied with success in some regional 
hydrologic studies is that ground
water basins generally coincide with 
major surface drainage basins. Where 
valid, this simplifying assumption 
obviously expedites the definition of 
ground-water basins. Thus ground
water basins geographically coincide 
with and underlie surface drainage 
basins. 

Investigations in southern and 
eastern Nevada in the last two decades 
have shown that a discrete ground
water basin is not usually associated 

with each topographic basin or 
drainage area. Estimated ground-water 
recharge and discharge rates for aany 
individual surface basins are not in 
agreement. When the correct combina
tion of adjacent surface basins, 
making up a single ground-water basin, 
is considered, reasonable balance of 
a water budget is attained. Inter-
basin ground-water flow between 
surface basins is required to move 
water from basins with excess recharge 
to basins with excess discharge. 
This interbasin flow is facilitated 
in eastern and southern Nevada by the 
presence, within the zone of satura
tion, of thick Paleoaoic carbonate 
rock sequences of high transmissivicy. 

The most dramatic and convincing 
indication of interbasin ground
water flow is found in some of the 
large springs and groups of springs 
of southeastern Nevada. The essen
tially constant discharge of large 
quantities of ground water from the 
springs represents a discharge many 
times greater than the recharge 
possible in the surface basins in 
which the springs occur. Interbasin 
ground-water flow roust be invoked to 
account for the difference. Maxey 
and Mifflin (1966) have pointed out 
the association of springs that 
steadily discharge large volumes of 
water at relatively high temperature 
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with regional interbasin ground-water 
flow in Nevada. 

The hydrology of a large area of 
2 

about 30,000 km that encompasses 
NTS and contains 20 intermontane 
basins has been reviewed by Eakin 
et al. (1963). This reconnaissance 
study served to place NTS hydrology 
in a regional framework and is one 
of several works in which regional 
interbasin ground-water flow in 
southern Nevada is proposed. 

Eakin et al. (1963) found that 
the altitudes of the lowest water 
levels in wells in valleys of the 
region range from 1615 m in 
Stonecabin Valley, near Tonopah in 
the north, to 597 m in the southern 
part of the Amargosa Desert. Thus, 
the direction of ground-water 
movement in the multibasin region 
should be southward. Estimates of 
natural ground-water recharge for 
individual drainage basins, princi
pally through precipitation falling 
on uplands, decrease from north to 
south, while estimates of ground
water discharge from valleys, consist
ing mainly of evapotranspiration, 
increase to the south. Valleys in 
the northern part of the region 
generally have estimated recharges in 
excess of discharge, while those in 
the southern part have estimated 
discharges in excess of recharge. 
The excess recharge to the surface 
basins in the north could be balanced 
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by subsurface outflow, or "underflow," 
to valleys in the south. Similarly, 
the excess discharge from valleys in 
the south could be balanced by 
underflow from the north. On the 
basis of these water-budget considera
tions and the decline in elevation of 
water levels in wells from north to 
south, as well as inferences based on 
likely geologic conditions and chemical 
character of ground walers, Eakin 
et al. (1963) suggest that interbasin 
ground-water flow is toward the south 
or southwest and that the Paleozoic 
carbonate rocks are probably the 
principal media through which it takes 
place. This analysis was corroborated 
by Eakin (1966) in a detailed study 
of the White River ground-water 
system, which is adjacent to the 
easternmost of the two ground-water 
systems that include the Nevada Test 
Site. 

Ash Meadows Ground-Water Basin 

Description of Basin - The Ash 
Meadows ground-water basin, defined 
and partially outlined by Winograd 
and Thordarson (1975), includes the 
eastern two-thirds of NTS. Yucca 
Flat, Frenchman Flat, Mercury Valley, 
Rock Valley and a part of eastern 
Jackass Flats, as well as the ranges 
bordering and separating these 
valleys, lie within the Ash Meadows 
basin. 



Both Yucca Flat and Frenchman 
Flat are characterized by thick 
unsaturated zones. Depth to the 
water table in Yucca Flat ranges 
from about 165 m to 580 m. The 
water table occurs in Cenozoic strata 
at depths of 158 to 358 m beneath the 
surface of Frenchman Flat. The 
saturated extent of the Valley-Fill 
Aquifer is considerable beneath 
Frenchman Flat; within an area of 

2 about 70 km the water table is 
within the valley fill. Valley fill 
is saturated beneath an area of less 

2 than 25 km in Yucca Flat (Winograd 
and Thordarson, 1975). The water 
table generally occurs in the 
Tertiary volcanic section in Yucca 
Flat* but recent mapping (U.S. Geolog
ical Survey, 1976) and test drilling 
reveals that the water table resides 
below the top of the Paleozoic section 
in a large area of western Yucca Flat 
because of the Paleozoic rocks' higher 
elevation in an elongate, up-faulted 
block on the west side of the Flat. 
Figure 12 shows the extent of the 
area in which the water table lies 
within Paleozoic strata. A trough 
in the water-table surface roughly 
corresponds to this area in northern 
Yucca Flat. 

Data obtained in drilling test 
holes in both Yucca Flat and French
man Flat indicates that the hydraulic 
head potential in the overlying 
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saturated Cenozoic section is greater 
than that in the underlying Paleozoic 
Lower Carbonate Aquifer at the sane 
location (Winograd and Thordarson, 
1975). This difference in hydraulic 
head attests to the existence of 
hydraulic gradients and thus flow 
directed downward from Cenozoic 
strata to the Paleozoic rocks. 
Hence, the Lower Carbonate Aquifer 
must be recharged by vertical 
leakage from the overlying Cenozoic 
rocks in both Yucca Flat and French
man Flat. Near the margins of the 
area in Yucca Flat where the water 
table is within Paleozoic rocks, 
the Lower Carbonate Aquifer may be 
recharged by flow from the Cenozoic 
strata having both vertical downward 
and lateral components. 

Winograd and Thordarson (1975) 
conclude that ground water within 
Cenozoic strata in Yucca Flat and 
Frenchman Flat leaves these closed 
valleys by way of the Lower Carbonate 
Aquifer. Their conclusion is based 
on the lower head in the Carbonate 
Aquifer, the disposition of hydro-
geologic units at the water table, 
and comparison of water-level 
altitudes in Cenozoic strata between 
Yucca Flat, Frenchman Flat, and 
Jackass Flats. Water-level altitudes 
in Cenozoic strata in these three 
valleys are virtually the same. This 
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Fig. 12. Approximate configuration of *Tater table beneath Yucca Flat (after 
U.S. Geological Survey, 1976). 
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condition is reasoned to be incon
sistent with large-scale lateral 
movement of water through aquitards 
between the valleys and suggests 
that ground water in the valleys 
drains to a common sink, the under
lying, moderately to highly trans-
missive Lower Carbonate Aquifer. 

Figure 13 is a composite map of 
hydraulic head potential in the 
Lower Carbonate Aquifer in the east
ern half of NTS, and of hydraulic 
head potential in Cenozaic aquifers 
in the western half of NTS. Head 
potential in CenoEoic strata is also 
mapped northeast, west, and south
west of NTS in the figure. Outcrops 
and near-surface occurrences of the 
Clastic Aquitards are indicated by 
the cross-ruled areas. Arrows 
indicate general directions of 
inferred ground-water flow. 

Figure 13 indicates that hydrau
lic gradients in the Lower Carbonate 
Aquifer, ranging from 0-06 to 1.1 
m/km, are directed south from 
northern Yucca Flat and southwestward 
from eastern Frenchman Flat to the 
spring discharge area at Ash Meadows, 
by way of Mercury Valley. Flow of 
ground water in the direction of the 
gradients is inferred and is assumed 
to be predominantly normal to 

equipotential lines. In this 
context it is worthwhile pointing out 
that this direction is essentially 

that of the strike of the Basin and 
Range faults shown in Fig, 7, i.e.* 
from roughly north-south at the 
latitude of Yucca Flat, to northeast-
southwest from Frenchman Flat toward 
the southwest into the Amargosa 
Desert. Thus, the flow in the direc
tions inferred from the potentiomecric 
map is probably facilitated by the 
Basin and Range faults and parallel 
associated fractures. Presumably the 
major axis of hydraulic conductivity 
in the Lower Carbonate Aquifer 
parallels the general strike of these 
same faults and their associated 
fractures. Evaluation of hydraulic 
parameters of the Lower Carbonate 
Aquifer has been carried out in only 
one well each in Frenchman Flat and 
Mercury Valley. 

Additional evidence for inter-
basin ground-water flow in the AJI S 

Meadows basin cited by Winograd anc-

Thordarson (1975) includes: 1) the 
wide subsurface distribution of the 
Lower Carbonate Aquifer; 2) the 
similarity of the chemical quality of 
water from the Lower Carbonate Aquifer 
beneath Yucca Flat and Frenchman Flat 
to that of water emerging from springs 
in the major discharge area at Ash 
Meadows; and 3) the anomaly between 

the large spring discharge of about 
3 

40 ra /min at Ash Meadows and the 
relatively small size and arid nature 
of the valley in which the springs 
are located. Winograd and Thordarson 
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define the Ash Meadows ground-water 
basin as the area contributing 
ground water to the springs at Ash 
Meadows. 

PotentIoroetric contours of Fig. 
13 indicate that the direction of 
flow within the Lower Carbonate 
Aquifer in southern Indian Springs 
Valley is northward from the northern 
flank of the Spring Mountains. The 
contours in this area are based on 
water-level altitudes of wells and 
test holes penetrating the Lower 
Carbonate Aquifer as well as some that 
reach only into Cenozoic materials. 
Based on this steep overall northerly-
gradient , and apparent discontinuities 
that exist in it, Winograd and 
Thordarson (1975) have proposed that 
two hydraulic barriers (indicated on 
Fig. 13 by open dashed lines) with 
east-west alignment oxist in southern 
Indian Springs Valley. They assume 
the southerly barrier co be the Las 
Vegas Valley shear zone and the 
northerly one to be a fault that has 
brought the Lower Clastic Aquitard on 
its north side into juxtaposition 
with the Lower Carbonate Aquifer. In 
southern Indian Springs Valley the 
hydraulic gradient in the Lower 
Carbonate Aquifer between the 
barriers actually is to the west, 
towards Mercury Valley. Therefore, 
they suggest that "the principal 
movement within the Lower Carbonate 

Aquifer between the barriers may 
actually be to the west.'* With a 
westward hydraulic gradient in the 
Lower Carbonate Aquifer, which signif
icantly is parallel to the probable 
strike of at least one major fault 
zone, the primary movement of ground 
water in the Carbonate Aquifer must 
be to the west in Indian Springs 
Valley. Indian Springs Valley and 
most of Three Lakes Valley are within 
the Ash Meadows ground-water basin. 
The exact position of the divide 
between the Ash Meadows and Las Vegas 
ground-water basins is still uncertain. 

Ash Meadows Discharge Area - A 
prominent line of springs in the 
southeastern Amargosa Desert is the 
dominant feature of the discharge 
area of the Ash Meadows ground-waLer 
basin. Some 30 springs, with 
individual discharges of up to 11 
3 

m /min, lie along a nor hwesterly 
trend for a distance of about 16 km, 
in an area known as Ash Meadows. 
The spring lineament parallels the 
trend of ridges of Paleozoic carbonate 
rock that border most of the springs 
on the northeast. A major fault, 
inferred from gravity data, parallels 
and nearly coincides with the spring 
line. The fault, down-to-the-west, 
apparently has brought less permeable 
Cenozoic strata into juxtaposition with 
the Lower Carbonate Aquifer, and acts 
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as a partial barrier to flow, forcing 
ground water from the Paleozoic rock 
into Cenozoic -Lrata from which it 
issues as pool springs. Measurements 
of spring discharge at A..h Meadows 
over the years indicates rather 
uniform flow from then. 

Dudley and Larson (1974) suggest 
that local Cenozoic aquifers transmit 
water from the faulted edge of the 
Paleozoic Carbonate Aquifer westward 
to the springs that lie southwest of 
the fault. Local sedimentary or 
structural discontinuities ir the 
Cenozoic aquifers may be the final 
factor affecting the exact location 
of 1-dividua1 springs. 

"Underflow" from the Ash Meadows 
Discharge Area - Winograd and 
Thordarson (1975) assume that some 
ground water i.oves southwestward 
across the Ash Meadows discharge area 
through the Lower Carbonate Aquifer. 
Northward decrease in displacement 
of the fault or fault zone responsible 
for the localization of the Ash 
Meadow^ springs may substantially 
reduce U b effectiveness as a 
hydraulic barrier and allow some 
undetermined amount of inderflow to 
move westward. This water could 
ultimately leave the Amargosa Desert 
by diffuse discharge to the surface 
with attendant evapotranspiration 
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and/or by "underflow"' through the 
Lower Carbonate Aquifer toward Death 
Valley. Westward roovenu-nt of ground 
water from the Amargosa Desert to 
the Furnace Creek area in Death 
Valley has been suggested by Hunt 
and Robinson (I960) and by Hunt et al. 
(1966) on the basis of similarity of 
chemistry of spring water in the two 
areas? Indeed, the movement of 

ground water to Death Valley via the 
Amargosa Desert is entirely reasonable 
considering Death Valley's low 
topographic position and proximity 
to the Amargosa Desert. 

Assuming that "underflow" occurs 
from the Ash Meadows discharge arva 
to Death Valley, it becomes apparent 
that the rather restricted definition 
by Winograd and Thordarson (1975) of 
the Ash Meadows ground-water basin 
does not correspond to the more 
general definition of a ground-water 
banin given at the beginning of this 
section. There is reason to suggest 
that the Ash Meadows system is a 
subsystem of a larger ground-water 
basin whose ultimate discharge area 
is Death Valley and whose size is 
many times that of the Ash Meadows 
system defined uy Winograd and 
Thordarson. Death Valley may there
fore act as the hydraulic sink and 
discharge area for a huge ground
water basin in Nevada and adjoining 
California. The scope and scale of 



hydrologic studies in and near NTS 
have been purposely limited to meet 
the objective of defining the 
pattern of ground-water flow at NTS 
and in the nearby vicinity. Witn 
these limitations, complete 
determination of the extent of 
regional ground-water systems has not 
been possible. 

Possible Boundaries of the Ash 
Meadow Ground-Mater Subsystem -
Winograd and Thord.̂ .rson attempted to 
outline the areal extent of the Ash 
Meadows ground-water basin through 
analysis of the regional pattern of 
precipitation, the hydraulic head 
potentiometric map, and the major 
geologic features. No formal 
recourse to complete water-budget 
analysis was followed. 

The Spring Mountains and the 
Sheep Range receive more precipitation 
(Fig. 4) than other upland areas and 
are composed of rocks making up the 
Lower Carbonate Aquifer. Hence they 
could act as recharge boundaries on 
the south and east of th': basin. 

The potentiometric map (Fig. 13) 
indicates that ground water flows to 
Frenchman Flat from the east and 
northeast, suggesting that at least 
northern Indian Springs Valley is a 

part of the basin. The contours of 
hydraulic head in Cenozoic rocks of 
Pahute Mesa and Emigrant Valley 
indicate the approximate position of 

a ground-water divide that may lie 
beneath the Belted Range. This 
portion of the western boundary of 
the Ash Meadows basin is depicted in 
Fig. 14. The potentiometric contours 
for Cenozoic units, the hydraulic 
barrier extending from Lathrop Wells 
south along the spring line, and the 
presence of the Lower Clastic 
Aquitard east or Lathrop Wells 
(Fig. 13) indicate that ground water 
beneath the central Amargos3 Desert 
and southwestern Jackass Flats does 
not discharge in the springs at Ash 
Meadows and therefore does not reside 
in the Ash Meadows basin. 

Winograd and Thordarson suggest 
that the geologic character and 
extent of the west-dipping Gass Peak 
thrust fault, whose surface trace 
generally coincides with the eastern 
base of the Sheep Range (Fig. 3), 
causes most of the recharge to the 
Sheep Range to be diverted westward 
to Three Lakes Valley and southern 
Desert Valley. They conclude that 
only d. small portion of the Ash 
Meadows discharge comes from Pahrump 
Valley because of an apparent 
barrier to flow between the two 
areas formed by the Lower Clastic 
Aquitard. Malmberg (1967) asserts 
that most of the underflow from 
Pahrump Valley is towaru the Nopah 
and Resting Springs Ranges to the 
southwest of Pahrump Valley. 
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The preliminary boundaries of 
the Ash Meadows ground-water basin 

2 include an area of nearly 12,000 km . 
Interbasin ground-water flow is 
inferred to link at least 10 inter-
montane valleys to include Desert, 
Three Lakes, Indian Springs, Emigrant* 
Mercury, and Rock Valleys, Frenchman 
and Yucca Flats, and eastern Jackass 
Flats. The eastern boundary of the 
Ash Meadows basin can be provisionally 
defined as the eastern base of the 
Sheep Range at that latitude. The 
northeastern extent of the Ash 
Meadows basin is presently undeter
mined. Winograd and Thordarson 
(1975) are of the opinion that the 
Ash Meadows basin extends at least to 
the Pahranagat and Timpahute Ranges 
(Fig. 3) and suggest that some 
underflow to the Ash Meadows system 
may originate from the Pahranagat 
Valley and from the Coal and Garden 
Valleys to the north of Pahranagat 
Valley. 

Ground-Water Flow Velocities -
Ground-water flow velocities are of 
particular interest at NTS to allow 
estimation of radionuclide transport 
in ground-water flow from sites of 
underground nuclear tests. Estimates 
have been made of the rate of downward 
movement of ground water in the Tuff 
Aquitard beneath Yucca Flat. These 
estimates were made using Darcy*s 

Law in combination with estimates of 
the effective interstitial porosity 
and hydraulic conductivity of altered, 
nonwelded tuffs, and vertical hydraulic 
gradients in the Tuff Aquitard. Flow 
is assumed to occur through inter
stitial spaces rather than through 
interconnected fractures. Based on 
hydraulic conductivities of 2 * 10 
to 2 x 10 m/day, effective porosities 
of 10 to 30%, and vertical hydraulic 
gradients of 0.02 to 0.2 m/m, directed 
down, Winograd and Thordarson (1975) 
estimate that ground water moves at 

-A average rates cf from 1.5 * 10 to 
_2 

6 * 10 m/year, downward, in the 
Tuff Aquitard. 

The presumed interstitial move
ment of water through.the Tuff 
Aquitard allowed use of values of 
hydraulic conductivity and effective 
porosity determined from laboratory 
tests of core samples of the 
aquitard. Vertical hydraulic 
gradients were determined from 
hydraulic tests in boreholes in 
Yucca Flat, and the values have been 
duplicated in several unpublished 
measurements that we have reviewed. 
The laboratory-determined values of 
interstitial hydraulic conductivity 
and effective porosity of core 
samples from the Tuff Aquitard reported 
by Winograd and Thordarson seem 
reasonable and agree with values that 
we have obtained for similar Luffs. 



Therefore the estimate of very slow 
vertical downward movement of ground 
water in the Tuff Aquitard should be 
generally correct insofar as the 
assumption of the prevalence of 
interstitial, rather than fracture 
flow, in the aquitard is valid. 

An additional potential path of 
ground water through the Tuff 
Aquitard exists but has heretofore 
been given scant attention. It is 
along one or more of the approximately 
70 drill holes in Yucca Flat which 
penetrate through the Tuff Aquitard 
inco the underlying Lower Carbonate 
Aquifer. Some of these holes are 
remote from sites of nuclear explo-' 
sions, some do not penetrate into 
saturated rock, and some are plugged. 
However, about 30 unplugged holes 
penetrate the contact between the 
Tuff Aquitard and the Lower Carbonate 
Aquifer where it lies below the 
water table. Since there is a 
declining hydraulic head potential 
with depth, these holes can act as a 
local "drain" from the Tuff Aquitard 
into the underlying Lower Carbonate 
Aquifer, The potential significance 
of accelerated downward "leakage" 
through these drill holes is yet to 
be evaluated. 

Average horizontal ground-water 
flow rates in the Lower Carbonate 
Aquifer beneath central Yucca Flat 
and beneath the Specter Range have 

-48-

been estimated using the simple 
continuity equation 

Q = vA9, (1) 

where Q is the volume rate of flow 
of water through the Carbonate 
Aquifer, v is the average rate of 
movement of water particles, A is the 
cross-sectional area of flow, and 6 
is the effective fracture porosity of 
the aquifer. Winograd and Thordarson 
have estimated Q, A, and 0 using the 
following reasoning. 

The area normal to the direction 
of horizontal flow in the Carbonate 
Aquifer beneath central Yucca Flat 
spans a length of 16 km and is at 
least 1500 m thick. Since the 
Carbonate Aquifer may be considerably 
thicker than 1500 m beneath Yucca 
Flat, the estimated flow cross section 
given above may be a minimum value. 
The northern half of Yucca Flat is 
surrounded by outcrops and presumed 
near-surface subcrops of the Lower 
and Upper Clastic Aquitards (Fig. 13). 
Ground-water flow into the Lower 
Carbonate Aquifer in this part of the 
Flat is largely controlled by flow 
through these aquitards. It seems 
reasonable, therefore, that the 
volume flow rate through the aquifer 
is limited. An estimate of the 
quantity of water moving through the 
Lower Carbonate Aquifer in central 

Yucca Flat includes: 1) downward 



leakage from the Tuff Aquitard, 
2) "underflow" into the aquifer from 
east and west through the Clastic 
Aquitards, and 3) the possible 
underflow into the aquifer from the 
west where the Lower Carbonate Aquifer 
probably underlies the Upper Clastic 
Aquitard. The first and second 
components of the total flow were 
estimated from knowledge of the 
geometry and hydraulic conductivity 
of the transmitting units and of the 
hydraulic gradients in them. The 
total estimated flow through the 
Lower Carbonate Aquifer beneath 

central Yucca Flat is givun as less 
5 3 

than 4.3 * 10 m /year, A range of 
values of effective porosity from 
0.01 to 1% was assumed for the 
Carbonate Aquifer, and average 
horizontal flow rates in it beneath 
central Yucca Flat of 1.8 to ISO 
m/year vere calculated using a 
rearrangement of Eq. (1). 

It must be understood that the 
quantities leading to the estimated 
ground-water flow rate beneath 
central Yucca Flat are subject to 
varying degrees of uncertainty. The 
estimate of flow cross section is 
probably the most nearly correct of 
the three. The estimate of volume 
of flow in the Carbonate Aquifer is 
based on the best information 
available and may represent a maximum 
volume of flow at the latitude of 

central Yucca Flat. Nevertheless, 
the estimate of flow volume is 
tentative. The estimate of the range 
in possible effective porosity of the 
Carbonate Aquifer is not based on 
quantitative hydraulic measurement and 
must be regarded as a considered guess. 

Adequate field hydraulic tests 
are required to arrive at values of 
effective porosity for the fractured 
Lower Carbonate Aquifer. We are of 
the opinion that the average effective 
porosity of the Carbonate Aquifer may 
be near the upper end of the range 
given previously, or have even 
greater values. However, it must be 
emphasized that an in situ measurement 
of effective porosity should be 
accomplished to lend credibility to 
flow-rate estimates involving use of 
effective porosity values. One 
possible means of measuring effective 
porosity in che Carbonate Aquifer 
in situ would require pumping tests, 
each with a pumped well and an 
observation well in the aquifer where 
it exists under unconfined conditions. 
The Carbonate Aquifer is unconfined 
in several known areas in Yucca Flat. 

The determination of rates of 
ground water movement is difficult 
enough with complete data. Comparison 
of rates determined by tracer 
techniques and hydraulic techniques 
utilizing the continuity equation 
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and Darcy's Law should facilitate 
more accurate estimates. 

Flow in the Lower Carbonate 
Aquifer southwest of Mercury Valley, 
beneath the Specter Range (Fig. 3) 
is apparently constricted by occur
rences of the Lower Clastic Aquitard 
at and near the surface (Fig. 13). 
The flow cross section in the 
aquifer at the constriction is 
defined by an area assumed to be 
8 km wide and 1500 m thick. The 
volume flow rate through the section 
must be at least equal to the 

measured spring discharge at Ash 
7 3 Meadows, 2.09 x 10 m /year. Using 

average effective porosities for the 
Carbonate Aquifer of 0.01 to 1%, 
Winograd and Thordarson (1975) 
estimate average rates of movement 
of ground water in the aquifer of 
180 to 18,000 m/year, beneath the 
Specter Range. 

At the location of the Specter 
Range flow section, the cross-
sectional area of flow is probably 
conservative and not in error by more 
than a factor of 2. The volume flow 
rate is likely to be larger at the 
Specter Range than anywhere in Yucca 
Flat, as the flow is augmented by 
"underflow" into Frenchman Flat from 
the east and recharge to the Lower 
Carbonate Aquifer in the northern 
Spring Mountains. In addition, some 

upward discharge from the Lower 
Carbonate Aquifer occurs between the 
Specter Range and Ash Mendnwn, and an 
unknown quantity of water may travel 
by "underflow" in the Carbonate 
Aquifer beyond the Ash Meadows 
springs. Therefore, the flow through 
the Specter Range section must be in 
excess of the rate of spring discharge 
at Ash Meadows. The estimate of 
average rates of movement beneath the 
Specter Range is subject to all the 
qualifications and reservations 
applied to those for central Yucca 
Flat because of the uncertainty in 
values of effective porosities used. 
It is unfortunate that the early 
ground-water velocity estimates of 
Winograd et al. (1971) have stood for 
nearly a decade as the only estimates 
of rate of movement of water in the 
Carbonate Aquifer. When the bases 
for the estimates are viewed 
critically, their very tentative 
nature becomes apparent. There is 
need for continued efforts to arrive 
at measures of flow velocity in the 
Ash Meadows system. The original 
estimates, which have been quoted 
repeatedly in diverse documents, have 
acquired an unjustified aura of 
authenticity. 

A recent Independent estimate of 
the average velocity of ground-water 
flow in a unit of the Lower Carbonate 
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Aquifer has been made by Claassen and 
Cordes (1975). They calculated the 
range in velocity in the Bonanza King 
Formation (see Table 2) to be from 

* 
18 to 410 m/year. They based their 
calculation on data collected in a 
two-well recirculating tracer test 
conducted at a site between the 
Specter Range and Ash Meadows. The 
following form of Darcy's Law for the 
viscous unidirectional flow of ground 
water was used: X dh 

6b dl * (2) 

v = average ground-water 
velocity, 

T = transmissivity (4400 to 
9900 m 2/day), 

8b - measured product of porosity 
and thickness (0.88 m). 

dh 
dl hydraulic gradient (estimated 

-4 -5 to be from 10 to 10 ) . 

Because the flow velocity estimates of 
Claassen and Cordes are based on a 
Measured value of the effective-
porosity — thickness product, they 
represent a more refined attempt to 

quantify the average flow velocity in 
the Lower Carbonate Aquifer. 

An error in dimensional conversion 
caused this velocity range to appear 
as 0.14 to 3.4 m/day (51 to 1200 
m/year) In the paper by Claassen 
and Cordes. 

Pahute Mesa Ground-Water System 

General Description - The Pahute 
Mesa ground-water system includes the 
western third of NTS and areas to the 
north, south, and west of NTS. The 
spatial relation of the Pahute Mesa 
system to the Ash Meadows basin is 
shown in Fig. 14, where the tentative 
position of a boundary separating the 
systems is indicated. The extent of 
the Pahute Mesa system, especially to 
the north and west, is largely 
unknown. Its western limit at the 
latitude of Pahute Mesa may coincide 
with the west margin of Gold Flat 
(Fig. 3) (Blankennagel and Weir, 1973). 
Interbasin ground-water flow in the 
Pahute Mesa system must occur 
primarily through the volcanic rocks 
and Cenozoic valley fill that are 
abundant at the surface and in the 
subsurface along the western boundary 
of NTS. 

The water table beneath eastern 
Pahute Mesa, within the Silent 
Canyon caldera, is found at depths 
that range from 595 m in the west to 
715 m in the east. In the extreme 
northwestern corner of NTS outside of 
the caldera, the top of the saturated 
zone lies ..•'bout 260 m below the 
surface (Blankennagel and Weir, 1973). 
Blankennagel and Weir used composite 
water levels in wells and test holes 
on Pahute Mesa to construct a map of 
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the hydraulic head potential surface. 
These data are included in Fig. 13. 
The discontinuity and varied vertical 
position of rhyolitic lava flows and 
ash-fall and ash-flow tuffs within 
the Silent Canyon caldera prevented 
distinction of and correlation between 
heads associated with different 
aquifers in the wells. 

The potentiometric surface of 
the saturated volcanic r^cks beneath 
eastern Pahute Mesa displays a 
discontinuity that is interpreted as 
a partial barrier to ground-water 
flow through the rocks. Part of the 
barrier coincides with the ring-
fracture and fault system of the 
Silent Canyon caldera, on its west 
side. This caldera fracture and 
fault boundary, down-to-the-caldera, 
brings precaldera rocks of relatively 
low hydraulic conductivity, on the 
west, into juxtaposition with intra-
caldera rocks on the east. 

The contours of equal hydraulic 
head potential (Fig, 13) show that 
hydraulic gradients in the volcanic 
section of eastern Pahute Mesa are 
directed to the southwest in most of 
the area, to the south immediately 
east of the barrier, and to the 
southeast west of the barrier. The 
normal faults on the surface at 
Pahute Mesa trend north-northeast 
(Fig. 7) and may reflect the 
alignment of major water-bearing 
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fractures in welded tuffs and rhyolitic 
lavas at depth. The general direction 
of ground-water movement through 
fractures beneath eastern Pahute Mesa 
can therefore be inferred to be 
towards the south-southwest, assuming 
the major hydraulic conductivity 
axis parallels the surface normal 
faults. 

Hydraulic head potential 
generally decreases with depth below 
the water table in the eastern portion 
of eastern Pahute Mesa, suggesting 
that this area is a recharge area 
West of this area, head potential 
tends to increase with depth. The 
inferrence is made that in the eastern 
part of the Mesa, where highly trans-
missive rhyolitic lava flows predom
inate in the subsurface, precipitation 
may infiltrate to the water table, 
adding to the flow in the Pahute Mesa 
ground-water system. Further, it is 
suggested that "underflow" from Gold 
Flat and Kawich Valley contributes 
to flow beneath Pahute Mesa. 

Blankennagel and wfeir (1973) 
estimated the volume rate of ground
water "underflow" through the volcanic 
rocks beneath eastern Pahute Mesa 
using Darcy's Law. An average 

2 transmissivity of 124 m /day was 
combined with a hydraulic gradient 

_3 of 9.5 * 10 , and a flow cross 
section between the hydraulic barrier 
and a point 24 km to the east-south-



east, to arrive at estimated under-
6 3 flow amounting to 9.86 * 10 m /year. 

Rate of Ground-Water Movement -
The rate of ground-water movement* 
beneath eastern Pahute Mesa was 
estimated by applying the continuity 
equation (Eq. (1)) to the estimated 
volume rate of "underflow," the flow 
cross section, and a range of effec
tive porosities. Using a cross section 
24 km long and 1070 m thick and a 
range of effective porosities from 
0,5 to 20%, Blankennagel and Weir 
(1973) estimate ground-water movement 
beneath eastern Pahute Mesa to occur 
at rates of from 2 to 76 m/year. 

Data from hydraulic tests 
indicate that most ground water 
occurs within the upper 760 m of 
the saturated zone, but numerous 
bore holes reached permeable aones 
at depths between 1100 and 1550 m 
below the water table. A value of 
flow-section thickness of 1070 m is 
therefore considered realistic for 
the estimate of rate of ground-water 
movement. Ground water must take 
tortuous paths in its flow through 
the heterogeneous materials beneath 
Pahute Mesa. Much flow is probably 
through interconnected fractures in 
rhyolitic lavas and welded tuffs, 
but some probably occurs through the 
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interstices of nonwelded tuffs. The 
determination of the average effective 
porosity seen by such flow may not be 
possible, but it may be possible to 
establish a range of likely values. 
The effective porosities of nonwelded 
tuffs have been measured in the 
laboratory and establish the upper limit 
for the parameter. Fractures tend 
to be closed at depth in such rock 
and would not contribute to the 
effective porosity. The smaller 
effective porosity of fractured 
rhyolite and welded tuff does not lend 
itself to laboratory measurement, but 
awaits adequate multiwell hydraulic 
tests in the field. In the case of 
welded tuff, Young (1972) found that 
accumulated pumping of the Topopah 
Springs member of the Paintbrush 
Tuff in Jackass Flats, and concomitant 
changes in water levels, suggested 
specific yields (roughly equivalent to 
effective porosity in dense fractured 
rock) in the range of 1 to 5%. Most 
of the comments made in regard to 
the reliability of estimates of flow 
velocity in the Lower Carbonate 
Aquifer of the Ash Meadows basin apply 
to the estimates discussed above. 
Approximations to ground-water flow 
rates beneath Pahute Mesa require 
refinement and checks by independent 
means. 



Ground-Water Movement from 
Eastern Pahute Mesa - Ground water is 
presumed to move southward from 
Pahute Mesa toward the Araargosa 
Desert through Oasis Valley, Crater 
Flat, and western Jackass Flats 
(Fig. 3). Southward regional 
interbasin ground-water flow in this 
area was suggested by Eakin et al. 
(1963). Southerly hydraulic 
gradients in Cenozoic valley fill in 
Oasis Valley (Malraberg and Eakln, 
1962), in the Amargosa Desert 
(Walker and Eakin, 1963; Naff et al., 
1974), and in the Topopah Springs 
member of the Paintbrush Tuff in 
western Jackass Flats (Young, 1972) 
all support the inference that 
movement of ground water is toward 
the south from Pahute Mesa. Some 
ground-water discharge from the Pahute 
Mesa system occurs in Oasis Valley by 
eva,jotranspiration (Malmberf and 
Eakin, 1962). There are large gaps 
in factual knowledge of the pattern 
of ground-water flow in the area 
between and including Timber Mountain 
and southern Crater Flat (Figs. 3 and 
13). Little information, if any, is 
available on the subsurface geology 
and hydrology of this area. The 
Pahute Mesa system apparently reaches 
its ultimate discharge area in the 
Amargosa Desert, west of the Ash 

Meadows springs, where up to 1.23 * 
7 3 10 m of ground water from the Pahute 

Mesa system is discharged per year 
(Blankennagel and Weir, 1973); yet 
the details of the movement are unclear. 
It can only be assumed that hydraulic 
connections exist to make such move
ment possible. 

Relative Importance of Fracture 
and Interstitial Ground-Water 
Flow 

The role of fracture and inter
stitial hydraulic conductivity in 
controlling ground-water flow through 
the various hydrogeologic units of 
NTS and vicinity has already been 
mentioned in connection with discus
sions of the various aquifers and 
aquitards. At this point, a limited 
review of the subject as it pertains 
to three-dimensional, regional ground
water flow is warranted. 

Water entering the Ash Meadows 
system, as a consequence of 
precipitation on upland areas where 
the Lower Carbonate Aquifer is 
exposed, travels through a large 
portion of the system exclusively ty 
fracture flow. Toward the downstream 
end of the system, where head 
conditions indicate upward ground
water movement and discharge at the 
surface, water from the Carbonate 
Aquifer must pass through overlying 
Cenozoic volcanic and valley-fill 
materials in which its movement is 
commonly limited to flow through 
interstitial spaces. On the other 
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hand, water leaking downward to the 
Lower Carbonate Aquifer beneath the 
dry valleys, such as Yucca and 
Frenchman Flats, must pass through 
valley fill and/or the Tuff Aquitard, 
in which interstitial flow is assumed 
to predominate. Ultimately, lateral 
movement is largely through fractures 
in the Lower Carbonate Aquifer, at 
least until flow in the system reaches 
downstream discharge areas. Thus, in 
general, interstitial flow in the Ash 
Meadows system presumably occurs to 
some extent at sites of recharge to 
and discharge from the Lower Carbonate 
Aquifer. However, the greatest 
portion of the flow between recharge 
and discharge sites in the system 
occurs through integrated fracture 
systems in the Carbonate Aquifer. 

It is also possible that some 
flow occurs through integrated 
solution channels within the Carbonate 
Aquifer of the Ash Meadows system. 
Such flow could conceivably take 
place at rates approaching those of 
water movement in surface channels. 
Although ground-water flow through 
solution channels is often associated 
with thick carbonate rock sequences, 
especially in humid and subhumid 
climates, the evidence in the Ash 
Meadows system down not favor the 
possibility, except perhaps near the 
sites of major discharge from the 
system. 
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Aquifers with substantial 
hydraulic conductivity related to 
integrated fracture systems, and 
aquitards whose interstitial hydraulic 
conductivity is small and in which 
fractures tend to remain closed at 
depth, are interbedded, discontinuous 
in areal extent, and somewhat randomly 
disposed beneath eastern Fahute Mesa. 
Such an arrangement of subsurface 
hydrogeologic units invites the • 
proposal that ground-water flow occurs 
through both fractures and inter
stitial spaces. This reasonable 
proposal is more easily substantiated 
than is an assignment of relative 
importance to fracture and intersti
tial ground-water flow beneath Pahute 
Mesa. Blankennagel and Weir (1973) 
ere of the conviction that "most 
ground-water movement occurs along 
inter-connected fractures and Lhat 
some water moves through interstices." 
On the other hand, if the aqnitards 
beneath Pahute Mesa are perceived as 
being arranged in series with aquifers 
in the three-dimensional flow system, 
rather than in parallel, the assertion 
could be made that fracture and 
interstitial flow are equally 
important. 

The present concept of flow in 
the Pahute Mesa system, south of the 
Silent Canyon and Timber Mountain 
calderas, postulates ground-water 
flow through Cenozoic valley fill. 



Such flow should be doroinantly through 
inters t i t ia l spaces. 

Moisure Transport in the 
Unsaturated Zone Beneath 
Yucca and Frenchman Flats 

Many nuclear devices have been 
detonated above the water table, in 
the unsaturated (vadose) zone, at 
NTS. Most of these tests have 
occurred beneath Yucca Flat. The 
fate of potentially mobile radio
nuclides deposited by these detona
tions is largely controlled by the 
processes of moisture transport that 
operate in the explosion-modified 
environment of the vadose zone. If 
moisture is transported through the 
vadose zone, from the ground surface 
to the water table, mobile radio
nuclides produced in tests in the 
vadose zone will be transported 
downward. Depending on the speed 
and efficiency of this downward 
radionuclide transport, some radio
nuclide input to the saturated 
ground-water system may result. 

Description of moisture transport 
in the unsaturated zones of Yucca and 
Frenchman Flats has not been 
attempted. Some useful information 
bearing on the question of 
unsaturated flow beneath these 
valleys is available. That informa
tion Includes climatological data, 
stratigraphic descriptions of 
material in the vadose zone, and 

general knowledge of the depth to the 
zone of saturation. We will briefly 
discuss a few of the important 
relations that influence moisture 
movement in the vadose zone, point to 
driving forces that affect the move
ment, and review some of the relevant 
experimeatal work in unsaturated 
flow. Finally we will comment on the 
possibility of moisture transport 
from the surface to the water table 
in Frenchman and Yucca Flats. 

When ground water is under 
hydraulic pressure greater than 
atmospheric, its pressure potential 
is considered positive. When it is 
under a pressure less than atmospheric, 
the pressure potential is considered 
negative. This negative pressure 
potential has commonly been referred 
to as a "suction" or "tension." Thus, 
water beneath a free water surface is 
at positive pressure potential, 
while water at such a surface is at 
zero pressure potential, and water 
that has risen in a capillary tube 
above that surface is characterized 
by a negative pressure potential. The 
negative pressure potential or 
"tension" can be found Jn an unsatur
ated medium where it arises from 
capillary and adsorptive forces 
exerted by the medium matrix. The 
forces result in the attraction and 
binding of water to the medium and 
lowering of its potential energy 



below that of bulk water. In an 
unsaturated medium, an inverse 
relation exists between the negative 
pressure potential and volumetric 
water content such that large values 
of negative pressure potential are 
associated with low water content. 

The most important difference 
between unsaturated and saturated 
flow is in the hydraulic conductivity. 
In saturated materials hydraulic 
conductivity can be treated as a 
constant. In unsaturated materials 
hydraulic conductivity varies with 
water content and values of negative 
pressure potential. Values of 
unsaturated hydraulic conductivity 
generally decrease dramatically with 
decreasing water content and 
increasing negative pressure 
potential. While liquid flux under 
hydraulic gradients in both saturated 
and unsaturated media can generally 
be described by Darcian-type equa
tions, the problem is much more 
complex for unsaturated flow because 
of the important dependence of 
conductivity on water content. 

No fundamentally based equation 
of general validity is available to 
relate conductivity, water content, 
and pressure potential. Nor does 
existing knowledge permit reliable 
prediction of unsaturated conductivity 
irora basic rock properties (Hillel, 
1971). For each medium the relation 

must t)u determined experimentally. 
It also depends on hysteresis; in 
this instance hysteresis could reflect 
a past history wherein the medium 
h?d been either dried or moistened. 
The reason for this is that at a 
given negative pressure potential, a 
porous medium that is drying contains 
more water than one that is sorbing 
water. 

The total potential of vadose 
water under isothermal conditions 
can be thought of as the sum OL the 
separate contributions of at least 
these various factors: 

" • t = * g + * P

 + •„• 

where <t is the total potential, $ Yt r g 
the gravitational (or pocition) 
potential, <j> the pressure (tension 
or matric) potential, ant! $ the 
osmotic potential Olixlel, 1971). 
Not all of the separate potentials 
act in the same way and their 
separate gradients may not always be 
equally effective in causing flow. 
If, however, the gradient of the 
total potential in the -/adose zone is 
known, the direction of moisture 
movement in the absence of thermal 
gradients can be predicted. 

The gravitational potential of 
vadose water at points in the 
unsaturated zone is determined by the 
elevation of the point relative to 



some arbitrary reference level. The 
gravitational potential, in terms of 
energy per unit mass, is 

* = gz, (3) 

soil temperature that follow diurnal 
and seasonal cycles. A thermal 
gradient in the vadose zone will 
cause water to move from a warm to a 
cooler area in both the liquid and 
vapor phases, and the rate of 
transfer is greater than can be 
predicted with Fick's law and the 
diffusion coefficient for water vapor 
into air (Cary, 1965, p. 168). Cary 
measured simultaneous flows of heat 
and moisture across an unsaturated 
loam soil sample under various thermal 
and tension gradients. He found that 
a temperature gradient of 0.5°C/cm at 
a tension of 5 cm of mercury would 
move as much water through the soil 
as a pressure gradient of 2 cm of 
water per centimeter. At tensions of 
less than 18 cm of mercury, vapor 
transfer accounted for less than half 
of the net thermally driven water 
flux. 

A brief survey of some of the 
literature dealing with thermally 
driven water flux in the vadose zone 
(Philip and de Vries, 1957; Derjaguin 
and Melnikova, 1958; Matches and 
Bowen, 1963; Taylor and Gary, 1964) 
reveals that a number of theories 
regarding flow under temperature 
gradients have been advanced, but 
that general agreement on the mechan
isms responsible for the flow is 
lacking. Application of the existing 
theory has not advanced to the stage 

where g is the acceleration due to 
gravity, and z is the vertical distance 
of a point in the vadose zone from 
the reference level. 

The pressure potential of vadose 
water can be measured in the field. 
The pressure potential (tension or 
matric potential) is defined as the 
negative gauge pressure to which 
water, identical in composition with 
the vadore water in an unsaturated 
medium, must be subjected in order to 
be in equilibrium through a porous 
membrane wall with the water in the 
medium. The osmotic potential is 
generally small as long as the vadose 
water is a dilute solution. The sum 
of pressure and gravitailonal poten
tials is called the hydraulic poten
tial and is useful ir predicting the 
direction of moisture movement under 
isothermal conditions. 

Moisture movement over any 
finite distance in the vadose zono 
does not really occur under isothermal 
conditions, though in many cases this 
assumption has been applied. In 
reality, temperature differences 
exist because of the geothermal 
grr 'ient and variations in surface 
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where it has been incorporated into 
useful numerical solutions to 
unsa'jurated-f low problems. Available 
numerical solutions to one-dimensional, 
vertical, unsaturated, unsteady flow 
problems are restricted by the assump
tion that the hydraulic gradient is 
the only gradient givin . rise to flow 
(Freeze, 1969). Mathematical models 
developed to date have necessarily 
been oversimplifications and of 
limited usefulness. 

A few field studies which chart 
the pattern of moisture transport 
in the vadose zone, from the ground 
surface to the water table, have 
been reported. One such study 
(Remson, et al., 1959) was based on 
application of artificial precipita
tion and its effects on measured 
values of matric potential above a 
shallow (4 to 5 ro deep) water table, 
in what is described only as sandy 
soil. Changes in matric potential 
at various depths, following water 
application at the New Jersey site, 
were used to trace the downward 
progress of water movement toward 
the water table. It was found that 
water applications of at least 11 cm 
on a grass-covered soil surface were 
required in the summer for water 
movement to reach the shallow water 
table. Applications of as little as 
2.8 cm of water caused water movement 
to reach the water table in the 

spring, when antecedent soil mois'ure 
content was higher. Remson et al. 
subscribe to the notion that with 
sandy soil enough water must be 
applied at the ground surface to 
bring the entire vadose zone to field 
capacity before substantial transport 
to the water table can occur. (Field 
capacity is loosely defined as the 
water content of a unit volume of 
soil after downward drainage has 
ceased following a period of rain or 
excess irrigation. For a homogeneous, 
isotropic soil and very deep water 
table it is equivalent to specific 
retention or the irreducible water 
saturation (Bear, 1972, p. 486). 
Irreducible water saturation is a 
well-defined parameter.) Otherwise, 
the wetting front ceases to move 
downward, short of the water table. 
The depth to which a given rainfall 
will penetrate depends largely on the 
thickness and initial moisture 
:ontent of the upper layers of the 
vadose zone. 

Studies of moisture transport 
above water tables no deeper than 
4 P below the prairie surface in 
southeastern Saskatchewan (Freeze 
and Banner, 1970) have revealed that 
only very intense summer rainfalls 
(on the order of 10 cm in 2 days), 
under favorable conditions of 
antecedent soil moisture content, 
will cause water movement to the water 
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table. Water movement was charted by 
measurement of matric potential and 
moisture content variation in the 
vadose zone. The unsaturated media 
at the sites of this Canadian investi
gation are glacial till and glacial 
outwash sand and gravel. The 
vegetative cover on the till-derived 
soil consists of sparse prairie 
grasses. Freeze and Banner conclude 
that cases of infiltration to the 
water table must be rather isolated 
in space and time on the Canadian 
prairie. Similar results are 
reported by van Schaik and Stevenson 
(1967), who found that only if the 
amount of rainfall between June 1 and 
November 1 exceeded 15 cm could a 
net downward movement of water to a 
1-m-deep water table be expected 
under bare clay loam in southern 
Alberta. 

Tracer techniques have been used 
to follow the movement of water in 
the vadose zone. Tritium represents 
an almost ideal tracer of water 
movement because of its incorporation 
into the water molecule and its 
negligible retardation in flow. It 
has the additional advantage, in 
unsaturated flow, of moving in both 
liquid and water vapor transport. 
Tritium concentrations in soil water 
at three sites at the Idaho National 
Engineering Laboratory in southeastern 
Idaho were measured (Schmalz and 

Polzer, 1969) to define the depth of 
penetration of precipitation water 
containing elevated tritium levels 
resulting from atmospheric nuclear 
testing. The thickness of silt loam 
and sllty clay loam soils at the 
sites ranges from 3 to 4.5 m where 
basalt is the bedrock and the regional 
water table lies over 200 m below the 
surface. Vegetative cover at the 
sites consists of sagebrush, some 
grass, and herbs sustained by an 
average annual precipitation of 
about 22 cm. Tritium activity 
measured-in soil water from depths 
below 183 cm was at levels associated 
with water that had been isolated 
from the atmosphere since before the 
beginning of atmospheric nuclear 
testing. From this* it can be inferred 
that moisture movement down from the 
surface had proceeded no further than 
about 2 m. The total amount of 
tritium contained in the upper 200 cm 
of the soil represented approximately 
3.5% of the amount estimated to have 
been rained out over the period 1951-
1965. It is assumed that the balance 
of the rainout tritium was lost to 
the atmosphere by evaporation and 
transpiration. 

Tritium concentrations in water 
of the vadose zone have also been 
measured at the Hanford site, near 
Richland, Washington (Isaacson et al., 
1974). The site is an arid one with 
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a sagebrush and cheatgrass ground 
cover sustained by average annual 
precipxtation of 16 era. The water 
table is about 90 m beneath the 
surface. Materials of the unsaturated 
zone are largely sand and loamy sand. 
Meteoric water containing tritium 
contamination from atmospheric testing 
has pt rtetrated no further than 7 m 
below the surface at three sites 
where samples were taken. 

Studies of the distribution and 
postshot movement of tritium in 

nuclear crater ejecta from the Sedan 
experiment in northern Yucca Flat, 
NTS, indicate that downward movement 
of soil water, caused by substantial 
precipitation, occurs to depths of at 
least 2.5 m (Koranda et al., 1970). 
The maximum depth of penetration of 
infiltrating water was not determined 
in the Sedan work, but the effort is 
significant as one of the few studies 
in which vadose zone moisture trans
port at NTS was treated at all. 

Isaacson et al. summarize 
several different approaches that 
have been taken in attempts to chart 
moisture movement in the vadose zone 
at Hanford. They point out that 
samples of the materials in the 
vadose zone at Hanford, taken from 
depths below 10 m, contain less 
water than would be expected from 
retention by capillary and adsorptive 
forces. The materials have water 

contents below their field capacity. 
This moisture deficiency suggests 
that vapor transport must be an 
important element in moisture 
movement in the greatest part of the 
vadose zone at Hanford. Measurement 
of matrie potential from the surface 
to the water table over a several-
year period indicates that wetting 
fronts are propagated downward no 
further than about 6 m. Two 
lysimeters are being used to evaluate 
the effects of moisture transport on 
moisture content in the vadose zone. 
The lysimeters are essentially 
cylinders of vadose zone soil, 3 m 
In diameter, extending 20 m below the 
surface, that have been isolated from 
lateral moisture transport by 
impermeable caisson walls. One 
lysimeter has a closed bottom, while 
the other is open. The lysimeters 
have aluminum tubes installed in the 
soil for neutron probe access in 
soil-moisture-content measurement s. 
After about two years, a slow decline 
in the moisture content of the 
material below depths of 3 m has been 
observed in both lysimeters. This 
indicates, for the case of the closed-
bottom lysimeter, that the overall 
moisture movement thus far has been 
upward. If, over a longer period of 
time, net moisture movement occurs 
from the surface toward the bottom 
of the closed lysimeter, increases in 



moisture content of the contained 
soil should be apparent. 

Limited insight into moisture 
movement in the vadose zone at the 
Nuclear Rocket Development Station 
(NRDS) in Jackass Flats, NTS, is 
available from an investigation of a 
tile drain field there that was used 
for disposal of radioactive water 
(Church, 1969). The so-called R-MAD 
tile drain field was used for about 
10 years to dispose of water contain
ing mixed fission products from NRDS. 
The tile lines were buried 60 to 90 
cm below the surface in the unsaturated 
soil of Jackass Flats. While most of 
the radioactivity in the waste water 
was on solid particles, some of it 
was in solution. A limited number 
of borehole samples of the gravelly 
sand in which the tile drain field 
is situated were obtained at various 
depths in three boreholes near one of 

the tile lines. Analysis of the 
137 90 95 

Cs, Sr, and Zr content of the 
bulk samples and their contained 
moisture showed the maximum extent 
of downward movement of radioactivity 
to be about 2.5m. The data also 
suggest that some of the waste water 
moves laterally and upward from the 
tile line. Lateral movement may be 
the consequence of greater hydraulic 
conductivity in the horizontal 
direction than in the vertical. The 
upward movement of moisture may be a 

consequence of intense evaporation 
at the surface. 

The average annual precipitation 
falling on Frenchman and Yucca Flats 
amounts to about 13 cm and gives rise 
to a sparse growth of creosote bush, 
burro bush, and various yuccas, with 
some black brush and Joshua trees at 
the higher elevations of the Flats. 
The water table occurs in Cenozoic 
rock at depths of 158 to 580 m 
beneath the surface of Frenchman and 
Yucca Flats. In Frenchman Flat the 
water table- generally lies within 
valley fill; in much of Yucca Flat it 
is situated in the Tertiary volcanic 
section, below the valley fill. The 
mean particle grade of a number of 
very poorly sorted samples taken from 
the valley fill of Frenchman Flat 
between the surface and 275-m depth 
ranges from medium to very coarse 
sand. 

Secondary calcium carbonate 
accumulations (caliche) are present 
beneath the soil surface of both 
valleys to the base of the valley 
fill. Fedogenic caliche is assumed 
to form where upper soil-zone 
solubles are carried downward by 
percolating water and precipitated 
during the redistribution period when 
soil moisture is removed by intense 
evaporation and transpiration (Brown, 
1956; Gardner, 1972; Gile et al., 
1966; Reeves, 1970). The presence of 



caliche in the subsoil of Yucca and 
Frenchman Flats is thus viewed as an 
indication that, in the usual 
situation, percolating water moves 
only to limited depths in the vadose 
zone before the influence of surface 
and near-surface evaporation halts 
the movement. 

Some collapse craters, especially 
on the floor of Yucca Flat, serve to 
pond precipitation water for variable 
lengths of time (Dudley, 1975). Thus, 
attention must be focused an the 
collapse craters as possible entry 
areas for moisture movement into the 
vadose zone. If water movement from 
the surface of craters penetrates to 
the water table, it could sweep 
through the chimney-cavity regions 
produced by the tests in the vadose 
zone and might transport radionuclides 
to the saturated ground-water system. 
Such movement and transport to the 
water table, even under the influence 
of temporary ponding, seems unlikely 
because soil plugging by deposition 
of fine particles in the crater may 
block infiltrating water. 

In addition, the possibility that 
water moves from the surface of Yucca 
and Frenchman Flats to the saturated 
zone seems remote - because of the 
findings at other arid sites, because 
of the presence of caliche at shallow 
depths, because of the great depth to 
the saturated zone, and because of 

the arid climate associated with the 
two valleys. It is acknowledged that 
water moves from the surface into 
cracks in Yucca Playa, but this 
recharge has little direct bearing on 
radionuclide transport front sites of 
underground nuclear tests. 

It would seem that a logical 
course of Investigation into the 
question of unsaturated moisture 
transport beneath collapse craters 
formed by device tests in the vadose 
zone should begin with the identifica
tion of craters that pond water. The 
depth and duration of ponding in the 
craters should be determined. Rock 
samples acquired by dry drilling in 
the craters should be obtained for 
moisture content determination, 
analysis of tritium associated with 
the moisture, and measurement of 
field capacity. A means to monitor 
vertical moisture movement with time 
beneath the crater floors should be 
provided. In short, some description 
of vadose-zone moisture transport in 
the unsaturated zones of Yucca and 
Frenchman Flats based on field 
experiments is necessary before 
confident statements about the trans
port can be rendered. 

Because potentially mobile radio
nuclides deposited by nuclear 
explosions in the vadose zone are 
presumed to be at least temporarily 
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isolated from the saturated ground
water system, the first priority in 
investigating subsurface radionuclide 
transport at NTS must be given to 
studying transport from sites of tests 
carried out in the saturated zone. 

4. Ground-Water Chemistry 

Relation of Chemical Character
istics of Ground Waters to Rock 
Types 

Most ground water of the NTS 
area is buffered bicarbonate water. 
The relative abundance of dissolved 
cations in the ground water has been 
used to characterize it (Schoff and 
Moore, 1964; Winograd and Thordarson, 
1975), and three types of ground 
water predominate: sodium-potassium 
type, calcium-magnesium type, and a 
mixed sodium-calcium-magnesium type. 

Water from rhyolitic volcanic 
rocks, primarily tuffs and lava flows 
that are the most common igneous 
rocks on the surface and in the sub
surface of the are?, is typically of 
the sodium-potassium type. The 
calcium-magnesium type water is found 
in carbonate aquifers in some parts 
of the area, as well as in valley fill 
that is composed mainly of carbonate 
detritus. Water in the Valley-Fill 
Aquifer has characteristics that seem 
to depend on the variable composition 
of the detritus in the fill. Thus, 
valley fill, where it is composed 

primarily of tuffaceous alluvium, 
generally contains sodium-potassium 
water, whereas calcium-magnesium 
water occurs in valley fill composed 
primarily of carbonate detritus. 
Valley fill of mixed volcanic-
carbonate rock detritus could 
conceivably harbor sodium-calcium-
magnesium water, although such 
water typically occurs in the Lower 
Carbonate Aquifer between Ash Meadows 
and eastern Nevada Test Site 
(Winograd and Thordarson, 1975). 

An appreciation of the chemical 
characteristics of the three types of 
ground water can be obtained by refer
ence to Table 7, which contains par
tial analyses of water from three 
selected NTS water-supply wells. The 
analytical results are taken from a 
compilation of quality-of-water data 
for NTS water-supply wells (Claassen, 
1973). The locations of the supply 
wells are shown in Fig. 9. Army Well 
1 in Mercury Valley yields a calcium-
magnesium water from the Lower 
Carbonate Aquifer. Well U20a-2 on 
Pahute Mesa yields sodium-potassium 
water from rhyolitic volcanic rocks; 
Well C in southern Yucca Flat yields 
a mixed sodium-calcium-magnesium 
water from the Lower Carbonate 
Aquifer. The waters listed in Table 
7 are slightly alkaline, as are most 
ground waters of the NTS area. Little 
of the ground water of the area has 



Table 7. Major dissolved constituents in ground water of three predominant 
types from NTS area (concentrations in milligram equivalents per 
liter). 3 

Na-Ca-Mg 
Ca-Mg water, Na-K water. water, 
Army Well 1, Well U20a-2, Well C, 

Lower Carbonate rhyolitic tuff Lower Carbonate 
Aquifer and lava Aquifer 

Silicab (Si02) 19 44 30 
Calcium 2.24 0.29 3.54 
Magnesium 1.80 0.01 2.14 
Sod ium 1.60 2.43 5.52 
Potassium 0.13 0.04 0.36 
Bicarbonate 4.21 1.79 9.18 
Chloride 0.42 0.31 0.90 
Sulfate 1.08 0.58 1.39 
Total dissolved solids 323 195 622 
pH 7.6 7.5 7.3 
Temperature (°C) 31 35 37 

Values listed are averages for from 4 to 7 samples. 

Concentrations of silica and total dissolved solids in milligrams per liter. 

total dissolved solids content in 
excess of 500 mg/5L Water from Well 
C falls into the minority category in 
this respect. Calcium-magnesium 
water from the Lower Carbonate Aquifer 
in Army Well 1 has a lower silica 
content than the sodium-potassium 
water derived from rhyolitic volcanic 
rocks in Well U20a-2. The mixed 
sodium-calcium-magnesium water of 
Well C has an intermediate silica 
content. 

Areal Variation in Character of 
Ground Mater 

Areal extents of the three 
differentiated ground water types 
have been plotted on oversized maps 
that are not reproduced here; for a 
complete picture of the chemical 
variation, one must refer to these 
maps (Schoff and Moore, 1964; Winograd 
and Thordarson, 1975; and Blankennagel 
and Weir, 1973). However, the 
following generalizations can be made. 
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1. Calcium-magnesium waters are 
found in the Lower Carbonate Aquifer 
and the Valley-Fill Aquifer, rich in 
carbonate detritus, in southern 
Indian Springs Valley, southern Three 
Lakes Valley, northwestern Las Vegas 
Valley, Pahrump Valley, the Spring 
Mountains, and in Pahranagat Valley. 

2. Water of the sodium-
potassium type occurs in tuff, 
rhyolite, and valley fill composed 
of volcanic detritus in western 
Emigrant Valley, Yucca Flat, French
man Flat, and Jackass Flats, as well 
as beneath Pahute Mesa and Oasis 
Valley. 

3. Water of mixed chemical 
character, sodium-calcium-magnesium 
water, is found in the Lower Carbonate 
Aquifer beneath all valleys of NTS 
and between eastern Nevada Test Site 
and Ash Meadows. 

Ground-Water Movements Inferred 
From Chemical Aspects of the 
Water 

The sodium and total dissolved-
solids contents of ground waters of 
the NTS area have been used as keys 
to lnferrences about ground-water 
movements based on considerations of 
water chemistry (Schoff and Moore, 
1964; Winograd and Thordarson, 1975). 
Sodium in the waters is presumed to 
originate by mineral dissolution in 
the sodium-rich rhyolitic volcanic 
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rocks and by ion exchange, wherein 
calcium is exchanged for sodium. 
Once in solution, the sodium tends 
to remain in solution (Hem, 1970). 
The sodium content of waters that 
have been contained in carbonate-rich 
aquifers throughout most of their 
history is small because of the dearth 
of minerals containing leaenable 
sodium such as plagioclase feldspar 
and halite. The total dissolved-
solids content of ground water is 
assumed to generally increase with 
subsurface residence time. 

The principal source of sodium 
in the ground water of the Lower 
Carbcnate Aquifer is believed to be 
waters that have leaked into it from 
overlying tuffaceous rock units. 
Such water, of sodium-potassium type, 
yields a sodium-calcium-magnesiura 
water when mixed with water of the 
Carbonate Aquifer. A secondary 
source of sodium is inferred to be 
"underflow" through the Lower 
Carbonate Aquifer from Pahranagat 
Valley, which lies to the northeast. 
The water emerging from springs in 
the Carbonate Aquifer in Pahranagat 
Valley has about one-third as much 
sodium and potassium as that at NTS 
and Ash Meadows. 

Studies of the deuterium content 
of ground waters from the recharge 
areas in the Spring Mountains and 
Sheep Range, from Pahranagat Valley, 



and from Ash Meadows indicate that 
the Ash Meadows springs are fed 
through the Lower Carbonate Aquifer 
by a mixture of waters originating 
In the Spring Mountains-Sheep Range 
and by "underflow" from Pahranagat 
Valley. The "underflow" from 
Pahranagat Valley may amount to as 
much as 35% of the Ash Meadows 
discharge, based on deuterium mass-
balance considerations (Winograd and 
Friedman, 1972). 

Water from the Carbonate and 
Valley-Fill Aquifers of southern 
Indian Springs Valley, southern Three 
Lakes Valley, and northwestern Las 
Vegas Valley contains little sodium 
and less dissolved solids than water 
from the Lower Carbonate Aquifer at 
NTS. These relations would seem to 
rule out the possibility of movement 
of ground water from the test site to 
the southeast. In fact, the avail
able data seems to support the 
existence of westward movement from 
at least southern Indian Springs 
Valley. By contrast, the close 
similarity of the mixed sodium-
calcium-magnesium water in the Lower 
Carbonate Aquifer beneath NTS to that 
being discharged at Ash Meadows 
suggests that the water is moving 
southwestward toward Ash Meadows. 
The dissolved-solids content of water 
at Ash Meadows is greater than that 
of water beneath NTS. This relation 

is further indication that the water 
at Ash Meadows derives in large part 
from the Lower Carbonate Aquifer 
beneath NTS. 

Blankennagel and Weir (1973) 
report that the concentration of 
dissolved solids in the sodium-
potassium water of eastern Pahute 
Mesa generally increases to the west 
and southwest. This direction 
corresponds generally to the direction 
of ground-water flow in that area 
inferred from hydraulic measurements. 

Water from wells and springs in 
Oasis Valley, southwest of eastern 
Pahute Mesa, is of the sodium-
potassium type, similar to water from 
beneath Pahute Mesa but with greater 
dissolved-solids content. Water from 
eastern Pahute Mesa probably moves 
through Oasis Valley and possibly 
Crater Flat and western Jackass Flats 
on its way to the Amargosa Desert. 
Water of the sodium-potassium type in 
the Amargosa Desert southwest of 
Lathrop Wells probably comes from 
western Jackass Flats, and water in 
the west-central and north-western 
Amargosa Desert probably comes from 
Oasis Valley (Blankennagel and Weiv, 
1973; Winograd and Thordarson, 1975). 

Radiocarbon determinations were 
used to estimate the ages of ground 
water from the Lower Carbonate Aquifer 
beneath NTS and surrounding areas 
(Grove et al., 1969). A good 
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correlation was found between the 
carbon-14 dates and the ground-water 
flow pattern inferred from hydraulic 
data, but sufficient samples were not 
obtained to permit determinations of 
ground-water flow velocities or 
patterns from the radiocarbon 
determination alone. 

The ground-water movements at 
and near NTS that can be inferred 
from considerations of ground-water 
chemistry seem to correspond to 
those movements inferred from other 
lines of reasoning. The pattern of 
movement that has been established 
by inference is a general one, 
lacking detail in any given small 
area, but providing a regional frame
work for finer resolution of local 
patterns. 

D, COMPOSITION OF NTS ROCKS AND 
MINERALS 

The rock types encountered at 
the Nevada Test Site are highly 
diverse (Barnes, 1967). They range 
from completely unconsolidated playa 
sediments to metamorphosed quartzites 
and include granodiorites, marbles, 
and basalts. Although underground 
tests have been conducted in almost 
every rock type, by far the most have 
been conducted in the alluvium of 
Yucca Flat and in the underlying 
tuffs. Tables 8 and 9 give chemical 
analyses and mineralogical make-ups 

of many NTS rocks. The dolomite 
included in Tables 8 and 9 is from 
the environs of the Handcar event and 
can be taken to be similar to the 
Paleozoic carbonate rock which forms 
the basement rock at Yucca Flat. 
Also included in Tables 8 and 9 is an 
andesite from the Cannikin Site, 
Amchitka, Alaska. 

There Is considerable variability 
in all of these rocks from place to 
place. This is particularly true of 
the alluvium and tuff. Not only do 
their physical properties (density, 
porosity, etc.) vary (Ramspott and 
Howard, 1975), but their compositions 
(chemical and mineralogical) vary as 
well. Some measure of the variation 
may be had by noting that Raraspott 
et al. (1970) record quartz contents 
in 119 alluvium samples between 5 
and 68 wt%. In the case of alluvium 
these variations reflect the source 
rocks. These may be limestone, 
sandstones, dolomites, argillites, 
and tuffs, depending on the area. 
Average alluvium contains about 6 wr% 
calcite and about 4 vt% dolomite 
(Ramspot. et al., 1970). 

Tuffs normally are carbonate-
poor and quartz is typically in low 
concentration (1-10%). They are 
often categorized as 1) fresh, non-
welded, 2) welded, or 3) zeolitized, 
and represent ash-fall and ash-flow 
tuffs in various stages of alteration 
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Table 8. Chemical composition of rocks at NTS (concentrations in weight 
percent; nd * not determined). 

Welded tuff, Altered 
Oak Springs Zeolitized Dolomite Clinax andesite Basalt, 

Alluvium, Tuff tuff, (Handcar), grano- (Cannikin). Chukar Mesa 
U3ali, Unit TOS 7 Uel5d, UlOb, dlorite, UA-1, (Buggy), 

365-367 re (Rainier) 326 m ^409 m U15a 1791 m 66-4 

S ! 0 2 65 .8 75 .5 66 .6 0.89 6 7 . 5 4 8 . 9 56.66 

A 1 2 ° 3 14.1 13.9 13.2 0.40 16.2 14 .5 10.75 

T10 2 0.39 0.20 0 .18 nd 0 .46 1.1 1.25 

F e 2 Q 3 2.1 1.43 1.5 0 .13 1.9 3.6 1 .71* 

FeO 0.49 0 .13 0 .05 0.04 1.7 7 .5 4 .26 

KgO 1.5 1.0 0 .4 . ' 21.21 0 .7 5.7 0 .27 

MnO 0.07 nd 0 .05 nd 0.07 0 .15 0.1B 

CaO 2 .4 2 . 0 1.8 30.96 3.9 8 .3 4.72 

Na 2 0 2 .1 1.9 1.5 nd 3 .2 4 . 3 10.51 

K 2 0 3.6 2 .8 5.0 nd 3.4 0.95 6.37 

H 2 0 + 

H 2 0 -

UO'C ) 

110°C ) 6 .3 
nd 

0 9 .8 
nd 

0 .08 

0 .83 

0 

2 .2 ) 

0 .64 } 
2 .00 

co2 0.73 nd 0 .06 46.18 0 .18 0.82 nd 

P 2 ° 5 
0.12 0 .08 0.02 nd 0 .18 nd 0.64 

F + C] nd nd nd nd nd nd 0.09 

Sr + S nd nd nd nd nd nd 0 .33 

Reference En.erick 
(1461) 

Borg 
(1975) 

Wil l iams 
e t a l . 
(1963) 

Smith 
(1970) 

Gibbons 
e t a l . 
(1959) 

Card 
(1972) 

J . H i l l 
a n a l y s t 

( IXD 

aFeO/Fe,0, ratio arbitrarily .-ut at 2.50 for partitioning of Fe reported in analysis. 
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Table 9. Mineralogic make-up of rocks at NTS and Amchitka (concentrations in volume percent). 

Alluvium Welded tuff 
Zeolitized 

tulf Dolomite Granodiorite 
Andesite-
Amchitka 

Quartz 5-10 3 10-25 1 27 
Feldspar 13 25-50 61 40 
Clay 12 

(montmorillonite) 
10-25 2 

(chlorite) 
30 

(chlorite) 
Zeolite 23 50-70 
Cristobalite 11 <10 
Tuff fragments 80-90 
Limestone 1 
Dolomite 96.5 
Calcite 2.5 
Xenoliths 1 7 
Vesicles 8 
Ferro-magnesian 
minerals 

2 9.0 
(biotite) 

25 
(augite) 

Glass 22 

Reference Emerick 
OS61) 

Wilmarth 
et al. 
(1960) 

Williams 
et al. 
(1963) 

Stephens 
and Lilly 
(1968) 

Izett 
(1960) 

Lee and 
Card 
(1971) 



and compaction. Alteration products 
are typically zeolites, specifically 
clinoptilotite and various clay 
minerals of which illite and 
montmor:*llonite are most prominent. 
Microscopically the tuffs are composed 
of a pumiceous, fine-grained glassy 
ground mass containing large crystals 
(phenocrysts) of feldspars and quartz 
and lithic fragments (e.g., rhyolite 
or argillite). 

The presence of zeolites and 
clay minerals in NTS rock retards the 
movement of radioactivity by sorption 
processes and merits closer examina
tion. In ordinary usage the term 
clay implies a particle size of 
<2 pm rather than a discrete chemical 
composition. The clay minerals 
comprise seven groups,* each of which 
is made up of distinct but related 
species. Three groups are recognized 
in NTS alluvium and tuffs: 
montmorillonite, hydromicas (illites), 
and kaolinites. Chemical analyses 
and structural formulae are given in 

*The seven groups are 1) kaolinite-
serpentine, 2) pyrophylite-talc, 
3) smectites or montmorillonite-
saponitfi, 4) vermiculite, 5} micas* 
6) brittle micas, and 7) chlorites. 

Table 10. The common zeolitic 
mineral, clinoptilol'.te, which is 
important because of its ion-exchange 
properties, is also included in 
Table 10. Of the clay minerals, 
montmorillonite is the most common 
at NTS, followed by illite. Kaolinite 
is rare. Various members o£ LIIP 
-lontmorillonite group are distinguished 
by possible cation replacements 
within the silicate structure. These 
in turn determine the charge 
deficiencies which permit extraneous 
cations (Ca, Na, K) to occupy .nter-
layer positions. By far the most 
common natural montmorillonite is one 
in which the exchangeable cations are 
Ca, Na, and K, depending on the nature 
oi the solutions. It typically occurs 
in altered tuffs at NTS and elsewhere. 
Commonly montmorillonites are inter-
stratified on the unit cell level with 
other clay minerals such as illite and 
chlorite. These have been recognized 
by the U.S.G.S. in the process of 
identifying clay minerals in NTS 
altered tuffs ana alluvium. The 
mechanisms by which radionuclides can 
be absorbed and exchanged in clays 
and zeolites is treated in Section 
V.C,2, 
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Table 10. Chemical analyses of typical clay minerals and a zeolite from the 
literature (concentrations in weight percent). 

Montrcorillonite llliteb Kaollnitec Clinoptilolited 

S10 2 53.98 56.91 45.72 61.83 
Ti0 2 0.08 0.81 0.42 
A 1 2 0 3 15.97 18.50 39.82 12.44 
F e2°3 0.95 4.99 0.10 2.55 
FeO 0.19 0.26 
MnO 0.06 
MgO 4.47 2.27 
CaO 2.30 1.59 5.51 
Na 20 0.13 0.43 0.16 1.15 
K 20 0.12 5.10 0.36 0.30 
H 20 + 105°C 
H 20 - 105°C 

9.12 
13.06 

5.98 
2.86 

13.67 
0.55 

(approx. 
15.78 '12.3 

( 3-5 

100.43 99.50 10".80 99.56 

Interlayer 
water Characteristic Some Bare None 

Principal 
interlayer 
cations 

Ca, Na K None None 

cations) (Al) 4Si 80 2 ( )(Oa) 4'nH 20. 
^ontmorillonite from altered tuff, New Mexico, l/2(Ca,Na)n _ (exchange 
c w ' " - ~ '-" - — ~ 

b I 
cKaolinlte, Murfreesboro, Arkansas, Al,Si,0 0 ( 0 H ) g . 

Heulandite-clinoptilolite from weathered andesite, Yugoslavia, 
a 2) 
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III. Explosive Phenomenology 

A. CAVITY-CHIMNEY FORMATION IN 
UNDERGROUND NUCLEAR EXPLOSIONS 

It is convenient to describe the 
events following detonation of a 
nuclear explosion in terms of discrete 
stages of phases. These consist of: 

• Vaporization of rock 
immediately surrounding the device and 
expansion of the resultant plasma. 

• Development of a compresslonal 
shock wave which travels several 
hundred meters beyond the initial 
cavity before decaying to an elastic 
wave. 

• Melting and spalling of 
adjacent rock. 

J Further enlargement of the 
initial cavity due to expansion of 
gases, chiefly steam. 

• Collapse of the cavity as 
gases cool and condense, and thereby 
quenching of contained melted rock. 

ft Formation of a rubble zone 
(chimney) of high porosity above the 
initial cavity. 

Any such list by necessity is 
misleading, since its brevity belies 
the complexity of the process. 
Further, the overlap of the phases 
and the continuity of the process as 
shown in Fig. 15 are obscured. 

Finally, in any one experiment one or 
more of these stages may be absent 
or of minor importance. For example, 
incomplete coupling between the shock 
wave and the surrounding rock works 
against extensive propagation of the 
wave. Escape of cavity gases within 
a few hundred milliseconds - for 
example, up an open pipe - precludes 
complete cavity expansion and 
associated phenomena. High plasticity 
of the rock media can greatly modify 
if not eliminate cavity collapse and 
chimney formation. 

While ERDA experience spans all 
of the above variations or possibil
ities, by far the bulk of the 
information relating to phenomenology 
comes from uncomplicated experiments 
that can be described In the general 
terms (phases) given above. It 
reraa'ns to explore some of these 
phases more carefully, particularly 
as they pertain to ultimate disposi
tion of radioactivity. 

1. The Melt 

The rock melt that is produced 
by a nuclear explosion ultimately 
encapsulates a fraction of the 
radioactivity associated with the 
nuclear explosion. The melt has 
three sources: 1) condensation of 
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the vapor (plasma) initially produced, 
2) shock melting associated with the 
high pressures and high Hugoniot 
temperatures, and 3) contact of host 
rock with melt or vapor at tempera
tures above the host rock's equilibrium 
molting point and boiling point. 
The latter is sometimes referred to 
as melt due to "superheat." Normally 
the melts from these three sources 
are well mixed, so that only in special 
circumstances can a melt from a 
particular source be recognized, and 
even then the assignment to a 
particular source is rarely unequivocal 

Most of the melt produced by the 
nuclear explosion is found in the 
lower portions of the chimney, and on 
this account it Is called "puddle 
glass." Figure 16 is a plot of the 
percent glass encountered in a series 
of drill holes through lower portions 
of the cavity in Koggar granite at 
the French test site in Algeria 
(Faure, 1969). Drilling experience 
at NTS indicates that such a distri
bution is not universal, even In 
comparable reck. For example, a core 
through the bottom of the Hardhat 
cavity (Fig. 17) indicated chat glass 
was located primarily in the lower 
202 of the cavity (MeArthur, 1962). 
The location of the glass most 
probably relates to the exact cavity 
history, which in turn reflects the 
rock type and its properties, the 
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Fig. 16. Position of rock melt in a 
cavity (after Faure, 1969). 

depth of burst, and device emplacement 
geometry. On occasion, small amounts 
of glass have been encountered at 
considerable distances from the shot 
point. At the Piledriver event in 
granodiorite, glass snams were 
encountered 2.3 cavity radii (r ) 
from the shot point as a result of 
escape at early time along pre-existing 
shear planes fBorg, 1970). 
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Fig. 17. Core from bottom of Hardhat cavity (Butkovich and Borg, 1974). 
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The fact that radioactivity is 
trapped in the melt is made evident 
by comparing the lithologic and y-logs 
shown in Fig. 17. The nature of the 
radionuclides in the melt, and the 
proportion of the total amount 
produced by the explosion that is 
retained by the melt, is treated 
later, in Section IV,D. 

There is little difference in 
the chemical compositions of the glass 
and its unmelted counterpart if only 
major constituents are considered. r 

One conspicuous difference is in the 
oxidation state of iron. As might be 
expected, at early times conditions 
in the cavity are largely reducing; 
H_ is produced through reaction of 
steam with carbon and sulfides in the 
rock and with construction materials 
in the immediate vicinity of the 
explosion. The Fe /Fe ratio may 
be as much as a factor of 10 greater 
in the melt than in the unmelted rock 
(Borg, 1975, Table 1). 

The appearance of melt recovered 
from any one event can be highly 
variable. As a rule, the puddle 
glass is highly vesiculated, which 
reflects on the loss of steam and 
other gases during falling temperature 
or quenching. This leads to a con
centration of ^-activity, mosL likely 
associated with tritium, near the 
vesicules (Audidiere et al., 1971). 
Relatively translucent types of glass 
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can be closely associated with 
debris which superficially appears 
to have retained some degree of 
crystallinity; for example, grain 
outlines of individual mineral 
components may be well preserved. 
X-ray examination indicates that this 
debris is principally glass, and 
close examination reveals vesiculation. 
Thus the melted mineral constituents 
of the rock have not mixed. The 
make-up of this type of melt suggests 
that it formed relatively late in the 
cavity history; however, this is 
difficult to verify. It may be highly 
radioactive; conversely, the homo
genized counterpart may be weakly 
radioactive. All gradations between 
these types of glass have been 
observed. Thus we conclude that 
"puddle glass" is heterogeneous in 
nature as well as in distribution 
(Cerrard, 1966). 

2. The Chimney 

The broken rock that overlies 
the original cavity is called the 
chimney. Its height, h , is measured c 
from the shot point and is determined 
by the strength properties of the 
rock, its bulking characteristics 
and the energy and geometric param
eters of the experiment. Its height 
correlates closely with the limit of 
shear failure of the rock (Cherry and 
Petersen, 1970). 



Empirical data on chimney 
heights at NTS is sparse, particularly 
for events of moderate to high yield. 
Some of these data are compiled in 
Houser (1969) and Borg (1973a). 
Figure 18 shows the relation between 
chimney height and cavity radius for 
a variety of rock types. 

One way to estimate Che height 
of a chimney in the absence of 
measurements makes use of the bulking 
porosity, B, which is defined as 

(A) 

where V , V , and V , are the volumes c r en 
of the cavity, the rock in the 
chimney, and the chimney, respectively. 
Implicit in the definition is the 
assumption that the maximum void 
spftce within a chimney equates with 
the cavity volume. For chimneys 
that intercept the surface of the 
earth, the void volume within the 
chimney is the cavity volume less the 
crater volume. Assuming 0 cylindrical 
chimney with hemispherical ends, from 
purely geometric considerations, 

h c - ^f (4 - B) (5) 

(Butkovich and Lewis, 1973). For 
some rock types, B has been satis
factorily related to cavity radius. 
For example, Butkovich and Lewis 

derive the expression B = 4.62r 
for competent rocks, e.g., granite, 
basalt, indurated tuffs. B ranges 
from 18 to 35% for these rock types. 
Substituting the value of B into 
Eq. (5), 

1.927 
(6) 

This approach obviously fails if the 
bulk ng porosity within the chimney 
is equal to or less than that of the 
undisturbed rock, as is the case for 
NTS alluvium. It also has severe 
limitations if the shape of the 
chimney depar ts markedly from that of 
a cylinder whose ends are terminated 
by hemispheres. 

An approximation for B has been 
developed by Ramspott <1970) from an 
examination of critical scaled depth 
of burial for cratering in various 
areas at NTS. Assuming that h = 
depth of burial (DOB) in the case of 
collapse craters, rock whose bulk 

3 
density is 1.8-2.0 g/cm can be 
associated with bulking porosities 
on the order of 12-16%. While these 
maximum values would appear to be 
reasonable, they are approximations 
and hold for cylindrical models. 

In general, whether or not a 
chimney propagates to the surface 
depends on the DOB if all other 
variables are equal, i.e., yield, 
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emplacement geometry, and character
istics of the medium such as waver 
content, strength properties, and 
porosity. Because cavity radius also 
reflects these variables, there is 
an empirical relation between r , DOB, 

c 
and formation of subsidence craters. 
Figure 19 shows this relation in 
schematic form for several hundred 
events at NTS and elsewhere. The 
line labeled "Calculated h for c 
competent rock" is computed from 
measured data; its extrapolation is 
calculated from bu1k*:ig considerations 
(Butkovii.il and Lewis, 1973). Events 
falling within the "Zone of mixed 
behavior" of Fig. 19 include events 
in which chimney development was 
arrested by the formation of a stable 
or metastable vaulted ceiling. Some 
of these chimneys ultimately propagate 
to the surface; others apparently 
have roofs of sufficient strength to 
last indefinitely. Presumably an 
apical void space lies below the roof 
in these instances. 

Upon collapse of the cavity, 
volatile or gaseous radioactive 
species are able to move upward and 
are deposited on the surface and 
within the cracks of the blocKS 
making up the rubble as they cool 
or decay from gaseous to condensable 
species. Unfortunately, chimney 
rubble has been sampled in only a 
few events, and in no event has it 
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been sampled top to bottom In order 
to map the distribution of the 
radioactivity. Intuitively one might 
expect that there would be a greater 
concentration in the lower part of 
the chimney than in the upper. This 
has been reasonably well established 
in one experiment in granodiorite, 
where the rubble sampled in the lower 
regions of the chimney was found to be 
enriched in various fission products 
relative to the predicted amount for 
a homogeneous distribution throughout 
the chimney (Borg, 1975). Per unit 
weight, smaller rubble particles are 
associated with the greatest amount 
of radioactivity. This is not 
surprising in view of their larger 
relative surface area when compared 
to an equal volume of large rubble 
blocks. 

The particle size distribution 
of rubble within chimneys is a 
relatively unknown parameter. 
Meager data exist from two events in 
granodiorite (Rabb, 1970; Boardman 
et al., 1964a) and three in Rainier 
Mesa (Boardman et al., 1964b); 
however, variation within these 
chimneys was not monitored. Similarly, 
porosity distribution h?s not been 
examined in detail. 

All observations suggest that 
permeability within a chimney varies 
substantially from one sector to 
another. Once compacted, the rock 
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flour observed in the lower reaches 
of some chimneys has an unmeasured 
but extremely low permeability 
(Houser, 1970). Similarly, highly 
crushed rock, such as encountered a 
few feet below the Rainier (tuff) 
cavity, is virtually impermeable 
(Stead, 1964). Yet by all accounts 
the number and size of voids increases 
in the upper areas (>2.5r ), and 
these regions of the chimney must be 
highly permeable. The horizontal 
variation in rubble size observed by 
many, e.g., Houser (1970), also 
indicates that permeability varies 
horizontally. In general the rubble 
size increases as the vertical central 
line is approached. Postshot 
exploration has not been extensive 
enough to detei .ne whether such 
observations can be made in all 
chimneys irrespective of rock type. 
Most of our observations have been 
in competent rock, e.g., the Climax 
granodiorite, or semicompetent rock, 
e.g., welded tuffs and vitrophyres 
of the Oak Springs tuff. Gene, iliza-
tions concerning rubble size and 
distribution almost certainly cannot 
be extended to friable rocks such as 
the alluvium and tuff found at Yucca 
and Frenchman Flats. 

lu the last few years* attempts 
have been made to evaluate 
permeability to air within nuclear 
chimneys by measuring underground 

responses to changes in atmospheric 
pressure at the surface or air injec
tion. These tests are described in 
Table 11, which is modified from Rozsa 
et al. (1975). One of several assump
tions that has gone into the calcula
tions resulting from the measurements 
is that nonpermeable chimney walls 
surround the rubble within the 
chimney. T.f this is not true, a 
large error is introduced into the 
calculated permeability. According 
to Sherwood (1974), if the ratio 
between the actual permeabilities 

of the surrounding rock and the 
-2 chimney rubble is 10 , then the 

value for permeability in the rubble 
calculated by this method will be 
about half of its true value; if the 
ratio is 1, then the data collected 
cannot be interpreted. In summary, 
then, the permeabilities in Table 11 
have a good chance of being too low 
by some unknown amount. 

B. EXTENT OF FRACTURING 

Immediately adjacent to the 
cavity wall in lower regions of the 
cavity-chimney, a zone of highly 
crushed rock is found. Although the 
zone's outer limit is not strictly 
spherical, in competent rock it 
extends to a distance of about 1.3r 

c 
at the level of the shot point 
(Borg, 1973c). Beyond this lies a 
region of pervasively fractured 



Table 1 1 . Indicated in situ values of pressure d l f fus iv l ty to a i r and permeability from f i e ld experiments in 
Yucca Flat (a f te r Rozsa e t a l . , 1975). 

NTS 
area 

U91TS-eXY 30.5 Alluvium 
Vicric tuffs 
Grouse Canyon ashfal[ 

ttiff 
Undifferentiated tu f f s 
Carbonate rock 

Distance be. 
surface where h... •= 
in tersec t chimney or 

depth of measurement (m) 
PermeaM1itv 

3.9 
2.5 

' 2 . 0 

Pressure 
dffftisivity 

, 2, v 

Radial steady state; 
air injection. 

CB-1, DH-3, and -U 
DH-3 recalculated 

CB-2, DH-5 
DH-5 recalculated 

CB-3, DH-6 
DH-b recalculated 

CB-4, Dli-7 and - 3 

CB-5, OH-9 
CB-5, Dri-10 

Al luvium 

Chimney in alluvium 

Chimney in alluvium 

Chimney in alluvium 

Alluvium and tuft 
from cfiimneys 

Surface alluvium 

Chimney in alluvium 
Surface alluvium 

Radial steady s t a t e ; 
a i r in jec t ion . 

260 
30 

25-99 
62 c 

1.0 Atmospheric pressure 
method. 

10 c 

12° 
0.2 Atmospheric pressure 

method. 

33-66 
56 c 

0.5-1.0 
1.0 

Atmospheric pressure 
method. 

7 C 

7 C 

0.1 

0.1 

Atmospheric pressure 
method (no surface 
collapse). 

41 c 

70 c 

0.6 
1.0 

Atmospheric pressure 
method. 

aCB numbers are sequential t e s t - s i t e numbers. DH numbers a re sequential hole numbers, one or more per t e s t s i t e . 

Porosity of 0.3 used a r b i t r a r i l y to obtain these values from the pressure d i f fu s iv i ty . 



material whose extent depends on the 
mechanical properties of the media, 
all other things being equal. Its 
outer horizontal limit is 2.5-4r 

c 
(Fig. 20). Within this region, 
fractures can be recognized on all 
scales and are detectable by a 
variety of tests (in situ permeabil
ity, chimney pressurization, 
microscopic md macroscopic core 

observations.) Beyond this region of 
pervasive fracturing lies a third 
region, where fractures become more 
widely spaced and - from all 
implications - less frequently 
connected to each other. At distances 
beyond 3.5-5.2r (depending on the 
media) the compressive stress of the 
shock wave becomes too small to 
fracture the rock. This is the 
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Fig. 20. Horizontal fracture radius as a function of cavity radius. Points 
i, 2, and 3 are granodiorite; 4 and 5 are salt; 6 is tuff; 7 is 
dolomite; 8 and 9 are sandstone/shale. Range in estimate is 
indicated by line joining similar symbols. (Borg, 1973a.) 
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so-called "limit of shear failure" 
predicted by the shock-wave codes 
from equation of state data. This 
limit, as noted previously, has been 
observed to coincide with h for c 
many events. Beyond this point 
tensile fracturing takes place, but 
these fractures are typically widely 
spaced and may contribute little to 
an increase in overall permeability. 

Artists* renderings of under
ground nuclear explosions and their 
effects usually include radial and 
tangential fracture systems sym
metrically disposed about the shot 
point. These fracture orientations 
are consistent with those expected in 
a brittle, mechanically isotropic 
material or alternatively in an 
anisotropic medium under large 
hydrostatic stress, as is typical of 
deeply buried experiments. The bulk 
of NTS experiments are not of this 
description, and fracture systems 
surrounding cavities are influenced 
in large measure by pre-existing 
heterogeneities such as bedding, 
jointing, and faults. An examination 
of fracture orientation in granodiorite 
has indicated that the many joint 
systems played a very important role 
in influencing not only the position 
of shock-induced fractures but also 
the shape of at least one chimney 
wall CBorg, 1970). 

Near the cavity wall and to 
some distance beyond, the mean stress 
associated with the shock wave is 
sufficiently high to render minor 
inhomogeneities ineffectual in influ
encing the orientation of fractures. 
However, even if they were initially 
influential, repeated loading and 
unloading of rock masses which later 
will become the "crushed zone" has 
the effect of obliterating any simple 
fracture surface oriented in a radial 
or tangential direction as well as 
all traces of pre-existing fractures. 

Pre-existing fractures, faults, 
and joints at NTS are monitored 
whenever possible. Orientation and 
fracture-frequency studies are most 
commonly conducted in tunnels in 
Rainier Mesa or within the Climax 
granodiorite stock (Lynch et al., 
1964; Borg, 1970) and less commonly 
in Yucca Flat alluvium and tuff. 
In general, fracture trends in the 
alluvium and tuff of Yucca Flat 
reflect joint systems in the under
lying carbonate bedrock, and these 
are ̂ N 50° E or N-NE throughout 
most of Yucca Flat (Barosh, 1968). 
Although a concentric or radial 
fracture pattern can be recognized 
near subsidence craters, other 
explosion-produced fractures tend to 
mimic the joint and fault system of 
the bedrock. The Yucca Fault is a 
series of alternating N-NW and N-NE 
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fault segments, and it, too, probably 
reflects pre-existing structure in 
the bedrock (Barosh* 1968). 

C. EXPLOSIVELY CREATED PERMEABILITY 

The enhancement of permeability 
attributable to the explosion effects 
of the Hardhat device, detonated at a 
depth of 286 m in granite, were 
measured in situ by Boardman and 
Skrove (1956). They found some 
permeabilities in the granitic rock 
mass outside of the crushed zone to 
be two to three orders of magnitude 
greater than the background permeabil
ity. McKee and Hanson (1975) derived 
an expression, applicable within the 
elastic limit of a competent rock, 
giving the dependence of permeability 
on radial distance* The expression 
shows fhat, beyond two cavity radii, 
created permeability decreases as the 
reciprocal of the fifth power of 
radius from a spherical blast. McKee 
and Hanson imply that permeability 
will decrease from distances of two 
cavity radii to the cavity edge. 
Selected data of Boardman and Skrove 
lend credibility to this notion in 
the case of the Hardhat event. This 
effect has also been observed by 
Derlich (1970) locally near the 
cavity of the French nuclear test 
conducted in granite. Presumably, 
materials that exhibit nonelastlc 
behavior will be associated with an 

even slower decay of permeability. 
Oats are lacking. 

D. LIMIT OF RADIOACTIVITY AROUND 
UNDERGROUND NUCLEAR EXPLOSIONS 

Examination of gamma (Y) logs 
taken in postshot drill holes is one 
way to assess the distribution of 
radioactivity around a cavity-chimney. 
Certain important long-lived radio
active species cannot be detected by 

3 90 
Y-logs, e.g., H and Sr, but the 
assumption that the extent of these 
isotopes coincides with that of 
volatile y-emitters Is probably 
reasonable. The data so gathered are 
also subject to errors because, at 
the time they are gathered, most 
Y-activity is due to short-lived 
isotopes. Again it is reasonable to 
assume that these isotopes art dis
tributed similarly to their longer 
lived counterparts. 

An analysis of data from 
approximately 70 events in Yucca 
Flat is shown in Fig. 21, which is 
modified from Rich (1968). The two 
curves attributed to Rich represent 
the upper (outer) and lower limits of 
radioactivity detected above and 
below the cavity in those instances 
where the first Y-radiation 
encountered was outside the chimney-
cavity. The two lines can be 
described by the following relations, 
where r is the cavity radius and o 
is the standard error; 
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Fig. 21. Radioactivi ty detected in postshot d r i l l i n g . 

Upper (outer) l i m i t : 

5.76 r 0 - 7 8 ( f t ) , a = 1.32, 
and 

+1.87 0.78 
-1.27 r ( f t ) ; 

Lower l imi t : 

3.97 r 0 - 7 7 ( f t ) , a = 1.27, 

and 

+1.07 0.77 

4.44 r 0 ' 7 8 (m), o - 1.32, 
and 

3.02 r 0 - 7 7 (m), o - 1.27, 

+1.44 0.78 +0.82 0.77 
-0.65 c r (m). 
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Rich (196B) has also compiled 
available data for granite and salt 
events and shown that they are in 
reasonable agreement with the Yucca 
Flat data. In Salmon and Gnome 
(salt) and Shoal (granite), the upper 
or outer limit of detection of 
Y-radiation is somewhat larger than 
would be predicted by the equation 
above; they are within 2a, however. 
Although the equations are given as 
power laws* examination of Fig. 21 
shows that the outer limit of 
detected "Y~radiation is on the order 
of 2r to 3.5r for 140 > r > 10 (ft) c c c 
or for 43 > t > 3 (m). The lower c 
limit is 1.3r to 2.3r for 140 > r > 

c c c 10 (ft) or for 43 > r > 3 (m). c 
A different relation for the 

outer limit of radioactivity is given 
by Aron (1968) as 

8.54 r 0 * 7 8 (ft) or 6.57 r 0 * 7 8 (m). 
c c 

(7) 
The curve resulting from this rela
tion is also shown in Fig, 21. Aron 
points out that the y-logs used in 
the 70 events studied by Rich were 
calibrated to detect >1 rad/hour and 
hence were relatively insensitive. 
Aron bases his estimate on loss of 
circulation in postshot drilling 
operations and information on the 
depth of bits at the time radioactive 
gases were detected at the surface in 
23 events. Aron's outer limit is 

thus 2r to 5.2r for 1000 > r > 10 c c c 
(ft) or for 305 > r > 3 (m). c 

In many of the cases examined by 
Rich, radioactivity was not detected 
outside the chimney. In others, the 
upper portion of the chimney proved 
to be impoverished in radioactivity 
as compared with what had been 
detected outside the chimney. By 
examining the data carefully and by 
comparing measured and computed 
distance. Rich was able to establish 
that the distribution of radioactivity 
in the chimney had been affected by 
collapse, i.e., displaced downward. 
This suggests that deposition in 
fractures and pores occurs prior to 
collapse and that there is very little 
migration to uppermost levels 
subsequently. 

E. HYDR0L0GIC EFFECTS OF UNDER
GROUND NUCLEAR EXPLOSIONS 

1. Perturbation of Hydraulic Head 
and Dissipation of Anomalous 
Hydraulic Heads 

General Description 

Hydraulic head responses to 
underground nuclear explosions at NTS 
and elsewhere have been measured in 
wells that extend into the zone of 
saturation (Garber, 1963; Hale et al., 
1963; Ballance and Dudley, 1970; 
Dudley et al., 1971; Gonzalez and 
Wollitz, 1972). The responses are 
generally of two types. 



Confined heads, measured beneath 
Inflatable packers placed below normal 
water levels in wells, have bsen 
consistently observed to fluctuate 
cyclically, apparently in response to 
the passage of seismic waves generated 
by underground explosions. These 
cyclic fluctuations commence with the 
arrival, at measurement locations, of 
Che seismic wave train and attenuate, 
usually in a matter of minutes, 
thereafter. 

Less consistently, sustained 
increases in hydraulic head have 
been associated with underground 
nuclear explosions. These elevated 
heads slowly diminish to their 
original levels in periods of a few 
days to a year or two. Sustained 
increases in hydraulic head are 
thought to bear some :L.iportance in 
the matter of ground-water transport 
of radionuclides and hence will be 
featured in the following discussion. 

Aardvark Event (Area 3) 

One of the first known occur
rences of a sustained increase in 
hydraulic head following an under
ground nuclear test was documented 
by Garber (1963). The water level in 
test well 7 completed in the Tuff 
Aquitard rose at least 17 m following 
the 35-kt Aardvark event, which was 
detonated 71 m above the water table 
beneath Yucca Flat Water levels in 
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the well, located 307 m away from the 
Aardvark emplacement hole, slowly 
declined toward the original level 
over a two-year period. 

Garber proposed several mechan
isms by which the Aardvark event 
may have caused the sustained increase 
in hydraulic head. Among these is 
the suggestion that the crushed zone 
of compacted rock adjacent to the 
lower cavity boundary extended some
what below the water table, causing 
water to be expelled from the 
saturated zone upward and outward 
Into the vadose zone above the water 
table. This translocation of 
groundwater could have served to 
cause the observed sustained increase 
in hydraulic head following the 
Aardvark detonation. The slow rate 
of dissipation of the hydraulic 
anomaly is thought to have been 
caused by the low hydraulic con
ductivity of the tuff in which the 
anomaly resided. 

The hydraulic anomaly associated 
with the Aardvark event has been 
analyzed with a simple, axially 
symmetric, one-dimensional, nonsteady-
state ground-water flow model (Knox 
et al., 1965). The model simulates 
flow in an unconfined system. It is 
assumed that water levels in well 7 
correspond with those of the water-
table surface. This assumption is 
certainly not strictly correct, since 



the well is open to the zone of 
saturation over a 165-m vertical 
interval. Mater levels in well 7 
represent integrations of the head 
(which declines with depth in the 
Tertiary rock of Yucca Flat) over the 
165-m interval. 

In applying this model, it is 
assumed that compaction of the 
unsaturated tuff by the explosion, in 
a spherical shell about the 96-m-
diameter cavity* brings the rock in 
the shell to saturation. Concomitant 
with compaction, expulsion of excess 
water from the compacted zone saturates 
more rock beyond. The overall effect 
of compaction, porosity decreases, and 
saturation of previously unsaturated 
tuff is to create a large annular 
mound of saturation, .;bove the origi
nal water table, centered on ground 
zero. Cavity collapse usually results 
in increased porosity in the chimney 
over that native to the tuff. A 
central depression in the ground-water 
mound is established by downward 
drainage of water into the unsaturated 
pore space of the chimney rubble. The 
groundwater mound, thus modified, 
then constitutes the initial condition 
for calculations using the model of 
Knox et al. (1965). 

They were able to approximately 
reproduce the water-level rise and 
subsequent decline in test well 7 by 
suitably adjusting parameters used 
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in the model (Fig. 22). They also 
charted the simulated dissipation of 
the mound as a function of time 
(Pig. 23). It was concluded that the 
major mechanism for development of 
the hydraulic head mound was compac
tion of nearly saturated rock 
surrounding the Aardvark explosion. 
The primary factor controlling flow 
caused by the mound is the hydraulic 
conductivity in the adjacent region 
unaffected by the explosion. The 
model was found sensitive to the 
portion of cavity volume assumed to 
be accounted for by compaction of 
surrounding rock. The most successful 
simulations assumed 50 percent of 
the cavity volume came from compac
tion, with the balance from permanent 
surface displacements. The study 
suggests that most of the compaction 
occurred within a distance of one and 
one half cavity radii of the working 
point. 

Reed (1970) challenges the model 
developed by Knox et al. (1965) and 
contends that complex coupling 
phenomena were responsible for the 
observed rise in fluid level at test 
well 7, following the Aardvark event. 
Reed proposes that a dynamic condition 
existed whereby water actively flowed 
away from the thermal anomaly at the 
detonation site. In Reed's model, 
the explosion-induced fracture 
permeability markedly decreases to 
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background about 250 to 300 meter* 
from the Aardvark working point: 
water flowing radially iron the .shot 
point would be retarded there until 
the threshold pressure of tin* low 
permeabiMtv medium is reached. The 
heigh: of rise of the hydraulic head 
at Chi* zone ot decreased permeability 
would be 'i function of the permeabil
ity com nisi there. Reed's contention. 
that moisture movement under the 
Influence \*i cherra.il gradients may 
be Important to the Aardv.trk analysis , 
certainly has merit. The model of 
Knox et a l . assumes that the only 
gradient ai feeling moisture movement 
is the hydraulic gradient; thermal 
gradients arc disregarded altogether, 
it seems, though, that well 7 might 
be well beyond the limit oi pervasive 
fractures in Che tuff, and therefore. 
according to Heed's thes i s , the major 
rise in fluid head would occur short 
of well 7. Another shortcoming in 
Reed's work Is chat his model l*J not 
expl ic i t enough to allow reproduction 
of the water-level history at well 7. 
It seems that a fair criterion for 
judging the completeness and accuracy 
of a mechanistic model is in the 
ab i l i ty of the model to reproduce 
observed events. The model of Knox 
et a t . , simplified as it i s , s a t i s f i e s 
this cr i ter ion. 

The ft ft by u: <rgrotmd nuclear 
l e s t , which took lace September l i , 
1961. was the fit -t event conducted 
deep beneath the water table. The 
device was caplaced in saturated 
zeoKlfKed tuff of the Tuff Aqultard 
beneath central Yucca Flat and had a 
yield <•! 200 let. Sustained hydrauJJc 
head responnes to the explosion were 
measured in i few wells in Yucca- Flat. 
Following the detonation, the water 
level in ill ad ] icetll well completed 
in the lower carbonate .iqulfer. at a 
range of about 2400 a from ground 
zero, rose more than } a in a period 
of seconds; the water level in test 
well 7, locjited approxlaately 1270 a 
from ground zero, rose sore than IS o 
over .i 10-day period (Fig. 24?; and 
Ihe water level in yet another wel l . 
riCS-'i, which had been completed in 
the Tuff Aquitard .it a position about 
600 n from ground *ero. Is known to 
have risen at leant U6 FJ <Flfi. 2S) 
within a day of the Bllby test (Hale 
et a t . , l9oJ). 

In their preliminary analysis of 
the sustained hydraulic head 
responses to the Bllby event. Hale 
et a l . (1963) conclude that compac
tion oi the saturated tuff by the 
Bllby explosion caused the prompt 
hydraulic head increases that decrease 
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Fig. 24. ttydrograph of well 7, Area 3, Yucca Flat, following Bilby detonation 
(after Hale ct al. t 1963). 

in magnitude with distance from ground 
Rero. Following the head increases, 
compensating water flow commences* 
upward toward the water table, 
outward frcs the working point, and 
possibly downward. Dissipation of 
the hydraulic head anomaly is limited 
by the hydraulic conductivity of the 
saturated tuff. Ultimately, the 
changes in hydraulic head and mass 
flow are propagated to the water 
table, and the water table rises in 
response. Finally* the hydraulic bead 
anomaly is presumed to take shape as a 

water-table mound, with a central 
depression associated with the 
chimney collapse. Dissipation of 
the composite hydraulic head mound 
then occurs by radial flow into the 
central depression and outwa-d from 
the outside of the mound. 

It should be noted that the wells 
available for observation of the 
hydraulic effects of Bilby were too 
few to permit a complete evaluation 
of the Initial configuration and 
evolution of the hydraulic anomaly 
produced* Hence, the areal pattern 
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Fig. 25. Hydrograph of well U3cn-4, Area 3, Yucca Flat, following Bilby 
detonation (after Hale et al., 1963). 

of ground-water flow relative to the 
chimney-cavity region is largely a 
matter of conjecture. Also, no 
direct hydraulic observations of the 
position of the water table were 
possible with the available wells. 
Thus* no hydraulic check could be 

made of the presumed water-table rise 
resulting from Bilby. Electrical 
earth resistivity measurements, made 
at the ground surface, were inter
preted to indicate a water table rise 
caused by the Bilby event (Scott et 
al., 1964). The rise is thought to 
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have been several tens of meters near 
ground zero, sloping down to native 
water-table positions several hundred 
meters away. Postevent resistivity 
measurements indicate that the water 
table mound decayed to its original 
configuration within three months. 

Other Events 

Sustained increases in ground
water hydraulic head have been 
reported in association with under
ground nuclear tests in areas other 
than Yucca Flat, but apparently they 
occur less frequently and may result 
from different explosion effects. 
On Pahute Mesa, a sustained increase 
in head in well Ue20p, located about 
5 km from the site of the Handle;? 
event, occurred four days after that 
event, which was detonated below the 
water table. Thrt increase in head 
amounted to a rise of about: 20 m of 
water, and dissipated over a period 
of a few days. Dudley et al. (1971) 
relate such sustained head anomalies 
simply to a decrease In porosity of 
saturated rock near the observation 
well. Delayed structural adjustments 
such as movement along faults, may be 
the cause of such changes in porosity. 

A sustained Increase in hydraulic 
head, amounting to moit* than 3 m 
initially, was observed in emplacement 
hole U2dr in Yucca Flat following the 
Flax event, which was detonated below 

the water table about 650 ra away from 
U2dr. Within a month the water level 
in U2dr had declined to within 1 m of 
its original position, and within five 
months it was back to normal. U2dr 
extended only 43 m below the water 
table in valley fill materials. 
Because of the limited penetration 
into the saturated zone and the 
moderate values of hydraulic con
ductivity associated with the valley-
fill alluvium at that particular 
spot, the fluctuation in head that 
was observed can be vieued as a 

measure of the fluctuation in the 
water table's position. 

2. Chimney In-fill 

Cavity collapse creates the 
rubble chimney, characteristically 
forming in competent and semicompetent 
rock a region with substantially 
greater porosity than that of the 
surrounding host rock. The effect of 
the rapid porosity increase on 
satu-cited material below the water 
table presumably is to desaturate it. 
Following desaturation of the rubble, 
water from the formerly saturated 
material in the rubble chimney should 
drain downwards. Ultimately, rubble 
near the base of the chimney should 
be resaturated by water flowing down 
from upper chimney levels* and by 
radial inflow of water from outside 
the chimney. If the chimney is 



entirely below the wafer table. 
continued radial inflow will com
pletely resaturate the rubble in it. 
Where chimneys propagate to the 
surface, the resulting surface collapse 
crater may divert intermittent surface 
waters into the chimney; this input 
could, of course, hasten resaturation 
of the rubble. 

The scenario given above for 
chimney desaturatlon is largely 
conjectural. That chimneys are some
how "dewatered" and subsequently 
refilled has been established, however; 
the return of water into a dewatered 
chimney is termed "in-fill." Water 
Level measurements were made in 
U3cn PS#2, a vertical cased hole 
drilled from a position very near 
ground 2ero (Figure 2fc) into the 
Bilby chimney (Carber, 1965). The 
Bilby chimney extended from the 
surface to about 700 m below the 
surface. The water level in the 
chimney was first detected, two 
months after the explosion* at a 
position about 590 m below the 
surface. The subsequent rise of water 
levels in the chimney, lo the original 
water table position, is illustrated 
in Fisure 27, 

The in-fill of tb'_> chimney formed 
by the Greeley event, detonated more 
than 600 m below the water table 
beneath Pahute Mesa, was measured, 
somewhat indirectly, in an inclined 

Bilby 
subsidence 
crater U3cn PS'2 

U3cn-5 

N 

300 
I 

Fig. 2*». Areal locations of wells 
U3cn FS#2 and L'3cn-5 at 
Bilby site. Yucca Flat. 

drill hole that was open to a point 
below the original water table and 
232 ro from the vertical axis of the 
chimney (Rawson and Borg, 1970). The 
hole had originally extended into the 
chimney, but it collapsed, breaking 
communication with the chimney. Two 
years after the Greeley detonation, 
the measured water levels had risen 
to within 5 m of preshot levels. 
Apparently the measurements in the 
Greeley postshot well were of 
hydraulic head at a point on the 
cone of depression in the head 
potential surface, formed by the 
hydraulic sink effect of the chimney. 
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Fig. 27. Rubhle-chimney refill curve after the Bilby evtnt (after Garber, 
1971). 

Attempts to measure the in—fi]1 of 
rubble chimneys have been few, and 
often have been less than satisfactory 
because if lack of survival* over the 
P«ri^d of in-fill, of holes cased 
into the chimney rubble. 

Chimney in-fill has been 
mathematically simulated using one-
dimensioni'i, transient* unconfined 
ground-water flow models (Korver, 
1970; Fenske and Charnell, 1971), 
and the in-fill histories of the 
Bilby and Graeley chimneys were 
reproduced after the fact. Both 
Korver an** Fenske and Charnell 

assumed a simple depression, centered 
about the chimney's vertical axis, in 
an otherwise flat original potential 
surface, as the initial condition for 
calculation of the Greeley chimney 
in-fill according to their models. 
Fenske and Charnell used the same 
initial condition to reproduce the 
in-fill history of the Bilby chimney. 
That this initial condition, along 
with the other ?nput parameters used, 
resulted in satisfactory reproduction 
of observed chimney in-fill may 
indicate 1) that the head, ordinarily 
presumed to rise initially above 



original values in a ring about the 
point of detonation, may dissipate 
.apidly relative LO the tim* required 
for chimney in-fill, or 2) that such 
a ring mound of hydraulic head is not 
»n important characteristic feature 
of the hydraulic effects of under
ground nuclear explosions as they 
relate to chimney in-fill. 

Successful prediction of rates 
of chimney in-fill using hydraulic 
models such as those mentioned above 
depends on accurate knowledge of the 
hydraulic characteristics of the rock 
involved. As already noted, thermal 
gradients, as well as hydraulic 
gradients, may be important in 
influencing water movements in some 
circumstances. 

3. Implications for Transport of 
Radionuclides Away from Under
ground Detonation Sites 

The initial direction of ground
water transport of radionuclides 
injected at early times beyond 
cavities into the nuclear explosion 
medium depends on the position of the 
injected radionuclides relative to 
the ring-shaped hydraulic mound that 
is believed to exist early in post-

shot history. Kadionuclides Injected 
beyond the peak of the sound would be 
transported away from the explosion 
point, while those in the central 
hydraulic depression, associated with 
the chimney, would te.«d to Dove back 
toward the source. Too little is 
known of the configuration of the 
perturbed hydraulic potential surfaces 
Hear underground nuclear explosions 
to say more. There is some evidence 
to suggest that in many cases the 
ring mound dissipates more rapidly 
than the chimney fills; hence, 
movement of grouixl water and radio
nuclides may be principally toward 
the chimney, while it is filling. 

After chimney in-fill is com
plete, normal ground-water flow 
cenditions are re-established, 
although perhaps modified locally by 
the presence of the chimney. Until 
then, little transport of radioactivity 
out of the chimney can occur. If the 
crushed zones outside the lower 
hemispheres of cavities are relatively 
impermeable, downward movement of 
water and dissolved radionuclides 
through the bases of chimneys may be 
effectively limited. 
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IV. Nature and Distribution of Radioactivity 

A. SOURC". TERMS 

The totai amount of radionuclides 
introduced into the underground 
environment by a nuclear test Is 
referred to as the radionuclide 

aouree '.err for that event. It is 
diat inguisht-d from the huzrclcgia 

Bourse •,:!•"., which is the portion of 
the radionuclide source term dissolved 
In the water in th- chimney and cavity 
region, i.e.. the concentration of 
the various radioactive species in 
solution in the chimney. 

1. Radionuclide Source Term 

There arc three sources of 
radionuclides from nuclear testing: 
Original nuclear material which has 
not undergrno a fission or thermo
nuclear .faction; direct products of 
the nuclear reactions (the fission 
products and tritium); and the 
radionuclides produced by neutron 
activation .n the immediate vicinity 
of rhe explosion. The relative 
proportion of fission products and 
tritium will vary vitb the proportion 
of fission and thermonuclear yield 
of the specific explosive tested. 
For further details on the production 
of radionuclides from nuclear 
explosions, see Teller, et al. (1968) 
(Chapter 3, especially pp. 65-97); 
Glasstone (1971) (Chapter 2 - for a 
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good nontechnical discussion); Teves 
and Schwartz (1975); and Lessler, 
Green, ami Holier (1971). 

In the following discussion, only 
those 78 events that either were 
detonated below the water table or 
have a cavity edge below the water 
table will be considered. To a first 
approximation, these events Bay be 
considered to have contributed the 
source term for potentially mobile 
radionuclides at NTS. For more 
discussion of why those events above 
the water table are considered 
relatively isolated from the ground
water flow system, see Section II.C.3 
on moisture transport in the 
unsaturated zone. 

The fission and activation 
products of the nuclear reactions In 
these 78 tests can be estimated 
indirectly. Th-; total fii..;on yield 
for all events at NTS below the water 
table or with a cavity edge below the 
water table f. slightly over 3 
Megatons (Mt) at Yucca Flat, slightly 
over i Mt at Pshuce Mesa, and less 
than 10 kilotons (kt) at Frenchman 
Flat. 

The fission products deposited 
by the 73 te3ts can be very crudely 
approximated by using Tabl.; 12, which 
is modified by Tewes (1976) after 
Tewes and Schwartz (1975). It shows 



Table 12. Radionuclide source terra due to fission products at indicated times 
after detonation (D) of a 1-kt ell-fission explosive (assumes 235u 
fission) (Tewes, 1976). 

Half-life 
Activity (Ci) a at time D plus 

Nuclide Half-life 180 days 1 yr 5 yr 10 yr 25 yr 100 yr 

" i c 2 M x l O 5 yr 2xl0 - 2 2*10 - 2 2xl0 - 2 2xl0 - 2 2xl0 - 2 2xl0 - 2 

151. Sm 87 yr 5 5 4.8 4.6 4.1 2.3 
1 3 7 C s b 30 yr 180 180 160 140 102 18 
9 0 S r 28 yr 150 150 130 120 82 13 
8 5 K r 10.8 yr 22 21 16 12 4.6 4xl0" 2 

1 2 5 S b 2.7 yr 60 53 19 5.2 lxlO" 1 -
1 4 7 P m 2.6 yr 700 610 210 56 1 -9 2x10 
1 5 5 E u 1.8 yr 30 25 5.3 7. ,7X10 _ 1 2X10" 3 -
1 0 6

R u b 1.0 yr 380 270 17 5. .2X10 - 1 2X10" 5 -
144 C eb 284 da 3600 2300 65 7. .6X10 - 1 1X10" 6 _ 
1 2 3 S n 125 da 6 2.2 7xl0 - 4 2, .7X10"8 - -
127m T eb 109 da 70 22 2X10 - 3 1. .9X10 - 8 - _ 
9 5 2 r 65 da 4400 610 lxlO"4 _ _ _ 
1 M S b 60 da 5X10 - 1 6»10" 2 3X10 _ _ _ 
91, 59 da 3600 410 2X10" 5 _ _ _ 
1 2 5 r a T e 58 da 11 1.2 3xl0" 8 _ _ _ 
8 9Sr 52 da 2200 190 7xl0" 7 _ _ -
1 1 5 m C d 43 da 1.2 6xl0 - 2 _ _ _ _ 
103„ b Ru 40 da 1050 43 - - - -
Nb 35 da 8000 210 - - - -

129m,.eb 34 da 17 4xl0 _ 1 - - - -
1 4 1 C e 33 da 1300 27 - - - -
1 4 3 P r 13.6 da 16 lxlO - 3 _ _ _ _ 
140„ b Ba 12.8 da 9 4X10" 4 - - - -

Total Activity 25,800 5130 630 340 194 33 

A dash (-) indicates less than 10 CI. 

Relatively short-lived radioactive daughters are in transient equilibrium 
with these fission products; however, the total activity (in curies) listed 
for these fission products represents only that from the parent nuclide. 
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the principal fission products from 
a 1-kt all-fission explosive, exclusive 
of tritium, remaining after 180 days, 
1 year, 5 years, etc. The radio
activity contribution from short-lived 
nuclides has dramatically declined 
even after 180 days. Table 32 is 
particularly instructive In view of 
the 19-year span of underground 
testing at NTS. Ten years after a 
detonation, only the nine nuclides 
with half-lives on the order of a 
year or more remain in significant 
amounts. 

An illustration from the table, 
90 using Sr, is helpful. If one 

assumes an average age of 10 years* 
for the 78 tests, and taking the 7-Mt 
total fission yield at NTS, there is 
currently approximately 8.4 * 10 

90 
curies (CI) of Sr deposited near or 
below the water table at NTS. There 
is about one-third more at Fahute 
Mesa than at Yucca Flat. A similar 
calculation can be made for the other 
nuclides. 

Table 13 (modified from Tewes 
and Schwartz, 1975) gives a summary 
of activation products for the same 
hypothetical 1-kt fission explosive. 
Tritium, which can be produced in 
considerable quantities by neutron 
activation, will be discussed later 
*The relatively long half-life of 28 
years for "^Sr allows a crude 
estimate such as this. 

and is not included in this table. 
The composition of the Hardhat granite 
is a reasonable approximation to an 
"average" NTS rock for purposes of 
this discussion. Variations in 
test media would not greatly affect 
Table 13 at times of 10 or more 

14 years. Since the C is produced 
from an (n,p) — neutron, proton — 
reaction on nitrogen, the rather large 
variation in CO- content of NTS test 
media does not affect ratios within 
Table 13. 

Perhaps the most significant 
aspect of Table 13 is revealed by 
comparison of the total activity with 
that of Table 12. At D + 180 days, 
the activity per kiloton due to 
fission products is approximately 30 
times greater than from neutron acti
vation, ignoring activation of device 
materials. This ratio at first 
declines to 5 at 5 years, but then it 
rises to 10 at 10 years, 88 at 25 
years, and 220 at 100 years. Clearly, 
over a long time, fission products 
contribute more to the total radio
activity than do activation products. 

The number of neutrons produced 
in a thermonuclear explosion is about 
4 to 5 times that produced in a fission 
explosion of the same yield (Teller 
et al., 1968, Section 3). Further
more, the neutrons from the thermo
nuclear reaction are at a higher 
energy level. Lessler et al. (1971) 



Table 13. Radionuclides produced by neutron activation at indicated times 
after detonation (D) from Hardhat granite assumed to contain 1 wt% FeS ? > 

1 wt% CuFeS„, and 5 wt% water. 3 

Activity (Ci/kt) at time D plus 
Nuclide Half-life 180 days 1 yr 5 yr 10 yr 25 yr 100 yr 

14c 5730 yr 7X10 - 2 7*10~2 7xl0" 2 7xlO*2 7*10"2 6.9*10~2 

3 9 A r 270 yr sxio" 2 8><10~2 7.9X10 - 2 7.8xl0"2 7.5xl€f2 6.2*10~2 

1 5 2 E U 12 yr 6 5.8 4.6 3.5 1.4 2*10~2 

6 0 C o 5.3 yr 1.2 1.1 7xl0 _ 1 3X10 - 1 5*10~2 W O - 6 

5 5 F e 2.6 yr 380 330 110 30 6X10 - 1 -9 1X10 
1 3 4 C 3 2 yr 15 13 3 6*10 _ 1 3*10~3 _ 
5 4 M n 303 da 1.8 1.2 4xl0" 2 fixio"4 

-9 
2X10 -

6 5Z„ 245 da 10 6 lxio"1 5X10" 4 _ _ 
4 5Ca 165 da 200 92 2X10" 1 9X10 - 5 _ _ 
"V 130 da 29 11 4X10 - 3 3X10 - 7 _ _ 
3 5s 88 da 28 6 7xl0" 5 _ _ _ 
4 6 S c 84 da 14 3 2xl0 - 5 _ _ _ 
192 I r 74 da 9 1.6 2X10 - 6 _ _ _ 
1 6 0 T b 72 da 8.3 1.4 1X10' 6 _ _ _ 
9 5 Z r c 65 da 9xl0 _ 1 lxio" 1 2x10~ 8 _ _ _ 
8 5 S r 64 da 1.6 2.2X10"1 3X10" 8 _ _ _ 
89 e c Sr 52 da 5.5 4.7X10 - 1 

-9 2X10 _ _ _ 
59 Fe 45 da 13 8X10" 1 _ _ . _ 
3 7Ar 35 da 72 12 lxio - 5 _ _ _ 
9 5 N b c 35 da 1.5 2X10" 1 _ _ _ _ 
1 4 1 C e C 33 da 1.3 3X10~ 2 _ „ _ _ 
32 p 14 da 1.7 2X10 - 4 - " - -

Total Activity 800 487 119 34.5 2.2 1.5xl0 _ 1 

The production of H is not estimated in this table, nor is the activation of 
device materials or canister (Tewes and Schwartz, 1975). 
j _9 
A dash (-) indicates less than 10 Ci/kt. 
'Also formed as a fission product. 
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point out, however, that in a nuclear 
explosion the number of neutrons (per 
kiloton of energy produced) actually 
escaping from the device is about the 
same for both fission and thermo
nuclear devices. Tewes and Schwartz 
(1975) conclude that approximately the 
same amounts of the various activation 
products are produced irrespective 
of the type of explosive. Thus, even 
if one assumed activation from several 
times as much thermonuclear yield as 
fission yield at NTS, radioactivity 
from the fission products would still 
be dominant at any time greater than 
10 years. 

The amount of tritium deposited 
below or near the water table at NTS 
through June 30, 1975, can be crudely 
estimated. It is about 10 kg at 
Pahuce Mesa and about 3 kg at Yucca 
Flat. The amount at Frenchman Flat 
is negligible. These values are for 
the 78 tests detonated below the 
water table or with a cavity radius 
below the water table. These estimates 
are probably accurate to within a 
factor of 2 or 3 but should not be 
construed as a definitive catalog of 
tritium deposited at NTS. As tritium 

has an activity of about 10 Ci/g, 
g 

13 kg of tritium represents 1.3 * 10 
Ci initially. 

Table 14 is a summary of the 
tritium activity at various times 
after a hypothetical single deposition. 

The table neglects the fact that 
these tests started in 1962 and have 
continued to the present, i.e., that 
they have extended more than one 
half-life. For that reason, the table 
Is realistic only at D + 100 years, 
when the 13-year span of decay-start-
times begins to be less important. 
The earlier times are included only 
to illustrate the effect of the slow 
initial decay due to the 12-year 
half-life. 

The final category of radio
nuclides for the source term is 
original nuclear material. No data 
are known to the authors, so the 
following crude estimate was made. 
A reasonable value for the tamped 

239 critical mass* of Pu is 10 kg. If 
one assumes that this much was used 
for each of the 78 tests - and the 
further balancing assumptions are 
made that 1) none of this was con
sumed in the test and 2) notwith
standing the low-intermediate to 
intermediate yields of some of these 

239 tests, no additional Pu was 
239 

present - then 780 kg of Pu can be 
used as a radionuclide source term. 
The error assigned to this estimate 
must be at least an order of magnitude, 
but some value is needed for illustra
tive purposes. In a similarly arbi
trary fashion, we will also assume 
*The critical mass when surrounded 
by a "tamper" or neutron reflector. 
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Table 14. Activity of tritium deposited at NTS below or near the water table. 

Time after deposition 
(years) 

Activity (Ci) 

Yucca Flat Pahute Mesa 

1 
5 

10 
25 

100 
200 
300 
400 
500 
600 
700 

2.8X10 

1.7*10 

2.8*10 
9.0*10" 
2.8*10 

o- 6 

«-8 
-11 

9.2*10 
7.5*107 

5.6*10 
2.4*107 

3.1*10 
9.2*102 

3.0*10 
0.2*10" 
2.8*1C 
8.4*10" 
2.8*10 

"The table is constructed assuming all H was deposited simultaneously rather 
than irtermittently over a 13-year period (1962 to 1975). 

deposition of an arbitrary 10 kg of 
235 

U at each test site. Neither of 
these values should be construed as 

239 235 an actual inventory of Pu or U. 
239 Because of the long half-lives of Pu 

235 and U, no table showing decay for 
the first hundred years has been 

239 constructed. However, Pu displays 
a specific activity of 61.3 Ci/kg, and 

J J U produces 2.1 x 10 Ci/kg. 
The initial NTS deposition at 

D + 180 days for the 78 tests near or 
below the water table can be summar
ized as follows: 

Activity Uncertainty 
Source (Ci) factor* 

3H 1.3 * 10 S 0.3 to 3.0 
2 3 9 P u 4.8 * 10 4 0.1 to 10.0 
235 

II 1.6 0.1 to 10.0 
Fission 1.8 * 10 8 0.5 to 1.5 products 
Rock 

5.6 * 10 6 activation 5.6 * 10 6 0.5 to 2.0 
products 

For example, the H activity is 
somewhere between 0.3(1.3 * 10°) and 
3.0(1.3 * 10 8)Ci. 



At first glance, the presence of 
235 

U would seem to be trivial, but 
because of its extremely long half-life 
(7.13 * 10 years), it cannot be 
ignored. 

The final step of this analysis 
is looking at the effect of longer 
times on the radionuclide source term. 
Tables 15 and 16 are constructed for 
Yucca and Frenchman Flats and Pahute 
Mesa, respectively, for nuclides with 
greater than one curie total activity 
at D + 100 years. (Tables 12, 13, 
and 14 show activities at times less 

239 than 100 years, except for Pu and 
235 

U.) Fifty-three tests in th«* 
Yucca Flat system, three at Frenchman 
Flat, and twenty-two at Pahute Mesa 
were considered in Tables 15 and 16. 

These tables were constructed 
to show the general effect of radio
active decay. No judgment as to 
biological significance was exercised 
in selection of radionuclides for 
inclusion in the table. For example, 
85 39 

Kr and Ar were included» 
Significance of the data in the tables 
depends on assumptions about the 
length of time before contaminated 
vr.ter might reach an off-site aquifer. 
It is worth noting that for the 78 
tests below or near the water cable* 
only 6 radionuclides will be present 
in greater than mlllicuric amounts 
after 1000 years. 

2. Hydrologic Source Term 

So far, no consideration has 
been given to the amount of radio
nuclides which might actually enter 
the water - the hydrologic source 
term. In following sections, it will 
be pointed out that the radionuclides 
are generally divided into refractory 
and volatile species, with refrac
tories concentrated in the puddle 
glass near the cavity bottom and 
volatiles distributed through the 
chimney. Information on the 
relative solubility of these 
materials is sparse; however, the 
data are consistent with assertions 
in the Plowshare literature (Higgins, 
1959, p. 1511; Tewes et al., 1974, 
p. 10; Miller. 1973, p. 9) that 1) 
less than 1% of the radionuclides 
in the melt glass near the bottom 
of the chimney will be dissolved, 
2) much of the soluble long-lived 
radionuclides in the chimney water 
will be sorbed on the chimney rubble, 
and 3) most of the tritium will be 
mixed with chimney water at times 
on thi? order of a year. However, 
there are some data (Borg, 1975) 
suggesting that some portion of the 
tritium may be trapped in explosion-
produced glass. In later sections 
it will be pointed out that some 
fraction of the material dissolved 
will be sorbed within the chinmey. 
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"able 15. Total radionuclide source term for Yucca Flat and Frenchman Fiat 
at indicated times after time zero (D). 

Half-life 
Activity (Ci) b at tine D plus 

Half-life 
Nuclide (years) 100 yr 200 yr 500 yr 1000 yr 

3H 12.3 l.lxlO5 3.8xl02 _ ^ 
2 3 9 P u 2.4x10" 3.41X104 3.40X10* 3.37x10* 3.32x10* 
2 3 5 U 7.1X108 1.176 1.176 1.176 1.176 
9 9 T C 2.13X105 70 70 70 70 
1 5 1 s m 87 6.9xl03 3. m o 3 2.8X102 5.3 
1 3 7 C s 30 5.4x10* 5.4X103 5.2 -
9 0Sr 28 3.^x10* 3.3X103 2.0 -
8 5Kr 10.8 1.2xl02 2.0X10"1 - -
14 cc 5730 4.2X102 4.2X102 4.0X102 3.8xl02 

3 9 A r c 270 3.8x10" 2.9X102 1.4X102 3.8X101 

1 5 2 E u c 12 1.2X102 3.7X10 - 1 - -

Only nuclides with >1 Ci activity at 100 years are included; thus Ce, Ru, 
l 2 ^ I , and other nuclides listed in Tables 12 and 13 are not Included. 

Activity calculated from fission yield has been arbitrarily doubled to allow 
for activation due to thermonuclear yield. 

In the simplest case, the slug of 
radionuclide-bearing water which 
starts to migrate from the chimney is 
the hydrologic source term. However, 
while instantaneous slug injection is 
used for purposes of transport 
calculations, it is only an 
approximation of what happens for 
radionuclides with the possible 
exception of tritium. The process 

whereby radioactivity is portioned 
' between glass, rubble, and water will 
be treated in the following sections. 

B. DISTRIBUTION OF RADIOACTIVITY 
AT EARLY TIMES 

Immediately after detonation, 
the device and the surrounding rock 
have been vaporized. All or nearly 
all of the radioactive species 
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Table 16. Total radionuclide source tetm for Pahute Mesa at indicated times 
after time zero (D). 

Half-life 
Activity (Cl) b at time D plus 

Half-life 
at time D plus 

Nuclide (years) 100 yr 200 yr 500 yr 1000 yr 

3H 12.3 3.5*105 1.3X103 . _ 
2 3 9 P u 2.44x10* 1.34x10* 1.34x10* 1.33'10* 1.31*10* 
235 u 7.13*10* 0.462 0.462 0.462 0.462 
9 9Tc 2.13X105 93 93 93 93 
1 5 1 S a 87 9.2xl03 4.1X103 3.8X102 7.1 
1 3 7 C S 30 7.2x10* 7.1X103 7.0 -
9°Sr 28 5.2X10* 4.4X103 2.6 -
8 5Kr 10.8 1.6X102 2.6*10 _ 1 - -
14 cc 5730 5.5X102 5.4*102 5.2*102 4.9*102 

Ar 270 5.0X102 3.9X102 1.8*102 4.9X101 

152„ c Eu 12 1.6X102 5.0X10 - 1 - -

Only fission and activation products with >1 Ci activity at 100 years are 
included. 

b A dash (-) indicates less than 10 Ci. 

cActivity calculated from fission yield has been arbitrarily doubled to allow 
for additional activation due to thermonuclear yield. 

produced by the explosion are 
contained in gaseous form in the 
superheated expanding gas. When the 
cavity ceases to grow, the tempera
ture and pressure continue to drop as 
heat is given up to the surrounding 
rock. Until now the radioactive 
gases have been held within the 
cavity walls (Teller et al., 1968). 

When the melt flows to the 
bottom of the cavity and the walls 
begin to spall, gas may escape. By 
this time the cavity has cooled 
sufficiently so that the chemical 
species with higher boiling points, 
the so-called refractory nuclides, 
have condensed in the melt or are 
present in fine droplets still in 

-107-



equilibrium with the vapor. As the 
roof and walls of the cavity collapse, 
the escaping gases move through 
the forming chimney. Many of the 
lower-boiling species, the volatile 
nuclides, will condense on the 
surface of the chimney rubble, while 
some of the radioactive species remain 
gaseous. A high percentage of the 
refractory species will be trapped in 
the solidified melt (Levy, 1972; 
Tewes and Schwartz, 1975). Amounts 
found in the chimney most likely have 
come from splashes or extrusion of 
melt or the entrainment of fine 
droplets of melt in the escaping 
cavity gases. 

Examples of species present in 
high-boiling, refractory forms are 
the rare earths, zirconium, the 
alkaline earths, and plutoniura. 
Examples of species present in 
lower-boiling forms that behave in a 
partly volatile fashion are the 
alkali metals, ruthenium, uranium, 
ant imony, tellurium, and iod ine. 
Then there are radioactive isotopes 
of argon, krypton, and xenon, which 
are permanently gaseous. 

Certain fission-product mass 
chains behave chemically In a rather 
mixed fashion. Fission fragments of 
a given mass will have a distribution 
*/«/er a small range of atomic numbers. 
These initial products will be part 
of a chain which decays by beta-

emission until a stable (or long-
lived) member of the mass chain is 
reached. At the time of escape of 
the cavity vapor, the mass chain will 
still be distributed among chemical 
elements with different behavior. 
For example, consider the mass chain 
140, which at later times we observe 

140 as Ba. At the time of collapse 
of the cavity walls, the available 
140 

Ba will be associated with the 140 melt. Some of the Cs will also 
remain in the melt, while some will 
be In the escaping vapor, will 
condense on the cooler chimney rocks, 

140 140 and then decay to Ba. The Xe 
will escape the cavity region, and 

140 140 
as it decays to Cs and then Ba, 
the nongaseous decay products will 
deposit upon the cooler surfaces of 
the chimney rocks (Levy, 1972). 

Gaseous species not only will 
percolate upward through the chimney, 
but some may find their way into the 
cracks of the fracture region around 
the chimney. Unless they are formed 
directly, the final distribution 
(before contact with water) of the 
longer-lived radioactive species of 
primary concern to us will depend on 
the distribution and chemical behavior 
of their shorter-lived predecessors, 140 as exemplified by the case of Ba 
described above. 

Radioactive species which may 
be produced in device materials and 



in components of the host rock by 
neutrons escaping from the explosion 
will be formed in significant 
amounts only within the immediate 
region of the device. They will be 
mainly swept up in the expanding 
cavity vapor or melted rock region. 
Like primary fission products, the 
refractory species formed by 
activation will be found in the melt. 
The distribution of the more volatile 
activation species will depend on the 
conditions of the Individual 
detonation. 

C. TRANSFER OF RADIOACTIVITY TO THE 
GROUND WATER 

1. A Two-Stage Process 

After water has been in the 
chimney for some time, the amounts of 
the different radioactive species in 
the chimney water can be considered 
to be the result of a two-stage 
process. In the first stage some or 
all of a particular radioactive spe
cies is removed or leached from the 
melt matrix and/or the surfaces of 
the chimney rubble upon which it has 
condensed, and enters the water in 
"soluble" form. In the second stage 
the radioactivity now in the water 
may be sorbed on the surrounding 
rubble, or, if there is sufficient 
circulation, sorbed on rock in 
another part of the chimney or even 
on fractured rock adjacent to the 
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chimney if ground water have moved 
out of the chimney. 

2. Leaching Processes as Deduced 
from Laboratory Experiments 

In order to properly understand 
the leaching process per se, so that 
one may be able to model and predict, 
leaching experiments are carried out 
in the laboratory. Ideally these 
experiments should differentiate 
between the two stages, give results 
that can be expressed as a rate, and 
be carried out for a sufficient 
length of time to give a picture of 
the time dependency of the dissolution 
or leaching rate. To the authors1 

knowledge, there are no experiments 
reported in the literature which 
meet all of these qualifications. Not 
only are there only a few papers on 
the leaching of debris of underground 
nuclear explosions, but there is a 
general lack of system in the design 
and reporting of experiments. Even 
in the field of waste management, 
where for years workers have been 
leach testing various solid materials 
to find the best ones for incorporat
ing radioactive wastes, a systematic 
approach to the problem of leaching 
has been lacking. A reading of 
Mendel's review (Mendel, 1973) will 
give an idea of the problems, most of 
which apply also to the leaching of 
debris from underground nuclear 
explosions. 



In the early days of underground 
nuclear testing, Bond and Clark (1959, 
1960) reported leaching experiments 
on radioactive debris from the 
Rainier and Tamalpais ev-snts carried 
out under a variety of conditions. 
Those pertinent to geologic conditions 
were leaching experiments done at 
room temperature with ground water. 
The debris was ground to a particle 
size of <53 Mm, and 1 g of debris 
was stirred with 100 ml of ground 
water for 48-72 hours. Percentages 
of activities leached into the water 
were reported but only In terms of 
total a, total 8, and total y 

activities, not with regard to 
specific radioactive species. In 
the case of tho Rainier debris only 
"^0.5% of the a, 8, and y activities 
were leached after 48 hours, and 
somewhat more after 72 hours. A 
greater proportion of activity was 
leached from Tamalpais debris. 
However, the Rainier debris before 
grinding was noted to contain several 
pieces of fused rock, while none 
appeared in :. ie Tamalpais debris that 
was used. There is no clear-cut 
Information as to what proportion, 
if any, of either debris sample 
was "puddle glass." 

Esslngton and Sharp (1968) 
report on experiments in which they 
took radioactive glass from the 
Rainier event, broke and graded it 

into several size fractions, and then 
sequentially equilibrated them for 
2 days and 56 days with simulated 
ground water. They then measured 
gross alpha and beta activities in 
solution. A small but constant 
amount CvlO %) of gross alpha and 
beta radioactivities of the glass 
were leached from particle fractions 
above 500 um. Below 500 Mm dissolved 
radioactivities were higher and 
increased with decrease in particle 
size. The first equilibration 
released more radioactivity than did 
the second. Specific surface areas 
were measured by gas absorption 
techniques. For the smaller partirle 
sizes, the specific surface area 
behaved as expected for the external 
surface area of the particles, but 
for size fractions of 1000 Mm and 
above, specific surface areas were 
relatively constant. Essington and 
Sharp suggest that constant surface 
area and the constant amount of 
radioactivity leached for the larger 
particle sizes indicate that the 
active surface areas are not external 
surfaces which depend on size and 
shape of particles, but rather 
internal surfaces independent of 
particle size, perhaps walls of 
interconnected microfractures and 
vesicles. This is probably the most 
significant finding of these 
experiments. The authors themselves 



point out that the other results 
cannot be directly extrapolated to 
t\ie in situ leaching case. 

In a later report, Essington 
(1971) gives results of leaching 
experiments carried out on Rainier 
melt-glass samples over a four-year 
period. Pieces of Rainier melt glass 
were crushed to a size grade of 500-
8000 pro. Several 400-g samples of 
this crushed melt glass were each 
suspended in 1600 ml of simulated 
Rainier Mesa ground water with 
periodic shaking. At various times, 
ranging from several minutes to 
nearly four yea: ., the samples were 
sacrificed for radioassay. The only 
species appearing in the liquid 

phase in sufficient amounts to 
90 p 125e. , 137„ analyze were Sr, Sb, and Cs. 

Results are given in disintegrations 
per minute per milliliter, no specific 
activity level is given for the glass 
samples, and no independent measure
ment of specific surface area was 
made, as suggested by Esslngton and 
Sharp (1968). Therefore, from the 
data given in the report itself, one 
cannot calculate a proper leaching 
rate. 

However, the relative behavior 
of the three nuclides over the time 
period may be of significance. 

90 After art initial release of Sr to 
90 the water, the concentration of Sr 

in the water remained roughlv 

125 constant. The Sb took longer to 
reach equilibrium, the concentration 
in solution rising for about a year 
before leveling off to a constant 

137 level. Cs behavior was complex. 
After an initial release, the 
concentration in solution decreased 
slightly, then rose to a peak level 
after about two years, then declined 
to a level lower than initially. 
The behavior of these species 
indicate that the melt-glass/ground-
water system is undergoing slow chem
ical reactions, the results of which 
will alter the rates at which 
radioactivity is released to the 
solution (with reaction products even 
causing partial removal of some 
species). The results of these 
experiments point out some of the 
hazards in attempting to apply results 
of short-term laboratory leaching 
experiments to situations involving 
long residence time for ground 
water in a nuclear chimney. Through
out the experiments, concentrations 
of all species remained well below 
the 1968 USAEC Concentration Guides. 

Utilizing vitrified debris 
samples from a French underground 
nucl 'ar explosion in a granite medium 
in the Sahara, Cohen (1970) reported 
on short-time leaching experiments 
conducted both at room temperature 
and at 200°C in an autoclave. The 
rock was ground to a particle size 
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between 50 and 100 urn and 10-g 
samples were subjected to continuous 
stirring with 100 ml of water from 
the site. Concentrations of activity 
in the water were measured after 
24, 48, and 72 hours. No appreciable 
change was noted after 24 hours, and 
no appreciable difference was noted 
between the hot and cold experiments. 
Amounts of radioactivity transferred 
from the rock to the water were very 

137 
low, amounting to M).3% for Cs, L. *. « -,•>, c 95-7 J 103+106„ about 0.1% for Zr and Ru, 

144 and less than 0.01% for Ce and 
239 p Pu. 

In the Russian counterpart of 
the United States' Plowshare Program, 
there has been at least one cratering 
shot in which the resultant crater 
filled with water and on which 
studies of radionuclide leaching 
were carried out. Over the year 
following the cratering shot referred 
to as "1003," Izrael et al. (1969) 
conducted experiments relating to 
the "solubilization" of the radio
activity in the crater. While there 
are many important differences 
between a wholly contained under
ground nuclear explosion and a 
catering shot* some of their results 
are particularly interesting. They 
examined the water that filled the 

crater for radioactivity. Only 
80,90 e 103,106D 125„ , 137„ * Sr, Ru, Sb, and Cs 
were present in sufficient concentra
tions to detect. Tests of the water 

in the crater showed that essentially 
all of the strontium and cesium 
radioactivity was in cat ionic form. 
However, for ruthenium and antimony 
the tests showed small, but signifi
cant, amounts in cationic form or as 
radiocolloids, with over three-fourths 
of the ruthenium and antimony 
activities in anionic form. Leaching 
experiments were performed on both 
melt samples and contaminated rock 
with deionized water and with 
solutions containing various concen
trations of salts. Species having 
volatile precursors showed a much 
greater tendency to go into solution 
(by one to three orders of magnitude) 
than the refractory fission products. 
Those species observed in both melt 
samples and contaminated rock showed 
an order of magnitude greater ten
dency to go into solution from the 
contaminated rock than from the melt 
samples. 

3. Sampling of Ground Water Within 
Nuclear Chimneys 

Water samples taken from the 
chimney at the Bilby site in Area 3, 
NTS, stood for a decade as the only 
ones examined for radioactivity aft.ar 
having been removed by pumping 
substantial volumes of witer. Well 
U3cn PS#2, used lor monitoring 
chimney in-fill (Fig. 26), was also 
used for the sampling (Beetem et 
al., 1965; Garber, 1971). The well 
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was open through casing perforations 
to the lower 200 ra of the chimney 
as well as to a zone a few meters 
below the lower cavity boundary. 
Samples subjected to gamma spectid] 
analysis were obtained n two 
different pumping periods, from July 
11 to 31 and December 6 to 9, 1964 
(Beetem et al., 1965). The chimney 
continued to fill during these 
pump in;.; periods. Very little change 
In the chemical quality of pumped 
water was observed after the first 16 
hours of pumping during both periods. 
The radionuclides detected in the 
water samples by gamma spectroscopy 
are listed in Table 17. The activities 
given in the table are those 
associated with water samples that 
had been filtered through a 0.2-yra 
filter. Except for tritium the 
radionuclides are below maximum 
permissible concentrations. Less 
complete radiochemical analyses of 
water from the Bilby chimney are given 
by Garber (1971). These analyses 
are not considered here because it 
is not known if the samples were 
filtered prior to analysis. 

The compromising aspect of the 
data presented by Beetem et al., is 
that the well casing was partially 
collapsed, and pumping above the 
constriction mixed inflowing waters 
from the lower 200 m of the chimney 
with water from a few meters below 
the cavity boundary. 

Interest in the radionuclide 
content cf water in the Paleozoic 
section beneath the Bilby explosion 
point led Co the drilling of a new 
hole, lHcn-5 (Fig. 26) and pumping 

5 3 of some 3 * 10 m of water from the 
Paleozoic Carbonate rocks in whic.ii it 
was completed. The lower edge of 
the cavity resulting from the Bilby 
explosion is within about 60 m of the 
top of the Paleozoic rocks. No 
detectable radioactivity above back
ground levels was found in water frcm 
the Paleozoic carbonate rocks (Dudley, 
1976). The absence of radioactive 
contamination of water in the 
Paleozoic section beneath the Bilby 
cavity suggests that injection of 
radionuclides along induced fractures 
at early timei> was not effective in 
introducing activity Into the 
Paleozoic rocks. P niping from U3cn-5 
may not have been effective in 
establishing vertical downward flow 
from the cavity region to the 
Paleozoic rocks, or, if it was, the 
pumping was not extensive enough to 
cause migration of radionuclides 
below the Tertiary-Paleozoic inter-

Water samples were also obtained 
from the Cannikin chimney beneath 
Amchitka Island. Unfortunately, the 
samples may have been contaminated 
with drilling fluids, as it was not 
possible to remove substantial auounts 
of water prior to sampling (the 
Cannikin reentry well did not allow 
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Table 17. Dissolved radionuclides in water samples pumped from Bilby chimney. Data compiled from Beetem 
et al. (1965). Activity decay corrected to 7/15/64. 

Approximate cumulative 
Date of pumped water 
sample volume at sampling 

collection (nr) 144„ 

Activity (pCi/ml)a 

137„ 60„ 106, Ru 

7/16/64 

7/30/64 

7/30/64 

7/31/64 

7/31/64 

12/8/64 

12/9/64 

240 

920 

950 

980 

1000 

95 

120 

7.8 x 10" 8 5 x 10 2.3 X 10" 6.7 X ID" 6 7.5 X 10~ 0.26 

1.9 x 1 0 - 8 nd 5.4 X 10~ 4.8 X 10- 6 6.4 X 10" 
2.9 x lo" 8 4 -9 x 10 3.2 X 10" 5.5 X 10- 6 9.0 X 10" 
1.7 x lo" 8 4 .9 

x 10 2.2 X 10" 3.5 X ID' 6 7.8 X 10" ' 0.26 

2.0 x lo" 8 nd 2.4 X 10" 3.8 X 1 0 - 6 9.2 y 10" 

5.0 x io" 8 3 .9 
* 10 1.2 X J0~ ' 6.4 X 10- 6 6.5 X 10_ ' 0.23 

6.5 x l(f8 3 -9 2.1 X 10" 7 3.8 X ID' 6 6.6 X 10" 0.23 

nd • not detected. 



installation of a pump). Tritium was 
found to be above the maximum per
missible drinking water concentrations. 
Other radioisotopes were not 
qualitatively or quantitatively 
assessed; only gross alpha, beta, and 
gamma radiation was monitored. 
Hydrologic conditions in the Cannikin 
reentry well were such that very low 
concentrations of most radionuclides 
were present in the water samples. 
The results of taking thief samples 
from the Cannikin chimney led to the 
recommendation that chimney water 
samples be obtained by pumping sub
stantial amounts of water (Claassen, 
1976). 

One may summarize as follows: 
The net transfer of radioactivity 
from underground nuclear explosion 
debris to ground water can be con
sidered the result of a two-stage 
process. The first stage is the 
transference of the radioactive species 
from a melt matrix or from the surface 
of contaminated rubble to the solution. 
The second stage is the interaction 
of the species in solution with the 
rocks in the chimney environment 
with possible resorption of some of 
the radioactivity. In none of the 
experiments reported has there been 
any attempt to differentiate between 
the two stages. Furthermore, none of 
the data has been presented in a way 
that would allow the calculation of 

an effective leaching rate that could 
be applied to an actual nuclear 
chimney. In attempting laboratory 
leaching experiments that can be 
related to an actual nuclear chimney, 
it is not only important to 
reproduce the chemical environment 
but also to use particle sizes that 
relfect similar surface conditions, 
as pointed out by Essington and 
Sharp (1968). 

A few general conclusions can 
be drawn: The radioactivity on the 
rubble is on the surface and is 
readily accessible to the water, the 
net transfer probably being princi
pally determined by the subsequent 
resorption. However, species which 
are present in the melt enter the 
water phase with much greater 
difficulty, especially those species 
from refractory decay chains. 

D. TYPES OF RADIOCHEMICAL ANALYSES 
OF GROUND WATER AT NTS AND 
THEIR INTERPRETATION 

Water from wells and from 
re-entry holes either connected to 
chimneys or actually within them has 
been analyzed. As a group the 
analyses are designed primarily to 
monitor the water for health and 
safety purposes. In many instances 
it is sufficient to record gross 
alpha, beta, or gamma activity 
(Beetem and Grove. 1966); in others 
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the amount of tritium is specifically 
determined. In still other instances 
a group of long-lived fission 
products is investigated. The Bilby 
data given in Table 17 are of this 
sort. 

For health and safety purposes 
the results of such analyses can be 
interpreted in terms of the maximum 
permissible concentrations and 
perhaps in the light of historical 
record at that site. In order to 
interpret the data fully, additional 
information is required. In the 
case of gross alpha* beta, or gamma 
determinations, some knowledge of 
the decaying radionuclides is 
necessary. Such knowledge is often 
not forthcoming and only qualitative 
evaluations can be made. Alpha 
emission is frequently due to 
uranium, beta activity to strontium, 
and gamma activity to cesium. But 
there are many other possible contri
butors to the total counts registered. 
In recognition of the fact that the 
exact nature of the radioactivity often 
cannot be ascertained, standards for 
maximum permissible concentration 
(MPC), such as given in Table 18, have 
been set up by international organi
zations. Since these HFC standards 
are continually reviewed, the values 
quoted here should be viewed only as 
evidence that guidelines have been 
established. 

Table 19 includes comparable 
data for certain specific long-lived 
isotopes. Not all fission products 
or long-lived activation products 
are listed; the reader is referred 
to the source document (cited in 
footnote "a" to the table) for a 
complete listing. 

In order to place additional 
interpretation on the amount of 
radioactivity recorded in water 
samples at any particular chimney 
hole or well at the Nevada Test Site, 
more information must be gathered. 
Usually, not only is the amount 
presently measured in the water of 
interest but also the amount that can 
be expected in the future. Figure 
28 is a schematic diagram of the 
facets of the physiochemical process 
whereby radioactivity can enter the 
hydrological system at NTS. 

The first important parameter 
is the amount of radioactivity 
deposited. The fact that the NTS 
testing program has been going on for 
25 years attests to the variety of 
nuclear devices that have been tested 
there. For any particular event, it 
is therefore necessary to have 
specific details concerning the 
experiment. Because the fissile 
material can vary, and so can the 
fission-fusion ratio, knowledge of 
the radionuclide "source term" is 
crucial to the evaluation of any data 
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Table 18. Provisional maximum permissible concentration of unidentified 
radionuclides (HPCU) in water. 3 

MPCU 
_, ^ , , ^ b in water 
Elements and isotopes ruCi/ml}c 

., , . , , 90„ 125, 126 T 129 T 131 T 133 T 210„ if it is known that Sr, I, I, I, I, I, Pb, 
210- 211 ,„ 223„ 224„ 226„ 227, 228„ 230_ Po, At, Ra, Ra, Ra, Ac, Ra, Th, 
2 3 1 P a , 2 3 2 T h , Th-nat, 2* 8Cm, 2 W C f , and 2 5 6 F m are not present 3 * 10~ 6 

.. .. , . _. „ 90. 125 T 126 T 129 T 131 T 210„. It it is known that Sr, I, I, I, I, Pb, 
216_ 223„ 226„ 228„ 231„ _,. . 248. 254„, . Po, Ra, Ra, Ra, Pa, Th-nat, Cm, Cf, and 

Fm are not present 2 * 10 

Tf -.- 4 , ... .. 9 0 o 1 2 9 T 1 2 5 T
 1 2 6 T 1 3 1 T 2 1 0 D U If it is known that Sr, I, I, I, I, Pb, 

2 2 6 R a , 2 2 8 R a , 2 4 8 C m , and 2 5 4 C f are not present 6 x 10~ 7 

129 226 228 —7 
If it is known that I, Ra, and Ra are not present 1 * 10 

90 129 210 227 
If it known that alpha-emitters and Sr, I, Pb, Ac, 
ooo ^ ̂  n *? /1 o/,o 

Ra, Pa, Pu, and Bk are not present 
21_0 227 228 If it is known that alpha-emitters and Pb, Ac, Ra, 

241 and Pu are not present 

227 If it is known that alpha-emitters and Ac are not present 

T f ,, . . . 227 A 230,.. 231 D 238^ 239 D 240 D If it is known that Ac, Th t Pa, Pu, Pu, Pu, 
242 n 244„ 248„ 249^ . 25i„-

Pu, Pu, Cm, Cf, and Cf are not present 

Appendix B, Table II, from Nuclear Regulatory Commission Standards for 
protection against radiation, Code 10 CFR 20, updated through October 31, 1975. 
Published by Office of the Federal Register, National Archives and Records 
Service, Washington, D.C. 

A radionuclide may be considered as not present in a mixture if a) the ratio 
of the concentration of that radionuclide in the mixture (C) to the concen
tration limit for that radionuclide specified in Table 19 (MPC) does not 
exceed 1/10, i.e., C/MPC 5 1/10, and b) the sum of such ratios for all the 
radionuclides considered as not present in the mixture does not exceed 1/4, 
i.e., (C a/MPC a) + (C b/MPC b) + . . . < . 1/4. 

A mic^ocurie (pCi) is that quantity of ;:he radionuclide which is decaying at 
the rate of 3.7 * 10* disintegrations ptr second. 

-117-



Table 19. Maximum permissible concentration (MPC) of radionuclides in 
effluents to unrestricted areas. 

Radionuclide and MPC 
type of decay (uCi/ml) 

3 H ( 3 H , 0 ) (B") 3 x 10 3 

5 5 F e (e) S x l O - 4 

6 0 CO (B", Y) 5 x 1 0 " 5 

9°Sr (B~) 3 X I O " 7 

1 0 6 R u (8", Y) 1 x 1 0 " 5 

1 2 5 S b (B". Y, e") 1 . J O " 5 

1 3 4 C S (6", Y) 9 « i o - 6 

1 3 7 C S (6", Y, O 2 x 1 0 _ S 

1 4 4 C e (a, S", Y) 1 x 1 0 - 5 

1 4 7 P m (a, B") 2 x 1 0 ~ 4 

1 5 1 S m (B", Y) 4 x lCf* 
Eu (B", E, Y) 8 x 1 0 - 5 

1 5 5 E U (B", Y) 2 x 1 0 " 4 

1 8 2 T a ( 6 " , Y) 4 x l O " 5 

2 2 6 R a ( a . B", Y) 3 x N f 8 

Th (natural) (a, 6", Yt e~) 1 X I O " 6 

237„ Np ( a , B, Y) 3 X I O - 5 

U (natural) (a, B~, Y. e") 2 x 1 0 " 5 

239„ Pu ( a , Y) 5 x 1 0 " 6 

Am ( a , Y) 4 x 1 0 " 5 

Appendix B, Table II, from Nuclear Regulatory Commission Standards for 
protection against radiation. Code 10 CFR 20, updated through October 31, 
1975. Published by Office of the Federal Register, National Archives and 
Records Service, Washington, D.C. 

A microcurie (pCi) is that quantity of the radionuclide which is decaying at 
the rate of 3.7 x 10* disintegrations per second. 
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Amount of radionuclides 
deposited in and around 
chimney 

Amount incorporated into 
3lasses that collect and 
solidify in lower portions 
of chimney 

Amount "permanently" 
isolated from biosphere 
within glass 

Amount leached from 
glass by ground water 
re-entering chimney 

Amount deposited on 
rubble within chimney 
and on fracture surfaces 
and pore spaces adjacent 
to chimney 

Amount that escapes 
from chimney area 

- in the form of non-
condensible gases, 
e.g., Xe, Kr, H-

Amount leached from 
rubble by ground water 
re-entering chimney 

Amount bound to minerals 
of rubble by ion exchange 
processes after refilling of 
chimney by ground water 

Possible minor amount of 
radioactive debris that lies 
above water table, that may 
be incorporated into ground 
water by downward percolation 
of surface waters or rainfall 

Amount of radioactivity 
that can migrate and 
enter hydrological 
system 

Fig. 28. Mode of distribution of radioactive nuclides to ground water at Nevada Test S i t e . 



on residual radioactivity collected. 
The yield (e.g., in terms of the 
equivalent amount of TNT) must alsc be 
known as precisely as possible. With 
this information at hand, it is then 
possible to calculate the amount of 
radionuclides deposited at any one 
site. An inventory might also 
include unspent fissile materials 
and activation products. 

The next question that must be 
addressed is: What fraction of that 
mixture of radioactive products was 
incorporated into the glass (melted 
rock and condensed plasma) that was 
produced and then deposited in the 
lower portions of the chimney-cavity? 
Some qualitative answers to this 
quastlon have been given in the past 
on the basis of the refractory or 
volatile chemical behavior of the 
various fission products and their 
precursors, as noted in Section IV,B. 
Fission products without volatile 
precursors or with low vapor pressures 
might be expected to ultimately reside 
near their point of origin. On the 

other hand, many long-lived fission 
90 c . 137„ ^ products, e.g., Sr and Cs, have 

short-livet? ^3seous precursors that 
allow these species to migrate a 
considerable distance away from the 
device before transmuting and condens
ing to less volatile elements (Table 
20). These "volatile" nuclides tend 

to be the group on which most atten
tion is focused. Still, some 
fraction of each has been trapped 
in the cooling glass, and the 
question remains as to what fraction. 
Unfortunately despite numerous 
experiments, the data pertinent to 
this question are sparse. The 
Plowshare Program has contributed to 
a large share of the information of 
this sort (Van Kote and Balard, 1972; 
Borg, 1975), but for the great bulk 
of experiments at NTS there are few 
data. Prindle (1968) looked at six 
shallowly buried explosions at NTS 
and established that large amounts 
CW.0 to 60%) of 9 0 S r , 1 3 7 C s , and 

Ru had escaped from the glasses 
formed, and presumably were deposited 
on rubble in the chimneys. Without 
qualification, such data cannot be 
taken as typical of an NTS experiment. 
For example, the difference between 
Prindle's observations on shallow 
alluvium and tuff events and those in 
NTS granodiorite or granite at the 
French Hoggar Site in Algeria, is 
very large (Table 21). It appears 
that the porosity and strength of the 
rock as well as the depth of burial 
of the explosive influence the extent 
of fracturing, the amount of time 
before cavity collapse occurs, and 
ultimately the degree of entrapment 
of the more mobile fission products. 
In addition, the geometry of the 



Table 20. Mass chains of some long-lived fission products. 

90„ 33 sec 90„. 2.9 min 90„ 28 yr 9 0 v 64 h 90, ,.,.,, Kr Rb Sr i „ Y m Zr (stable) 

... 106„ 37 sec 106„ 1 yr 106mo. 30 sec 106_. , „ . , , 106 Tc ». Ru i ». Rh ». Pd (stable) 

125m,. 

137 

Sn 9 125m, 

Sb 2.7 yr ' [ 58 day 
^ 1 2 5 

Te (stable) 

Te 

» f \ 137 

Ba 
2.5 min 

Ba (stable) 

144„ 284 day 144„ 17 min 144„, ,...,. Ce V Fr »- Nd (stable) 
155. 23 min 155_ 5.1 yr 155„, , . , . Sm _ Eu J—m~ Gd (stable) 



Table 21. Fractionation index of glass saaples collected within nuclear 
chimneys. 

e 
Fractionation index for indicated Isotope 

Rock type 
and referenc e 1 3 7 C s 106. Ru 1 2 5 S b 9 0Sr 1 W C c 

Piledriver . 
granodiorite, NTS 
(Borg, 1975) 

0.59 
0.76 
1.50 

0.61 
0.81 
1.20 

0.79 
0.79 
0.99 

1.00 
1.35 

nd 

Hoggar 
granite, Algeria 
(Van Kote and 
Balard, 1972) 

0.20 0.50-0.70 nd 0./.0-0.80 nd 

NTS tuff 
(Hoffman, 1975) 

0.16 0.35 1.05 nd 1.03 

NTS tuff (Event 
NTS tuff (Event 
NTS tuff (Event 
(Prlndle, 1968) 

1) 
2) 
3) 

0.46 
0.36 
0.12 

nd 

0.25 

nd 
nd 
nd 

0.32 
nd 

0.20 

'0.90 
>0.90 
>0.90 

NTS alluvium 
(Prindle, 1968) 

0.72 nd nd 0.24 nd 

nd « not determined. 

Highest values are on samples taken from uppermost regions sampled. 

underground experiment must be taken construed as typical of NTS 
into account. For example, large experiments as a whole, particularly 
line-of-sight pipes that extend from since experiments like these have not 
the device to the surface of the been conducted for 10-15 years, 
ground, as were used in early Table 21 includes fractionation 
experiments at NTS* were easy indices for isotopes as calculated by 
avenues of escape for the many the French at their Algerian test 
isotopes with volatile precursors. site and Prindle (1968), Hoffman 
It is questionable whether data (1975), and Borg (1975) at the Nevada 
gathered on the degree of entrapment Test Site. The index is defined as 
in glass in such experiments ^ V ^ V m e a s u r e d 
(including some of Prindle "s) can be ' ' ( F P V / F P R ' i d e a l 
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where FP^ is a volatile fission 
product, and FP is usually taken as 
an immobile refractory isotope such 

144 155 as Ce or Eu that resides 
principally in glass at the bottom 
of the cavity. The index can be 
viewed as the fraction of a fission 
product present in a sample as 
compared to what ideally could be 
present if it had been homogeneously 
distributed in the glass. Values 
less than 1 (Table 21) indicate that 
the sample is deficient; conversely, 
values greater than one indicate 
enrichment. Not surprisingly, the 
F.I. values vary from sample to 
sample, depending on the location of 
the sample within the cavity. 

It is impossible to properly 
sample the heterogeneous glasses 
found at the bottom of a chimney so 
as to have a satisfactory appraisal 
of the distribution of any radio
nuclide. The postshot drill holes 
are usually few and the number of 
samples taken is limited and usually 
confined to those intervals of the 
core that evidence a high level of 
gamma activity on downhole logs. 
Most of the F.I. numbers given in 
Table 21 are averages of several 
samples over short intervals in 
postshot drill cores. For example, 
the Ru value of 0.25 reported by 
Frindle in NTS tuff is an average 
for ten samples in a 10-ft interval. 

Still another uncertainty is 
the amount of melt produced by the 
nuclear explosion and thus the amount 
of melt available to encapsulate the 
radioactive fission products, 
activation products, and fissile 
remnants that are available. The 
numbers that have been calculated/ 
estimated/measured on particular 
samples are disparate. ButkovicK 
(1974) has argued that the amount of 
melt produced is sensitive to the 
water content and the bulk density of 
the enclosing rock. Numbers advanced 
for NTS events span the range of 700 
to 1300 tons of melt per kiloton of 
yield. Hence, for a given yield and 
device, the fraction of fission pro
ducts encapsulated should, in fact, 
vary from one experiment to another, 
depending on rock characteristics 
which influence the amount of melt 
produced. 

In the broad view, the uncer
tainties persist as to the fraction 
of produced radionuclides and remnant 
fissile material that has been 
incorporated into glasses produced by 
the nuclear explosions. In the name 
of safety, the Plowshare Program has 
tended tt ignore the fraction of vola
tile fission products encapsulated 
by the glass in its predictions and 
risk evaluations, and has assumed 
that all was available to the bio
sphere. Nonetheless, much of the 
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radioactivity is isolated from die 
ground water, as attested to by the 
very small amount of radioactivity 
detected in water from the Btlby 
chimney. 

Of the radioactive nuclides 
Initially associated with the glasses 
formed, some fraction can be liberated 
and transported once the glass comes 
in contact with the ground water that 
ultimately tills the chimney-cavity. 
Radionuclides that are near the 
surface of glassy vesicules and 
cracks are particularly susceptible 
to leaching by impinging ground 
water. However, from all indie at ions 
the amount is small (.Jackson, 1974). 

Finally there is that fraction 
of the fission products deposited on 
the rock rubble that ultimately may 
become mobilized by water in-filling 
the chimney-cavity. Most quickly 
mobilized are amounts that represent 
surface contamination on the rubble. 
Presumably, these are concentrated 
in lower reaches of the chimney-
cavity and hence are made available 
to incoming water at relatively 
early times. As filling proceeds, 
diminishing increments of the total 
available radioactivity per unit 
volume of water are added to the 
reservoir. Equilibrium between 
dissolved nuclides and surrounding 
rock cannot be reached ideally before 
the filling process is complete, but 

may approach its final values when 
filling has reached the 50-602 level. 
These are crude estimates. li the 
chimney-cavity does not entirely lie 
below the saturated zone, that frac
tion of the radioactivity that is 
located above the water table may 
never be completely incorporated into 
the reservoir contained by the 
chimney when in-filling has gone so 
far as to restore the water table 
to its preshot levels. Downward 
movement ot surface waters may be so 
slow that such radioact ivlty will be 
effectively isolated from the lower 
port ions. 

To recapitulate: Gross _», '3, 

and 7 activity measured in ground 
water can be evaluated only in terms 
of maximum permissible concentrations 
or the historical record at a 
particular site. Radiochemical data 
that is specific as to the isotope 
associated with it must be evaluated 
in the context of the collection site 
at NTS. If it is within a chimney 
that has completely refilled to the 
top following a nuclear explosion, 
the following information is desir
able: 1) source term which reflects 
the nuclear device used and experi
ment carried out; 2) the yield in 
kilotons (from items J.) and 2), the 
total amount of any particular 
fission product, activation product, 
or remnant fissile material that was 



deposited In the chimney-cavity 
region can be closely estimated); 
3) the volume of the chimney and the 
percent of void space filled with 
water; 4) the amount of ,lass (melt) 
at the bottom of cavity; and 5) the 
amount of radioactIvity entrapped 
within the glass. 

The greatest uncertainties are 
associated with items U) and 5), 
but they can be estimated* and, once 
these estimates are made, the total 
amount of radionuclides potent ially 
available to the ground water can be 
estimated. If the amount of water 
in the chimney is known, the maximum 
concentrations of any particular 
radionuclide can be calculated. 
Assuming that sufficient time has 
passed for equilibrium to previal, 
the difference between this calculated 
value and measured value represents 
amounts that never entered the liquid 
phase, amounts tied up to the 
associated rock by sorption and other 
processes, and amounts that have been 
transported out of the chimney. In 
favorable circumstances, an estimate 
of the amount sorbed can be made. 
Additional allowances must be made in 
any analysis if the top of the water 
table Is below the tor. of 'he rubble-
filled chimney or if there is reason 
to believe that radioactivity from 
nearby pre-existing chimneys has 
mixed with the chimney in question. 

Analysis of water samples for 
specific isotopes at random sites at 
NTS involves a more complicated 
procedure. It is possible that only 
relative or qualitative conclusions 
could ever be made from such data. 
Such conclusions, nonetheless, may 
be important. For example, ratios 
between various long-lived fissile, 
fission, and activation products can 
be informative. 

E. MONITORING THE QUALITY OF THE 
GROUND WATER AT AND NEAR NTS 

The monitoring program for NTS 
and vicinity is operate, by the 
Environmental Protection Agency under 
the direction of the Fhysical Sciences 
Division, Nevada Operations Office, 
U.S. Energy Research & Development 
Administration (Humphrey, 1976). 
Thirty-one ground-water sampling 
points are included in the program. 
Seventeen are within NTS, at a density 

2 of about 1 per 200 km . Most are 
existing water-supply wells and springs, 
the locations of which are shown in 
Fig. 29. A third of the network is 
sampled monthly. The remainder is 
sampled semiannually. Samples are 
subjected to standard chemical and 
radiochemical analysis. Each sample 
is analyzed for tritium and receives 
a gamma spectral examination. If 
fission products are so detected, 

89 90 analyses are performed for * Sr, 



# Monthly sampling points 

A Semiannual sampling points 

0 10 20 30 
J U 

Pahute Mesa 
ground-water \ 

Amargosa River' V^c 

Shoshone 

Fig. 29. Map of Nevada Test Site and vicinity showing the monthly and 
semiannual ground-uater quality-monitoring network. 
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151 0 238,239,240D . Sm, ' Pu, and 
234,235,238,, . . . 

U by chemical separation 
and beta counting or alpha spectro
scopic analysis. 

While the monitoring program 
seems adequate at points of public 
use, and while it provides for 
sampling in the vicinity of under
ground nuclear test areas, it does 
not Include substantial surveillance 
at points where the ground water 
leaves the confines of NTS (Fig. 29). 
For ex •opIe, no sampling points exist 
near the northwestern boundary of 
NTS. Within NTS, the program falls 
short of a concerted effort to chart 
the movement of radioactive ground 
water from sources of contamination. 

No radioactive contamination of 
ground water has been recognized at 

sampling points of the monitoring 
network* However, in 1974 and 1975 
tritium in concentrations above that 
for uncontaminated water wâ i detected 
in samples collected at two locations 
in Area 2 of Yucca Flat (Crow* 1976). 
Water at one of these locations 
contained tritium in concentrations 
more than three times greater than 
the maximum permissible concentration 
(MPC). Water from the second 
location contained tritium at levels 
higher than the baseline for 
ground water in the area, but below 
the MPC. The two locations are 
separated laterally from the nearest 
sites of nuclear explosions that 
were conducted below the water 
table by 450 m and 330 m, 
respectively. 

V. Transport of Radioactivity in Ground Water 

A. FACTORS INFLUENCING MOVEMENT OF 
RADIOACTIVITY FROM THE SOURCE 

Basically the movement of nongas
eous radioactivity underground depends 
on the movement of flowing water and 
the interaction of the surrounding 
solid medium with species moving with 
the liquid phase. The moving radio
activity is carried by the flowing 
water, and thus its direction and 
velocity are limited by those of the 
water. However, the rate of movement 

of the radioactivity can be further 
retarded by the sorption and desorp-
tion of the radioactivity on the rock 
or soil medium through which the water 
flows. The sorption and desorption 
processes will depend upon the chemical 
composition and physical condition and 
environment of both the solid and 
liquid phases (Kaufman, 1963; Levy, 
1972), 

Even if we had a single radio
active species with no interaction 
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between it and the surrounding medium, 
not all of the radioactivity would 
move at the same velocity. Just as 
the water molecules have a distribution 
of velocities, giving rise to a dis
persive effect, the same is true of 
the radioactive species. Molecular 
diffusion will contribute to the dis
persion, but its effect is negligible 
at flow rates that one would generally 
consider significant. Where sorption 
does not occur or is weak, hydraulic 
dispersion is the main dispersive 
effect. Its magnitude will depend 
on the overall flow velocity, whether 
flow is principally porous or through 
fractures, the tortuosity of the flow 
paths, the heterogeneity of the medium 
through which flow takes place, etc. 
(Levy, 1972). 

Dispersion creates a concentra
tion distribution, with the consequence 
that the peak concentration of a 
species cannot be greater than that 
of the source; and as dispersion 
increases, the concentration distri
bution widens, with a consequential 
diminution of the peak value. 
However, the average rate of movement 
of the radioactive species will be the 
same as the average water velocity If 
there is no sorption interaction with 
the surrounding nu^Hum. 

Sorption and desorptlon, in 
addition to retarding the average 
rate of movement of a species, also 

has its own dispersive effect, 
adding to the spreading out of the 
concentration distribution. The type 
of sorption process Lnat is generally 
most significant is some form of ion 
exchange, where a radioactive ion in 
solution will change places with an 
ion that is associated with the solid 
phase* Sorption may 2I30 occur in 
other ways, such as the attraction of 
an ion or a charged colliodal 
particle to the solid phase because 
of a residual surface charge of 
opposite sign. 

The most important sorption 
processes that will occur in normal 
ground-water movement are at least 
to some degree reversible, and will 
serve only to retard (rather than to 
stop by "fixation") the movenent of 
the radioactivity. 

B. GROUND-WATER FLOW VELOCITY AND 
STORAGE 

The general statement of Darcy's 
law for two-dimensional viscous 
ground-water flow in an anisotropic 
medium is given by: 

grad h (8) 

where v is the specific discharge or 
Darcy velocity vector, K.. (i._ = 1,2) 
is the symmetric hydraulic conduct
ivity tensor, and 
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9h ^ 3h 
3x 3y (9) 

is the hydraulic gradient, where h is 
the hydraulic head. The average flow 
speed of water through the medium can 
be obtained by dividing the magnitude 
of the specific discharge vector by 
the effective porosity of the medium. 
In anisotropic aquifers, the velocity 
vector and the hydraulic gradient are 
generally not parallel. In these 
aquifers the hydraulic conductivity 
tensor is used to transform the 
components of the hydraulic gradient 
into those of velocity. The velocity 
and the hydraulic gradient have the 
same direction only when the 
hydraulic gradient falls along one 
of two principal conductivity axes 
in two-dimensional flow (Papadopulos, 
1965). 

Fractured aquifers such as the 
Lower Carbonate and Welded Tuff 
Aquifers of NTS generally possess 
anisotropic hydraulic conductivity. 
Few attempts have been made to 
measure the areal anisotropy of these 
aquifers, and no measure has been 
made of the anisotropic character of 
aquitards. Hydraulic conductivity 
(or transmissivity) values obtained 
in most of the field tests that have 
been conducted represent some 
average of maximum and minimum 
values. 

Because their anisotropy has 
not been generally defined, the 

aquifers and aquitards at NTS must 
be simply treated as isotropic with 
respect to hydraulic conductivity. 
Thus, for example, the inferred 
directions of ground-water flow in 
the Lower Carbonate Aquifer are 
taken to be generally normal to 
mapped contours of equal hydraulic 
head potential. Under such assumed 
isotropic conditions, Eq. (8) 
becomes: 

v = K grad h, (10) 

where hydraulic conductivity, K, is 
a single-valued scalar at any point 
in the flow system. 

The dimensionless coefficient of 
storage foi a saturated . onfined 
stratum can be expre sed as: 

<i r-£) (11) 

where p is thr density of water, g is 
the gravitational acceleration, 6 is 
the porosit- of the stratum, 3 is the 
compressibility of water, b is the 
vertical thickness of the stratum, 
and ct is the vertical compressibility 
of the solid framework oi the stratum 
(Jacob, 1950). 

The coefficient of storage is a 
measure of the volume of water that 
a saturated stratum releases from or 
takes into storage per unit surface 
area of the stratum, per unit change 
in hydraulic head. In confined 
strata* water release from or uptake 
into storage is entirely due to the 
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compressibilities of the solid stratal 
framework and of water. In unconfined 
strata the volume of water released 
from or taken into storage, in 
response to change in head (change 
in vertical position of the water 
table), is mostly a consequence of 
dewatering or refilling the zone 
through which the water table moves. 
Hence, the coefficient of storage for 
unconfined strata may be regarded, 
for all practical purposes, as the 
specific yield, The specific yield 
is defined as the ratio of the 
volume of water that a stratum will 
yield by gravity drainage, to its 
own volume. Specific yield is 
approximated in fractured rock by the 
effective or interconnected porosity 
of the rock. 

C. SORPTION 

1. Introduction: The Distribution 
Coefficient 

The term sorption has been 
generally used to describe in a 
nonraechanistic way a reaction whereby 
a species is removed from a liquid 
phase and held in some manner by a 
solid. Radioactive species may be 
sorbed from ground water by several 
different means. For example, local 
imbalance of charge may occur, with 
the result that a solid acquires a 
surface charge. This solid may 
thereby attract and hold out of 

solution Ions or colloidal particles 
with surface charges of opposite 
sign. However, the type of reaction 
that has by far the greatest signi
ficance to migration of radionuclides 
is some form of ion exchange. Ion 
exchange occurs when an ion in 
solution changes places with an ion 
that is part of the solid phase. 
For cations this can be written in 
symbolic form as 

A X + nB S B X + nA -ha (12) 

where X represents the matrix of the 
ion-exchanging solid, A and B are the 
interchanging cations, and m and n 
are their respective charges (the 
charge exchange here must balance). 

The term "ion exhange" is 
generally reserved for reactions 
that are reversible and that thus 
serve to retard, but not to stop, the 
flow of radioactive ions. When ion 
exchange occurs under equilibrium 
conditions or conditions approaching 
equilibrium, a very useful quantity 
is the distribution coefficient, K.. 

a 
The distribution coefficient of a 
species A may be defined as 
(Kaufman, 1963): 

/ amount of A \ / i weight \ 
v - ^in solid phase ; / ' of solid/ 
d ~ / amount of A \ // volume \' 

'in liquid phase//Lf liquid' 
If one considers a unit cell 

made up of a unit volume of water-
saturated rock, where p is the bulk 
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density of the rock and 9 is the 
porosity of the rock, the fraction 
of A remaining in solution can be 
represented as 

Fraction of A in solution * 
1 

1+ 1^1 (*, 
(13) 

If, each time the unit volraae oi -water 
moves out of a unit cell, it carries 
a fraction of the species 
A = 1/(1 + G ) , where G * [(1 - 6)/9] 
pK, = (amount in rock)/(amount in 
solution), then it is reasonable to 
expect that the relative average 

velocity of A with respect to the 
relative average velocity of the water 
will be equal to the fraction 
1/(1 + G). Indeed, this can be shown 
mathematically (Levy, 1972). 

The expression in the paragraph 
above represents only the ratio of 
the average velocities of the species 
and water, and does not take into 
account dispersive effects, which 
will not be the same for both. 
However, the ratio of average velo
cities remains a very useful measure 
of the relative movement of a chemical 
species in ground water. Thus, K, 
values have become important in the 
estimation of movement of radioactive 
species in ground water. 

K. values can be measured 
d 

relatively easily In the laboratory. 
Although the validity of applying the 

laboratory data directly to field 
situations is sometimes questionable, 
this course is attractive in view of 
the higher costs in time and money 
and the greater difficulties of direct 
field measurements. 

The value of the distribution 
coefficient depends on the specific 
conditions for which it is determined. 
K, values can be expected to vary 
with the composition of the liquid 
phase, the chemical and physical na
ture of the solid phase, the prevail
ing temperature, etc. It should thus 
be apparent that in order to apply 
K, values to actual field situations, 
the K. ,'s should be measured under d 
conditions as closely akin to actual 
field conditions as possible. 
Usually it is not possible to simulate 
field conditions as closely as one 
likes. Then one generally attempts 
to determine sufficient information 
about the variational dependence of 
K.'s on different parameters to be 
able to extrapolate to the field 
conditions. Such extrapolations 
should, however, be applied with 
considerable caution. 

2. Ion Exchange in Clay Minerals 
and Zeolites 

There are a number of naturally 
occurring Inorganic materials that 
display strong ion-exchange capabili
ties. Among the more important and 
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commonly occurring of these are the 
clays* and the zeolites. 

Because of their widespread 
occurrence in sediments and sedimen
tary rocks, clay minerals are an 
especially important consideration 
in the migration of radioactivity in 
ground water. For many geologic 
formations, the presence of clay 
minerals, though they may not be the 
main mineral constituent, will never
theless be the main contributor to 
the ion-exchange capacity of the rock. 
We may gain some insight into the 
nature of ion exchange in clays if 
we take a brief look at their struc
tural features in the manner of 
Amphlett (1964) and Carroll (1960). 

We may think of clays as having 
an aluminosilicate "backbone" composed 
of alternating, parallel, two-
dimensional layers formed from 
silicate tetrahedra and aluminate 
octahedra. The manner in which these 
layers are stacked together and the 
extent and type of isomorphous sub
stitution within them datermine to a 
large degree the chemical and physical 
properties of the material. Three 
basic types of clay minerals are 
illustrated ideally by the schematic 
diagrams in Fig. 30. Clays found in 

See Sec. II,D for a definition, 
classification, and chemical analyses 
of the clay minerals with special 
reference to those that occur at NTS. 

the field will consist of variations 
and combinations of these three basic 
types. 

The simplest type is characteris
tic of the kaolinite clays. In this 
type, the basic unit is a double 
layer consisting of one silicate and 
one aluminate layer with negligible 
isomorphous substitution in either of 
them. The sheets are held together 
by hydrogen bonding with free hydroxy1 
groups at the edges and corners of 
the layers. Ion exchange may occur 
with a cation exchanging with 
hydrogen or with an anion exchanging 
with the hydroxyl group. Exchange 
takes place mainly at the corners 
and edges of the layers and therefore 
is considerably affected by particle 
size, the ion exchange capacity 
increasing with decreasing particle 
size. Kaolinite shows only a ?mall 
exchange capacity, which is roughly 
the same for both cations and anions. 
As noted in Section II,D, kaolinite is 
rare in the rocks at NTS. 

More complex types of clay are 
based on a repeating unit consisting 
of one aluminate layer sandwiched 
between two silicate layers. Iso
morphous substitution may occur in 
either the octahedral or the tetra-

+3 hedral layer. For example, Al may 
be replaced in the octahedral layer 

+2 +2 by Mg , Fe , and other octahedrally 
coordinated ions of suitable radius, 



Kooliniti 

T T I T I T T T 

o 0 o° o° O 0 

Montmorit Ignite 

3 
T I T T T T T TT 

O O O ° 0 O O ° 

T T T T T T I T I T I 

1 w 
O 

o o w o 
0 W 0 0 

O W O 0 
W O O W 

1 T T T 
T T t 

T T T 
T I 

Woter, M* , N " 

| T I T T T T T I T I 

| O 
w 

O w O W 
O w O O 

O 0 w < 
w o w < 

1 T 
T T T 

T T . ' - • ! 
Water, M + , N ~ 

T 
T I T 

T T 
T I 

T I T 

W 
o 

O W 0 O 
O W 0 W 

W 0 W < 
o o w ( 

T T T T T T 
T T T T T 

Water, M* , N " 

T t T T T T T I T T 1| 

T - tetrahedral silicate layers 
O s octahedral aluminote layers 
V = isomorphous substitution at tefrahedral sites 
W = isomorphouj substitution at octahedral sites 
M + , N"*-* = balancing cations 

T T V I T T T T V T 
V T T T T T V t T T 

° o o o 0 o o o o o ° 
I v I T V T T T V T 1 

Water, M* , N M 

T

 v

 T

 V

 T T v r T r 

o ° o ° o ° o °o°o 
T T V , T v T T T T V 

Water, rV\+, N** 

) T T V T T V T T T T 1 
| ° 0 0 0 0 0 0 0 ° 0 

| V T T V T T T T V T 

Woter, M + , N * * 

I T T T v T T T T V T TJ 

Fig. 30, Schematic diagram illustrating the three principal types of clay 
minerals (after Amphlett, 1964). 

+4 and Si may be replaced in the 
+3 

tetrahedral layer by Al , since the 
latter can also coordinate tetra-
hedrally (thus aluminum can be found 
in both octahedral and tetradral 
layers in some clays). In either 
case, the original ion is replaced 
by an ion of lower positive charge, 
the result being that the basic unit 

acquires a net unit negative charge 
for each such substitution. In order 
to preserve electroneutrality, cations 
are incorporated into the interlayer 
spaces between the triple units (see 
raontmorillonite and illite in Fig. 
30). These interlayer cations serve 
to help bind the basic units together. 
However, when the mineral is in 
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contact with an aqueous solution 
which can penetrate between the 
units, these interlayer cations are 
freely mobile and can exchange with 
cations present in the solution. 
The ion-exchange capacities of 
montmorillonltes and illites arise 
partly from exchange at the edges 
and corners of layers as in kaolinite, 
but also to a much greater extent 
from the replacement of cations in 
the interlayer spaces. The degree of 
the latter type of exchange capacity 
will depend on the degree of isomor-
phous substitution, but will normally 
be much greater than the koalinite 
exchange. As a consequence, the 
cation exchange capacities of these 
two clay types will be much greater 
than their anion exchange capacities. 
Also, while the cation exchange of 
kaolinite increases significantly 
as the particles become smaller, 
this effect is relatively minor in 
montmorillonites and illites. 

For ion exchange in clays, it is 
necessary to distinguish between 
saturation capacity, equilibrium 
uptake, and rate of exchange. The 
saturation capacity depends only on 
the chemical composition of the clay. 
The uptake is an equilibrium property, 
depending on the exchange thermo
dynamics and solution composition. 
Equilibrium uptake depends on both 
the cation in solution and the 

cationic form of the clay. The rate 
of exchange is a kinetic property 
that depends on the exposed surface 
area of the solid and the diffusion 
rate of cations from the solution 
into the solid and vice versa. 

When clay minerals are immersed 
in water, the basic units tend to 
separate, the degree depending on 
the strength of the Interlayer 
bonding. In the kaolinite clays the 
forces between the basic units are 
relatively weak, and these minerals 
are readily dispersed in water. 
Isomorphous substitution along with 
the introduction of interlayer 
cations increases the bonding 
strength between the basic units, 
generally limiting the separation 
tendency in water to one of varying 
degrees of swelling. In the mont-
morillonite clays, where isomorphous 
substitution occurs in the octahedral 
layers, the considerable increase in 
bond strength is provided by electro
static forces. Because the latter 
are somewhat screened by the tetra-
hedral layers, these clays swell on 
immersion in aqueous solutions, the 
degree of swelling depending on the 
size of the cation entering the 
structure. Normally swelling is 
reversible. However, if the cation 
is too large, the attractive forces 
may be overcome. The clay then 
swells irreversibly and is said to be 
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deflocculated. When substitution 
occurs in the tetrahedral layers, 
however (as in illite clays), the 
electrostatic forces between the 
negatively charged basic units and the 
balancing cations are much stronger 
than in the raontmorillonite group. 
The illite clay structure strongly 
resists expansion and swelling when 
immersed in water. This resistance 
to swelling generally leads to a low 
rate of exchange, and large cations 
may even be excluded on steric 
cons iderat ions. 

Since the exchange rate depends 
on the ready accessibility of exchange 
sites, cation exchange rates follow 
the order kaolinite > montraorillonite 
» illite. Saturation capacity, 
however, depends on the chemical 
composition of the clay and for cations 
decreases in the order montmorillonite 
> illite > kaolinite. A list of some 
representative cation-exchange 
capacities is given in Table 22. 

Another class of minerals that 
are important factors in the ion-
exchange capabilities of natural rock 
structures are the zeolites. The 
structural framework of the zeolites 
is built by linking fundamental 
tetrahedral units of SiO. and A10, in 
various ways. Zeolites may exist as 
fibrous, lamellar, or three-dimensional 
structures. Channels occur within the 
zeolite structures and are arranged 
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in different ways in the different 
zeolites. The channels may vary in 
diameter along their lengths. Some 
channels may pass through the struc
ture; others are truncated. Cations 
within the cavities of the zeolites, 
commonly Na and Ca, balance the net 
negative charge resulting from the 
substitution of Al for Si. Water 
molecules and nonstructural anions 
may also be incorporated. The ion-
exchange behavior of the zeolites can 
be very complex. The three-dimensic ̂ al 
zeolites have a rigidity that does 
not allow for swelling when immersed 
in water. The relative sizes of the 
channels and the ions seeking entrance 
from solution or exit from the internal 
cavities becomes of critical concern. 

Both zeolites and clay minerals 
are present at NTS. These minerals 
play an important role in the 
retardation of the movement of 
radioactivity in NTS ground water. 

Effect of Rock Type and Its 
Mineral Make-up 

Much of the interest in the 
sorption behavior of radioactive 
nuclides with various rock and 
mineral types has stemmed from the 
need to dispose of radioactive waste 
materials, especially from nuclear 
reactors. Because Sr and Cs 
are high-yield fission products, 



Cation-exchange capacities of some clay minerals 
(Araphlett, 1964, p. 17). 

Type Mineral Capacity 
(meq/g) 

Kaolinite group 

Illite group 

Fibrous clays 

Montmorillonite group 

Micaceous derivatives 

Muscovite 
Illite 

Attapulgite 

Nontronite 
Saponite 
Montraorillonite 

Biotite 
Vermiculite (pure) 

0 .02-- 0 . .10 

o.: 105 

0, .13-- 0 . .42 

0 .18-- 0 . .22 

0, .57-- 0 . ,64 

0 .69-- 0 . .81 

0.8-- 1 . ,5 

0.03 
1.0-- 1 . 5 

These values are representative of a number of samples, but wide variations 
are possible for a given mineral depending upon its source and precise 
composition. In some cases where edge and corner exchange is appreciable, 
the capacity depends markedly upon particle size, e.g., kaolinite and 
illite; where exchange principally involves interlayer cations the effect of 
particle size is small. 

long-lived, and important biologi
cally, most work has been done on 
the behavior of strontium and cesium 
with various rock and mineral types. 
A considerable body of literature 
concerning the interaction of various 
radionuclides and the local soil has 
emerged from atomic installations 
around the world where radioactive 
waste solutions have been disposed 
of into the ground. In this report 
we will try to avoid considering 
radionuclide behavior in soils 

because the presence of organic 
material in the soil can add another 
order of magnitude of complexity to 
what is already a rather complex 
system. Furthermore, soils tend to 
have important factors that are even 
more localized in nature than those 
affecting the naturally occurring 
rock and mineral types. 

In efforts to find more effective 
means of disposing of radioactive 
waste solutions, many workers have 
experimented with using naturally 
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occurring mineral ion exchangers to 
remove radioactive species from 
solution, thereby considerably reduc
ing the volume of highly radioactive 
material to be disposed of. IAEA 
Report Series 136 (1972) gives an 
extensive list of minerals that have 
been investigated for use in removal 
of radioactivity from waste solutions 
and the radionuclides studied with 
them, and a list of corresponding 
literature references. Since the 
prime object of these experiments 
was to find effective sorbing mater
ials and how best to use them to 
remove radioactivity from waste 
solutions, rather than to study the 
effect of these minerals on the 
hydrologic transport of the radio
activity, all too often the data 
are given in a form that cannot be 
converted for use in the transport 
problem. 

A most exhaustive study of the 
sorption behavior of trace strontium 
and cesium with over a hundred 
silicate minerals and rocks was 
carried out by Berak (1963). He 
measured K, values for Cs and Sr in 
a "synthetic river water" (principal 

+2 cation being Ca ) , which he felt 
would be most typical of the natural 
waters these rocks would be tn contact 
with. Berak found that the K, 
values for primary silicate rocks 
were far less than those for altered 

secondary material. For a bulk rock 
specimen, the measured K. could 
depend more on how much and what kind 
of clay mineral was present than on 
what basic rock type it was. 
Sawhney (1964) reports on the sorption 
of Cs and Rb on six different clay 
minerals. Although he does not report 
K. values, there is enough informa
tion given to derive them. Berak 
(1963) gives K.'s for Sr and Cs on 
many clays In his report. Wahlberg 
and Fishman (1962) investigate Cs K, 
behavior on kaolinite, illite, 
montmorillonite, and halbysite. 
Rancon (1972) gives Sr and Cs K, 
values for illite, kaolinite, raont-
morillonite, calcite, and quartz. 

Schroeder and Jennings (1963) 

measured Sr and Cs K, values both d 
batchwise and by column runs using 
sand, quartz, microcline, calcite, 
limestone, and soda-feldspar. 

Porosity and the nature of the 
flow of water chrough a rock 
formation can influence the effective 
K, value. Beetera et al. (1962), in a 
measuring K.'s with a granite sample, 
examined the surfaces of the fractures. 
They found that the fracture surfaces 
were more weathered and gave higher 
K, values than did the bulk ror.k. o 
Thus, if flow takes places- predomin
antly through a fracture system, one 
should be especially careful that 
K.*s are measured in such a way as to 
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be representative of the overall 
system. 

Nork (1969) and Nork and Fenske 
(1970) reported K, values ot strontium 
and cesium for eight different rock 
types (four from Nevada) using either 
ground water from the area of the rock 
samples or water made up Co simulate 
the local groundwater. Except in 
salt, cesium appears to be far more 
sorbable than strontium. K, values a 
were highest for Nevada tuff and 
alluvium. Dlouhy (1967) reported 
K.'s for Cs, Sr and other fission d 
products in Casaccia tuff (Italy). 
Goldberg et al. (1962) and Kaufman 
(1963) report Sr and Cs K. values for 
Nevada tuff, and Angelo et al. (1962) 
report K,'s in Nevada basaltic rocks. 
These data and others for NTS rock 
are summarized in Section V,C,8. 

4. Effect of Particle Size 

As was indicated in the section 
on clay minerals, the particle size 
of the sorbing medium can have a 
definite effect on the sorbing 
ability of the solid phase. Generally, 
a decrease in particle size will cause 
an increase in »:he measured K,, up to 
a point, in some cases decreasing 
the particle size makes already 
existing ion-exchange sites more 
readily available. The degree of 
permeability of a material will 
influence the magnitude of the particle 

size effect, and the same material 
may have a different permeability for 
different ions depending on their 
size. 

Rancon (1972) suggests three 
different ways of handling K. values, 
depending on the physical nature of 
the rock or soil. For loose materials 
(those dispersing when Immersed in 
water) and material of high permea
bility, the K., as defined earlier, 
will be proportional to the mass of 
material present, since all potentially 
sorptive sites are accessible. On the 
other hand, for compact rocks that are 
essentially impermeable, only the 
exchange sites on the surfaces will 
be available. For this case Rancon 
proposes as more appropriate the use 
of a surface distribution coefficient 
K.(s), where the surface area of the 
solid phase is substituted for its 
mass in the usual definition, i.e., 

ifrs\ 'on inw/surface are.ai 
v / \ ' soliii 'hase // \ of solid ' 
d /fraction in \u volume \ 

^liquid phase//(of liquid/ 

Rancon considers also the intermediate 
case of compact rocks with low 
permeability. He assumes that only 
a thin layer close to the surface 
will be effective in sorption. If the 
effective layer extends to a depth 
below the surface designated by E, 
then for a spherical particle of 
diameter X, the effective fraction 
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of the volume, and therefore effective 
fraction of the mass, is given by the 
expression 

M .3 
5 - - i T - 8 ^ - 1 2 ^ + 6 - i - • (14> 
where M and V are the mass and e e 
volume that are effective for ion 
exchange. This holds for X > 2c, 

For X < 2e the entire mass is effective 
in sorption. Since the measured K, 
(defined in the usual way) will depend 
on the fraction of the particle mass 
that is effective in sorption, the 
expression on the right-hand side of 
Eq. (14) represents the factor by 
which the measured K, will differ from d 
the K, measured r.n particles for 
which X < 2e. While Rancon has shown 
that these different ways of treating 
K 's may bL useful for explaining 
laboratory phenomena, their applica
bility to field situations is question
able. This matter is discussed in 
Section V,C,7. 

Beetem et al. (1962), in measuring 
K.'s for Cs, Sr, I, and mixed fission 
products on granite, found that K, fs 
measured on "ground" samples were 
consistently higher than for "crushed" 
samples, where the "ground" rock had 
much smaller particles than the 
crushed. Sokol (1970) reports 
measurements of Sr and Cs K, values 
measured on core samples taken from 
the Gasbuggy site. From each of four 

core samples, three different particle 
size fractions were used: 5000, 
500 and 62 Mm. Differences between 
the two coarser sizes were generally 
not significant. However, K / s ior 
the finest particle group were con
siderably higher than for the coarser 
fractions. Cesium L's showed a 
much greater particle-size effect 
than those for strontium. 

Schroeder and Jennings (1963), 
in their column experiments with Sr 
and Cs on sand, microcline, and 
quartz, used two different grain-size 
ranges. There was not always a 
significant difference in the measured 
K, values for the two different grain 
sizes, but when significant differences 
did occur, K, fs for the finer particle 
columns were always greater than those 
for the coarser particles. Mercer 
(1960) ran sorption studies with Cs 
and Sr on cljuoptilollte columns. 
With Cs he ran columns with four 
different particle size ranges. He 
found that at low flow rates there 
was very little difference in the 
elution breakthrough curves, however, 
at increased flow rates the difference 
in elution breakthrough curves became 
significant, with the greater Cs 
sorption (bigger K J occurring in the 
columns with the smaller particle 
sizes. This effect of flow rate is 
probably caused by the solution not 
having time to diffuse throughout the 
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particle at the higher flow rates, 
with the result that the faster the 
flow rate, the bigger the difference 
in fraction of the mass that is effec
tive in sorption between the different 
particle sizes. 

The effects on K. values as seen d 
by these experimenters point out some 
particular difficulties in relating 
laboratory measurements of K, values 
to actual field conditions. Many 
laboratory K, measurements are done 
on rozk samples which have been ground 
to very small particle sizes because 
of fasttr equilibrium times and ease 
of handling. This has been so especi
ally when the effects of varying 
parameter;; other than particle size 
are paramount to the investigator. 
The actual K, values from such experi
ments may not be applicable to the 
field because the natural water
bearing formation is likely to have a 
different "effective" particle size 
than that used in the laboratory 
experiments. Unless it is known that 
the field rock formation is completely 
permeable, it would be necessary to 
somehow measure or estimate what 
fraction of the rock mass is actually 
effective in sorbing the various 
species from the ground water, and, 
as Mercer's (1966) results indicate, 
this may vary with the ground-water 
flow rate. 

There is still another caution 
to bear in mind when the smallest 

size fractions of a ground rock are 
selected for use in laboratory K, 

d 
determinations. Naturally occurring 
rock is likely to be polymineralic 
in its make-up. Some minerals are 
typically very fine grained, e.g., 
the clays; still others break up 
more easily than others. Either or 
both of these situations would 
result in the smaller particle size 
ranges (of a pulverized rock) 
containing a disproportionate amount 
of one or more particular mineral 
species. The smaller particle size 
ranges might therefore mineralogi-
cally be atypical of the overall rock. 

5- Effect of Nature of Solution: 
pH, Compos i tion 

Many workers have investigated 
the variation of sorptive behavior, 
particularly k'.'s, as a function of 
the concentration of various ions 
in solution, with an eye to develop
ing a method of predicting K, values 
in composite (complex) solutions. 
The object has been to find formula? 
that would enable one to calculate, 
from K, measurements made in a few 
simple solutions, K, values i". a 
range of solutions of more complex 
compositions. Most of these efforts 
have relied in some way on the mass 
action law. 

An application of the mass action 
law to a relatively sinple case can 
be described in the following way. 



Suppose we are concerned about ti*e 
distribution coefficient, K,, of a 
metallic ion M on a particular ion 
exchanger as a function of the con
centration of some other cation A 
We may write the equilibrium equation: 

and 

"M.A 

where (H ) is the concentration of 
M in solution In equivalents per unit 
volume, and (MX 1 is the concentra-m 
tion of M on the ion exchanger in 
equivalents per unit weight; (A ) 
and (AX ) are the corresponding terms 
for A. )L. is frequently referred 
to as the selectivity coefficient for 
ions M and A. K. ,, would be the in-A,n 
verse of \L . Lower-case letters 
m and a represent the ionic charges 
carried by M and A. (For convenience 
we may assume that each ion-exchange 
site on the matrix X carries a unit 
negative charge.) According to the 

(MX ) 
K = m 

so we may write 

a ( A + a ) m 

'" (AX.)" 

(16) 

(17) 

„l/a 
KM,A 

(AX„) a/a 

( A + a ) m / a 

(18) 

If M is present only in tracer 
amounts and A is present in macro 
amounts, then the equii'alent concen
tration of A on the ion exchanger, 
(AX ) , is essentially equal to the 
cation exchange capacity, Q. 
Therefore, we may wri~e: 

d M, A ,,,+a.m/a (A ) 
(-19) 

Since K^ and Q are constants, K, 
should be inversely proportional to 
( A + a ) r a / a . If Krf values are deter
mined for tracer amounts of M in 
solutions- with varying concentrations 

log (A ) , we should get the straight-
line relationship: 

log K d = i log K ^ A + f log Q 

- S log (A + a) . (20) 

Since Q is a property of the ion 
exchanger, and usually will not 

+a depend on what A is, one can 
determine K, from the plot of log 
K, versus log (A ). Knowledge of 

competing cations, I. in the simple 
systems is necessary when one attempts 
to use mass-action-law concepts to 
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O B J 1 (I* 1)" 
several competing cations. 

Several workers have studied the 
effects of varying concentrations of 
competing cations, particularly for 
K, values of cesium and strontium, a 
For example, systematic studies of K, 
data for simple systems (no more than 
one competing cation) are presented 
on log-log plots by Mercer (1966), 
Wahlberg and Fishman (1962), Baetsle 
and co-workers (1963a, 1963b, 1969), 
and Schroeder and Jennings (1963). 
These log-log plots indicate that 
under close-to-equilibrium conditions, 
the behavior of the K, values closely 
approximates that expected from the 
law of mass action. In some cases, 
although a straight line is followed 
on a log K. - log (A ) plot, the 
magnitude of the slope is not equal to 
m/a, indicating, perhaps, that the 
system may be more complex than it 
seems. 

Seme of these workers attempted 
to develop calculational methods, 
based on the mass action law, whereby 
K. values for systems containing two 
or three competing cations could be 
calculated from parameters determined 
in the study of systems containing 
only one competing cation. Here one 
would be dealing with a number of 
equilibria of the form 

mIX. + iM*"1 ;s iMX_ + m l + i 

\l S ^ i ( I X ^ « (21) 

where M™ 1 represents the tracer ion, 
and I the competing ion. 

Baetsle et al. (1963a), in con
sidering the observable overall K., 

d 
of a tracer ion, M , in the presence 
of several competing ions, start out 
with the basic equation: 

"\l (global) ?*I * Vl (22) 

in which 
X T = equivalent fraction of I on 

the exchanger [i.e., 
(equivalents of I)/(total 
cation exchange capacity)], 

K, T= K.̂  of the trace ion M in the d, 1 u 
system where I is the only 
competing cation. 

Using the mass action law expressions 
for K. - for the simple systems, 
Baetsle arrives at the expression: 

K d(global) 

?<:£)"" (!)•"»-• '"' 

= selectivity coefficient for 
ions M and 1, 

C = total cation concentration o 
in solution, 

Q = total, cation exchange 
capacity of exchanger, 
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solution, 
equivalent 
the exchanger, 

i ~ valence of ion I, 
m = valence of ion M. 
Baetsle applied his method to Sr 

K, values for Dowex 50 and montmoril-
d + +2 
lonite with competing ions K. , Mg , +2 and Ca , using them singly, doubly, 
and triply. He was fairly successful 
in using data obtained in systems with 
one competing ion to calculate K,'s 
for systems with two competing ions. 
There is a practical difficulty in 
using Baetsle's formula. One needs 
to know the X r' s» c^e equivalent 
fraction of each I on the exchanger. 
If one has previously measured isothern 
data, this is simple. If one has to 
determine or estimate the X T' S» there 
are easier formulae to use. 

Mercer (1966) starts with the 
expression 

£(ix> 
i 

(24) 

namely, that the sum of the equivalent 
concentrations of all the competing 
cations is equal to the cation exchange 
capacity of the Ion exchanger. He 
then uses the mass-action-law equation 

+i.mi 1/m 

? [ ^ 1 (25) 

where K„ has been measured in 
experiments in which 1 Is the only 
competing cation. If M and all the 
I's are either monovalent or divalent„ 
as is usually the case, one obtains 
either a simple linear or quadratic 
equation to solve for K.» 

Mercer uses Baetsle's data for 
Sr adsorption on Dowex 50 and 
montmorillonite and shows that using 
his formula he obtains just as good 
results for the K, values. Mercer's 
formula is much easier to use. 
Mercer also gives selectivity 
coefficients measured for Cs and Sr 
with H + , NH, +, Na +, K +, M g + 2 , and 

+2 Ca as competing ions for several 
synthetic ion exchangers and for 
clinoptilolite. He also shows 
comparisons of calculated and measured 
K ,'s for Cs and Sr in a 
two competing cations. 

Wahlberg and his co-workers did 
considerable work to characterize the 
behavior of the distribution coeffi
cients of both Cs and Sr on clay 
minerals. Wahlberg and Fishman 
(1962) studied the effects of com-

+ + +2 peting ions (singly) Na , K , Ca , 
+2 and Mg in concentrations ranging 

from 0.002 !J to 0.2 N on the K. 
values for Cs on montmorillonite, 
kaolinite, halloysite, and illite. 
Wahlberg et al. (1965) carried out a 
somewhat similar study for Sr. 



Wahlberg and Dewar (1965) 
extended the above work by measuring 
the Sr distribution coefficient on 
montmorillonite and kaolinite in the 
presence of varying concentrations of 
pairs of competing ions, the pairs 
being various combinations of two of 
Na +, K +, Ca , and Mg + 2. They then 
compared the measured K, value with 
values they calculated from the mass 
action equations, using parameters 
determined in a system with only one 
competing ion. They do not go 
through a step by step description of 
their method of calculation. How
ever, they do point out that several 
equilibria occur simultaneously, 
leading to a set of simultaneous 
equations: 

(MX ) ,1/a ( A V ra/a 
d /M+*n\ M,A ,.+a.m/a (M ) (A > 

„l/b ( B V 
,B (g+bjm/b (26) 

where M is the ion whose K, is being 
measured, and A and B are compet
ing ions. The K^ and K_, R have been 
determined from the simpler systems. 
When these equations are combined 
with 

Q = (AXa) + (BX,,) + (MX m) , (27) 

where Q is the total cation exchange 
capacity, it is possible to solve for 
(AX ) and (BX.) and consequently for 

agreement for the montmorillonite 
system, which has a much higher 
exchange capacity. 

Sallach (1967) also proposes a 
procedure for calculating K, values 
in systems of more than one competing 
ion. He also starts with the mass 
action equations. His steps follow 
a somewhat different order than in 
the other procedures, but the basic 
principles are the same. The only 
basic difference in Sallach*s 
approach is that he considers only 
surface exchange sites as being 
effective. 

In all of these calculational 
procedures of formulae for estimating 
K,*s in the presence of several 
competing cations, the same basic 
assumptions are used as starting 
points. One is that the sum of all 
the equivalent concentrations for 
each species on the exchanger of the 
ions in question is equal to the 
total cation exchange capacity of 
the exchanger. The other basic 
assumptions are that the ion whose 
K, is being measured is in simul
taneous equilibrium with each of the 
competing cations, and that each 
of these equilibria can be described 
by a simple mass action equation. 
The..e basic assumptions are formulated 
mathematically by the sets of 
equations (26 and 27) listed in the 

-144-



above description of the method of 
Wahlberg and Dewar (1965). The only 
difference between the various methods 
described for calculating K. values 
is the order in which various mathe
matical steps and substitutions are 
made. 

Although this use of the laws 
of mass action to estimate K, values 
in multicomponent systems can often 
give useful approximations, there are 
several assumptions underlying this 
method which may not always be 
satisfied. Equilibrium conditions 
may not always obtain, particularly 
at high flow rates. Activity coeffi
cients have been neglected in these 
treatments, although at low concen
trations they should be unimportant. 
There is an implied assumption that 
there is uniformity or exchange 
throughout fhp -̂—'.langer for a given 
cation. It is assumed that the ions 
present have no effect on the struc
ture of the exchanger (which could 
affect the selectivity coefficients 
for other ions). The latter two 
assumptions are not necessarily true 
for some clay minerals. 

Hawkins and Short (1965) measured 
the percentage retention (from which 
K,'s can be calculated) of Cs and Sr 
on alluvium and clinoptllolite (zeo
lite) in solutions containing various 

+ + + + concentrations of Na , K , NH4 , H , 
Ca , Mg , and sometimes Co . 

They were able to fit their results 
with four regression equations (one 
for each combination of tracer and 
exchanger). This was strictly an 
empirical fit with a certain amount 
of trial and error as to the 
inclusion of terms. The equations 
were checked in other solutions 
where a single isotope was varied. 
The equations were tested for appli
cation with mixtures of quartz and 
different clay minerals with 
varying degrees of success. 

It might be said here that 
although H is sometimes included 
in studies on the effects of com
peting ions, one must be particularly 
careful in interpreting K, behavior 
as a function of (H ) or pH. Indeed, 
H may act simply as another singly 
charged competing cation. On the 
other hand, varying the hydrogen 
ion concentration may cause a change 
in the nature of other ions ir 
solution - e.g., lowering the H 
concentration may cause some cations 
to undergo hydrolysis, thus changing 
the nature of the equilibria to be 
considered. Also, the H present 
may enter a reaction with the solid 
phase (e.g., if it contains carbon
ates), changing the chemical and 
physical nature of the exchanger. 
One must also be wary as to what 
stage of the experiment the reported 
pH refers to. For example, Hawkins 
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and Short tabulate the pH of the 
solution at the beginning of the 
experiment, despite their pointing 
out that there are carbonates in the 
rocks, and the tabulated pH is not 
the same as that prevailing at 
equilibrium. From a practical stand
point, in a particular case, it may 
be sufficient to know the pH at the 
start of the experiment, but in order 
to understand what effect H concen
tration is having on the distribution 
coefficient, one mus>t also know the 
pH at the time the K, is determined. 

Schroedef and Jennings (1963) 
ran an extensive series of experi
ments on the sorptive behavior of 
+ +2 Cs and Sr on columns of various 

materials with different concentra
tions of competing ions. The column 
materials included sand, quartz, 
microline, calcite, limestone, and 
soda-feldspar. The competing ions 
included Na +, K +, C a + 2 , and H +. 

McHenry (1958) studied the 
effects of various ions on the K, of 
Sr on a calcareous soil. The soil 
used was a mixture of Hanford soil 
saturated with calcium ion. The 
comparative effects of various 
monovalent ions on the Sr K. values 
were studied as well as the compara
tive effects of a monovalent, a 
divalent, and a trivalent ion. The 
experiments were reported in such a 
manner that the results could not 

be related to the mass action law. 
The effects of various anions were 
also studied. The K, values for Sr 
in the presence of the anions 
tested were found to be in the order: 
P 0 4 " 3 > C 2 0 4 " 2 » CI* - S 0 4 " 2 > N0 3". 
The anions P0,~ and GJ^L h a d p r o ~ 
nounced effects in increasing the 

plot of the effect of pH on the (at 
equilibrium) percent of Sr taken up 
by a calcareous soil. The effect of 
PO,-"* and C 20,~ on the pH of a 
solution is thought to contribute to 
the greater K.'s for strontium in the 
presence of these anions. 

Nelson (1959) reports data on 
both column and equilibrium batch 
measurements of the sorption of Sr on 
Hanford soil when accompanied by the 

„ + „ + « * 2 „ + 2 w +2 
cations Cs , Na , Ba , Ca , Mg , 
and A l + 3 both at 18°C and 58°C. He 
finds water of hydration a significant 
factor. His results indicate that 
the cations with the combination of 
highest valence and lowest hydrated 
radii provide the greatest competition +2 with Sr for exchange sites. 

Rhodes (1957a) discusses the 
sorption behavior of Fu on Hanford 
soil as a function of pH. Between 
pH 2 and pH 8, plutonium apparently 
forms a positively charged polymer 
which is highly sorbed. Above pH 8 
the degree of sorption dips, reach
ing a minimum at a pH of ^12. This 
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dip is probably due to a change in 
the nature of the polymer. The sorp
tion is little affected by Na +, NH, +, 
and NO-**, but is considerably hampered 
by acetate ion. In another paper 
Rhodes (1957b) gives data on the 
behavior of K.'s on Hanford soil of 
Cs, Sr, Pu, Ru, Y, Zr, and Ce as 
affected by pH and by the presence of 
+ + -3 Na , Ca , and PO, . Sorption of Sr 

was much more effected by pH than that 
of Cs. Sorption of Pu, Ce, Zr, Y, 
and Ru all had maximum values in a 
pH range of 4 to 3. NTS ground water 
is generally between 7 and 8. 

Kokotov et al. {'961) measured 
distribution coefficients for tracer 
Sr and Cs in some different types of 
Russian soil as affected by macro-
amounts of various cations. For 
tracer Sr the order of effectiveness 

+2 +2 in lowering the K. was: Sr > Ca 
> M g + 2 > K + > NH + > N a + » F o r tracer 
Cs the order of effectiveness in 
lowering the K d was: Cs > Rb > 
N H 4

+ > K + > H +. In this paper and 
another (1962), Kokotov and co
workers present data on the behavior 
of the Sr K, as a function of pH for 
different soil types in the presence 
of various macrocomponent cations. 
Most of the Sr K, curves have maxima 
somewhere in the pH range of 6 to 
10.5. The positions and heights of 
these maxima are dependent on both 
the soil type and the macrocomponent 
composition of the solution. 

Hawkins (1962) presents plots of 
Cs and Sr K, values as a function of 

a 
pH for clinoptilollte, alluvium, and 
basalt. The Sr curves show a more 
pronounced pH effect than those of 
Ca and show maxima in the pH 7-8 range. 
The Cs curves have much broader 
maxima, occurring somewhere about 
pH 6. 

Goldberg et al. (1962) give some 
data on the variation of Cs and Sr 
K, values on Nevada tuff as a function d + of Na concentration in the presence +2 4-2 of varying amounts of Ca and Kg 
Kaufman (1963), in addition to 
discussing the relationship of the 
K, value and the selectivity 
coefficient, also summarizes some of 
Goldberg's data. He also presents 
some Cs K, data on clays in the 
presence of competing ions and some 
Cs and Sr K, data on "wind blown silt" 
in the presence of varying concen
trations of Ca , Mg , and Na . 
Tamura (1964) gives plots of the 
behavior of Sr K. values on some clay 
minerals as a function of Na 
concentration. Sahney (1964) gives 
data on the effects of Cs sorption 
on six different clay minerals when 
the clay is presaturated with differ
ent cations. He also gives data on 
the sorption of Cs and Rb on the clay 
minerals from solutions of 0.01 tl 
and 0.1 N KC1 and CaClj. Although 
he gives his results in terms of 
micrograms per gram absorbed, he 



gives enough data to convert these 
results into K, values, a 

So far we have neglected any 
reference to the electric double-
layer theory of Gouy. Application 
of this theory to sorption by ion 
exchange assumes the exchanger to be 
a discontinuous phase with a surface 
charge. This surface charge attracts 
counter ions from solution forming an 
electric double layer. Lagerwerff 
and Bolt (1959) attempted to apply 
the theory in modified form to com-

+ +2 petition between K and Ca in their 
ion exchange with montmorillonite and 
illite, with mixed success. Beetem 
(1962) applied the theory in slightly 
different form to the effects of 

+ +2 varying concentrations of Na and Ca 
on the K, values for Sr on montmoril-
lonite, kaolinite, (clays), and albite 
(feldspar), with some success. 

Applications of the double-layer 
theory and the mass action law to 
practical cases of sorption both 
require a number of assumptions 
(though different) which are not 
wholly satisfied in actual situations. 
One can generally not predict in 
advance the extent of the effect on 
K, values of the breakdown of these 
assumptions. Applying the mass 
action law to the prediction of K, 
values in complex ions is generally 
easier to do than applying the double 
layer theory. For prior estimation, 

the mass action law probably gives 
good enough results, since in either 
case the prediction should be checked 
by experiment. 

6. Effect of the Chemical Nature 
of the Radioactive Species 

In trying to predict the 
sorption behvaior of a radioactive 
species, different facets of its 
chemical nature can be of prime 
importance. For example, such factors 
as ionic size, degree of hydration, 
degree of hydrolization, ability to 
form complex ions (particularly 
anions), amphoterism, oxidation state, 
and general solubility character 
may all vary In the importance of 
the role they play in sorption, 
depending on the environment the 
radioactive species finds itself in. 

Cesium and strontium have only 
one oxidation state each, and 
neither forms complex ions very 
readily. Therefore, both cesium and 
strontium have relatively simple 
chemical properties. However, cesium 
becomes "fixed" on certain clays 
(see Section V,C,2, "Ion Exchange in 
Clay Minerals and Zeolite"). That 
is, after it enters the lattice 
structure, shrinkage of the lattice 
occurs and the cesium is trapped 
because of its ionic size. Many 
otherwise effective ion-exchanging 
clays and zeolites cannot sorb ions 
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above a particular size. Nelson 
(1959), in studying temperature 
effects on strontium K,'s in the d 
presence of various competing ions, 
found that the number of waters of 
hydration was an important factor. 

For many species K, values are 
rather sensitive to changes in hydro
gen ion because the form that the 
species takes in solution changes. 
Many chemical elements in solution tend 
to hydrolize and become less soluble 
when the pH gets much above 2 or 3. 
This is true of many of the species 
that are found principally in the 
glassy melt, e.g., Zr, Ce, rare earths, 
Pu. Rhodes (1957a) found that 
between pH 2 and pH 8 plutoniom 
apparently forms a positively charged 
polymer that is highly sorbed on 
Hanford soil. This polymer appears to 
change in nature above pH 8. 

I2rael et al. (1969), in their 
studies of the water in the Russian 
"1003" crater, found that most of 
the Ru and Sb in the water was 
in anionic form. They also found in 
leaching experiments that the antimony 

124 125 isotopes ( Sb and Sb) had minima 
in their solubility curves at about 
pH 7, pointing up the amphoteric 
nature of antimony. 

While knowledge of the chemical 
nature of a particular species does not 
in itself allow us to predict K, values 
quantitatively, it is important to the 

understanding of the variations that 
occur with change of conditions. 
Sufficient knowledge of chemical 
character enables us to suspect 
when we might find a species in 
anionic form and unlikely to be 
sorbed or when to expect such things 
as the minimum in an antimony solu
bility curve around pH 7. 

7. Use of Laboratory-Measured 

are an extremely useful measure of 
the degree to which a species is 
sorbed from a solution by solid 
mineral matter. As measures of the 
distribution of a species between 
rock and ground water, K, values play 
an integral role in the transport 
equations developed in later sections. 

In order to predict the movement 
of certain species in the ground
water flow through a particular 
geological formation, it is necessary 
to know the appropriate K, values for 
those species. Cften, determining 
K, values for ground-water transport 
in the field can be both time-
consuming and expensive. It is 
usually easier and cheaper to bring 
samples of rock and ground water 
back to the laboratory and measure 
the desired K, values there. However, a 
when using this approach, one should 
keep in mind that one can seldom 
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really duplicate field conditions in 
the laboratory, and K-, values are 
often quite sensitive to change of 
conditions under which they are 
measured. 

There are two basic methods (one 
static and one dynamic) by which K. 
values can be determined in the 
laboratory (Hajek and Ames, 1968; 
Schroeder and Jennings, 1963; Routson, 
1973; Levy, 1972). In the batch 
method (static), a fixed amount of 
solution containing the species in 
question (usually as a radioactive 
tracer) is contacted with a fixed 
amount of solid material, with periodic 
or continual shaking, until a steady 
state is reached. The distribution 
of the species between solid and liquid 
is then determined, usually by compar
ing the concentrations of the species 
in the liquid phase both ' efore and 
after equilibration. 

The dynamic method consists of 
percolating the liquid phase through a 
column of solid material. In short-
column experiments, liquid is passed 
through a column until equilibrium is 
reached. The K, is determined by com
paring the amount of the given species 
sorbed on the solid with that in 
solution. In the longer-column 
experiments, the K. values are obtained 
by analysis of either olution curves or 
breakthrough curves. 

Both methods have advantages and 
disadvantages. When sorption takes 
place by a reversible equilibrium 
mechanism, such as ion exchange, both 
methods yield similar results if 
measurements are made under equili
brium conditions. On the other hand, 
in many cases the sorption mechanism 
is complex and may contain a component 
which is a nonequiljbrium process. 
For example, in the sorption of 
cesium by many clays, a fixation 
occurs In which the entry of the 
cesium ion into the clay matrix causes 
the structure to shrink, preventing 
the cesium from getting out as easily 
as it got in. In cesium fixation and 
other nonequilibrium sorption pro
cesses, one would, for example, 
expect that measured K. values might 
well be different for different ratios 
of liquid volume to solid mass. 
Indeed this has been found to be true. 
Likewise, K, values measured by the 
batch method would differ from those 
measured bv column runs (Hajek and 
Ames, 1968; Routson, 1973). 

Of course, when measuring K, 
values in the laboratory it is 
desirable that the experimental 
conditions be made to resemble as 
closely as possible those expected 
to be found in the field. Offhand, 
the batch method would seem to best 
model a flooded nuclear chimney, 
and the column run to most closely 
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resemble flow in an aquifer. However, 
this is an oversimplified view. The 
liquid-volume-to-solid-mass ratio in 
column runs is much closer to field 
conditions than the ratio one would 
likely use in a batch experiment. 
However, batch runs can usually 
encompass a much wider range of 
particle sizes than column runs. We 
have seen that K, values can be quite 
sensitive to particle size. In many 
aquifers it may be difficult to 
estimate the effective particle size, 
particularly if flow is mostly through 
fractures. Columns must be packed 
carefully in order to avoid channeling 
and to insure uniformity throughout 
the column (unless a mixed column is 
particularly wanted). To facilitate 
proper packing, the solid material 
is usually broken into small particle 
size, and this may expose not only 
more surface area, but also surface 
of a nature somewhat different than 
that exposed to the liquid flow in the 
field. 

In an attempt to overcome some 
of the shortcomings of the usual type 
of column experiments, work is 
currently in progress at LLL on using 
rock core sections as the "column." 
Preliminary experiments have been 
reported by Tewhey (1976). A core 
section is confined in a metal sleeve 
with the sides of the core sealed with 

epoxy. Liquid is forced through the 
core section, and the composition of 
the effluent is compared to that of 
the input solution to determine the 
sorptive character of the rock. By 
use of core sections rather than 
crushed rock for column material, it 
is hoped that field conditions of 
flow may be more closely approached 
in the laboratory than has been the 
case previously. However, more 
experiments need to be done in order 
to determine how effective and how 
widely applicable this technique may 
prove to be. 

In summary, although it is much 
easier to measure K, values in the a 
laboratory than in the field, it is 
difficult to set conditions for the 
laboratory experiment so that its 
results will mirror those that would 
be obtained in the field. Generally, 
the best procedure is to try to 
reproduce field conditions as closely 
as possible in the laboratory, and 
then check the sensitivity of the K d 

value against changes in those 
parameters which cannot be exactly 
reproduced in the laboratory. When 
applying laboratory-measured K. 
values to field situations, one should 
keep in mind the possible differences 
in K, values when interpreting the 
results. 
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The preceding sections have 
described in some detail the effect 
of many parameters on distribution 
coefficients measured in the labora
tory. The method used (batch or 
column experiments)» nature of the 
sorbed species, the particle size of 
the sorbing material, and the nature 
of the solution and its pH all 
influence the values measured in a 
given material. It is also customary 
to record the duration of the test, 
since valid K.'s are contingent on 
obtaining equilibrium or conditions 
closely approaching it. Thus it 
should come as no surprise that con
siderable variation in K.'s has been 
recorded for similar tock types. 

Tables 23 and 24 contain K. values d 
obtained for NTS rock and other 
media in which nuclear explosives 
have been detonated. 

The values calculated by D. 
Hoffman (1975) from field measurements 
on NTS tuff are based on the assump
tion that the total amount of the 
various fission products was avail
able to the ground water. There is 
some question whether this in fact is 
the case, since the chimney in this 
investigation may not be entirely 
below the water table. In addition, 
some fraction, albeit small, of the 
various isotopes may be isolated from 
the water in glass at the bottom of 

the chimney. The calculation uses 
these assumptions in such a way that 
the K, calculated cannot be considered 
to be either a maximum or a minimum. 
It is quoted here because it is one 
of the first attempts ever made to 
evaluate a distribution coefficient 
at NTS in the field. It may be a 
good approximation of the K, appro
priate to this situation. 

D. HYDRODYNAMIC DISPERSION 

1. Description of Dispersive 
Processes 

If a certain mass of solute, 
hereafter referred to as a tracer, is 
introduced into a saturated porous 
flow domain, it will gradually spread 
and occupy an increasingly larger 
portion of the domain. The spread of 
the tracer is called the hydrodynaraic 
dispersion. It is a nonsteady, 
irreversible process in which the 
tracer mixes with the unlabeled 
portion of the liquid, and it cannot 
be predicted by consideration of 
average flow velocity alone. 

Hydrodynamic dispersion of a 
tracer reflects 1) external forces 
acting on the liquid (normally it is 
assumed that the hydraulic head 
potential, acting under isothermal 
conditions, is the only force poten
tial acting on the liquid), 2) the 
microscopic geometry of the pore 
system, 3) molecular diffusion under 
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Table 23. Distribution coefficients (K,) for KTS rocks and other nuclear-
explosive media: strontium and cesium. 

- . i l l , 1.itun lk,m.', U.14 0.0:7 Salur.i lrJ fltuund -ICUO ..n ?: Kurk anil lenski-
f U - i . . i p i J l m i l w.iir r (197i)) 

-153-



Table 24. Distribution coefficients (K.) for NTS rocks and other nuclear-explosive media: 
other radionuclides.a 

Medium Kr 
K d (ml/g) 

References Notes 

Alluvium, 
Central Nevada 
(Faultless 
site) 
Tuff, Rainier 
Mesa, NTS 
Tuff, Rainier 
Mesa, NTS 
Zeolitic tuff, 
NTS (Area 4) 

Tuff, NTS 
(Area 5) 

Tuff, NTS 
Granodiorite, 
Climax Stock, 
NTS (Hardhat 
and Plledriver) 
Basalt, 4-
Buckboard Mesa, 
NTS (Danny Boy) 

30-1380 

20 

7.5 1.4 

0-3 

400 400 400 

1.1 

0.71-
.095 
0.91-
1.28 

<2*10 

Nork et al. 
(1971) 

Essington and Nork 
(1969) 

Goldberg et al. 
(1962) 

Scrudato and 
Raraspott (1973) 

Hoffman (1975) 

6700 Stead (1964) 
Beetem et al. 
(1962) 

Beetem et al. 
(1962) 

Angelo et al. 
(1962) 

Column experiments 
on core and Kr 
+ N gas. 
Approximate value 
based on water 
samples in parti
ally filled 
chimney. 

Ground 

Crushed 

Unless otherwise indicated, experimental conditions associated with data presented here are those associated 
with similar references used in Table 23. 



the influence of concentration 
gradients, 4) variations in liquid 
properties (often it is assumed that* 
with small tracer concentrations and 
isothermal conditions, the density 
and viscosity of the liquid will be 
invariant), 5) changes of tracer 
concentration caused by chemical and 
physical processes in the liquid phase, 
and 6) interactions between the 
liquid and solid phases. 

The two basic transport phenomena 
involved in hydrodynamic dispersion 
are convection - the circulative 
movement of liquid - and molecular 
diffusion. The system of intercon
nected openings within a saturated 
medium provides paths for the gener
ally divergent movement of a tracer 
in partly anastomosing flow. Local 
velocity variations along flow paths 
and between adjacent flow paths cause 
the tracer to spread and occupy 
increasingly larger volumes of the 
porous medium. Mechanical dispersion, 
as just described, results from con
vection and depends, not only on small 
velocity variations and inhomogenei-
ties, but on larger scale variations 
resulting from differences in hydrau
lic conductivity from place to place 
within the domain. 

Molecular diffusion results from 
concentration gradients of the tracer 
in the liquid phase and takes place 
even in the absence of liquid motion. 

It makes a limited contribution to 
hydrodynamlc dispersion in most field 
situations (Bredehoeft and Plnder, 
1973). 

2. Parameters of Dispersion 

Alt-hough hydrodynamlc dispersion 
includes the effects of mechanical 
dispersion as well as those of 
molecular diffusion, it has been 
reasonably well described by analogy 
to Fick's empirical first law of 
diffusion (Grove, 1969). The rate of 
transport of tracer through a unit 
cross section of a porous medium by 
hydrodynamic dispersion can be given 
by 

3c 
9x (28) 

where D is the coefficient of 
hydrodynamic dispersion, c is the 
tracer concentration, and x is the 
one-dimensional space coordinate. 
The coefficient of hydrodynaraic dis
persion is a parameter that describes, 
in an entirely unspecific manner, the 
complex processes Involved in hydro-
dynamic dispersion; it is a plienomeno-
logical coefficient that can only be 
evaluated by experiment (Bear, 1972). 

The coefficient of hydrodynamic 
dispersion, a second-rank symmetric 
tensor for anisotropic media, can be 
equated to its components: 

D = D f + D, (29) 
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where D' is the coefficient of 
mechanical dispersion, and D. is the 
coefficient of molecular diffusion. 
Theoretical arguments suggest and 
experiments seem to confirm that D' 
is proportional to the first power of 
the magnitude of average liquid flow 
velocity, V (Scheidegger, 1961). 
Hence 

D 1 = aV , (30) 

where a is termed the dispersivity 
of the medium. The dispersivity has 
dimensions of length and is some 
measure of the geometric character
istics of the medium. 

In anisotropic media, dispersi
vity, a, is represented by a fourth-
rank tensor whose 81 components can 
be reduced to 36 by means of symmetry 
properties (Scheidegger, 1961). Even 
with this simplification, the task of 
experimentally evaluating dispersivity 
in anisotropic media is formidable. 
In isotropic media, dispersivity can 
be reduced to two components, the 

taken with reference to the direction 
of liquid flow (Bear, 1961). 

3. Evaluation of Dispersivity 

In evaluating hydrodynamic 
dispersion, D (Eq. 29), molecular 
diffusion, D,, often is neglected. 
Evaluation of the coefficient of 
mechanical dispersion, 0', requires 

knowledge of the ground-water flow 
velocity, V, as a function of space 
and time in the flow domain, and of 
the dispersivity of the medium (Eq. 
30). Determination of ground-water 
velocity is discussed in Section II, 
C,3 and is discussed further at the 
end of this section. Useful esti
mates of longitudinal and transverse 
dispersivity have been made by 
calibrating mathematical models for 
transport of the solute against 
observed transport. In this process, 
values of dispersivity, and often 
effective aquifer porosity, are varied 
until the model reproduces the 
observed solute transport. Calibra
tion of one-dimensional models can 
only yield an estimate of longitudinal 
dispersivity. A summary of dispersi
vity values obtained from a number of 
models is included in Table 25. The 
range only spans an order of magnitude 
even though the lithology of the 
aquifers and their geologic setting 
differ considerably. No obvious 
correlation between dispersivity and 
effective porosity is evident. In 
two out of three cases the transverse 
dispersivities given in Table 25 are 
less than the corresponding longi
tudinal dispersivity. 

The longitudinal dispersivity of 
the Bonanza King Formation (a rock 
unit of the Lower Carbonate Aquifer 
at NTS; see Table 2) was determined 
in a two-well recirculating tracer 
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Table 25. Dispersivity values obtained by calibration of transport models against observed 
ground-water solute transport. 

Aquifer and location 

Longitudinal 
dispersivitys a. 

On) L 

Transverse 
dispersivity, a_ 

(m) 

Effective Porostiy 
of Aquifer «) Reference 

Cook Mountain Limestone, 
Tatum Dome, Mississippi 

Ocala Limestone, 
Brunswick, Georgia 

Pleistocene glacial outwash 
sand and gravel, Long 
Island, New York 

21.3 

20 

4.3 

23 

35 

35 

Fenske (1973) 

Bredehoeft and 
Finder (1973) 

Pinder (1973) 

San Andres Limestone, 21.3 
Roswell Basin, New Mexico 

Culebra dolomite member of 38.1 
Rustler Formation, near 
Carlsbad, New Mexico 

1 to 10 Rabinowitz and 
Gross (1972) 

Grove and Beetem 
(1971) 

Basalt lava flows and inter-
bedded sediments of the 
Snake River Plain aquifer, 
near Idaho Falls, Idaho 

91 10 Robertson and 
Barraclough (1973) 

Bonanza King Formation 
(Lower Carbonate Aquifer) 
near Nevada Test Site 

At least 1.5 
(see text) 

Claassen and 
Cordes (1975) 



test at a site 27 km southwest of 
Mercury, Nevada (Claassen and Cordes, 
1975). The value, 15 m, falls within 
the range for carbonate rocks at 
other locations and appears to be 
reasonable. 

The two-well tracer test of the 
Bonanza King Formation also provided 
a value (0.88 m) for the product of 
its porosity and thickness. If, as 
Claassen and Cordes indicate from 
other hydraulic tests, the effective 
thickness of the Bonanza King Forma
tion is only 1.5 m to 15 m, the 
effective porosity of these trans-
missive zones is in the range of 
from 6 to 60%. If, on the other 
hand, the tested thickness is taken 
do be 60 m, the vertical interval 
open to the formation during testing 
of the wells, the least value of 
bulk effective porosity that can be 
calculated from the porosity-
thickness product is 1.5%. This value 
of effective porosity is, we believe, 
a reasonable one for dense well-
fractured limestone and suggests that 
the estimated range of effective 
porosities used by Winograd and 
Thordarson (1975), 0.01 to 1%, may 
span unrealistically low values. 

E. TRANSPORT MODELS 

1. A One-Dimensional Transport 
Model 

A simple one-dimensional model 
describing the ground-water transport 

of a radioactive solute that takes 
account of longitudinal dispersion, 
radioactive decay, aquifer-solute 
interaction, and advection was 
developed by Holly et al. (1971). 
From material-balance considerations 
of the unidirectional flow of tracer-
labeled water in a homogeneous, iso
tropic aquifer, they derived an 
equation describing solute transport: 

3C. 3C 

3 2C, 

3x* 
3C. 

AC 

(3D 

where C. is the solute concentration 
-3 in water (dimensions: m*l ) , C is s 

the solute concentration in the solid 
_3 

aquifer material (mml ) , D is the 
coefficient of longitudinal hydro-

2 _i 
dynamic dispersion (I *t ) , x is 
the one-dimensional space coordinate 
(Z), 0 is the aquifer's effective 
porosity, X is the decay constant of 
a radioactive solute (t ) , V is the 
average interstitial ground-water 
flow velocity {l*t~*) , and t is 
time (£), 

Assuming that the solute-aquifer 
interactive processes occur with 
instantaneous equilibrium, that they 
are entirely reversible, and that a 
linear relationship exists between 
C. and C , the solute concentration in 
L S 

the solid aquifer material is given by 
C - K; C, . (32) 
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coefficient that is related to the 
distribution coefficient defined in 
Section V,C by 

(33) 

where p„ is the bulk density of the 
D 

aquifer material. 
Substituting Eq. (32) into Eq. 

(31) gives the final form of the one-
dimensional transport equation: 

3Ct 32C ac 

= o (34) 

where B, the retardation factor, is 
defined as 1 + [(1 - 6)/0]K^. 

Equation (34) can be solved for 
a number of useful situations by 
specification of appropriate initial 
and boundary conditions. For the case 
of transport of a radioactive solute 
from a nuclear chimney, the tracer-
labeled water is generally assumed to 

be introduced into the flow domain as 
^ome sort of finite pulse whose 
dimensions bear some relation to the 
shape and size of the chimney. The 
simplest case is that of a symmetric 
pulse whose tracer concentration is 
initially everywhere the* same. 

With the initial condition 

C L(x, ,0) = 0 for x > 0 , 
and the boundary conditions 

C L(X, , t ) -» 0 as 
t 

x -+ °°, 
> 0 

cL(o, , t ) - c 
o,o 

exp (-At) 

0 < t < t 
- o 

cL(o, . t ) = 0 
t > t 

0 
where t = = u rv, l . b( iing the li 

<35) 

(36) 

the tracer-labeled pulse, and C 
o,o 

the initial tracer concentration in 
the pulse at the chimney, the analytic 
solutions to Eq. (34) are (liully et 
al. 1971): 

CL(x,t) = -j C exp(-At) er r f c M f l ) + exp(^) erfc (i±V£ZB)] 
\2^Dt7I / ^ D ' > 2/SCJB >\ 

(37) 

and 

x - V(t - t ) / B i 
L(x.t) - \ CQ „ exp (-At) erfc ( i ^ f i ) - erfc ( * " " ° " " ) 
L l °'° I \ 2^5t7B / V 2/D(t - t J / B ' 

/Vx\ I . X + Vt/B . / » + V ( t - t„) /B 
' \tT"l e r f c —~^dzr ~ e r ^ c I — ^ ^ n r r ^ r " 

X ' I 2/Dt/B v 2/D(t - t )/B 

+ exp \ 

(38) 
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The boundary condition of Eq. (35) 
and the corresponding solution, 
Eq. (37), are appropriately applied 
prior to movement of the radioactive 
pulse a distance equal to its own 
length, while the condition of Eq. 
(36) and the corresponding solution, 
Eq. (38), are applied thereafter. 

The solutions of the one-
dimensional transport model can be 
applied to predict transport of 
radionuclides in ground-water flow, 
provided that some measure or estimate 
of the input parameters is available. 
Predictions based on this model are 
conservative in that dispersion 
transverse to the direction of flow 
is not accounted for and would serve 
to further diminish tracer 
concentrations. 

2. A Two-Pimensional Transport 
Model and Its Application 

Robertson and Barraclaugh (1973) 
simulated the transport of radioactive 
and stable solutes in the Snake River 
Plain aquifer beneath the Idaho 
National Engineering Laboratory. 
Their model involved two phases: 
hydraulic simulation and transport 
simulation. 

The equation governing two-
dimensional areal ground-water flow 
in a confined aquifer provides the 
basis for hydraulic simulation (PInder 
and Bredehoeft, 1968): 

3hx i_ (T ill) + iL rr — ) 
3x u x x 3x ; 3y k yy 3y' 

dh = s ft + ufay**) (39) 

where T and T are the principal xx yy 
components of transmissivity (trans-
miss ivity is the product of hydraulic 
conductivity and aquifer thickness), 
which are colinear with the assigned 
x and y coordinate directions, S is 
the storage coefficient as previously 
defined, W(x,y,t) is the flux of a 
hydraulic source or sink, and h is 
hydraulic head. 

The iterative-alternating-
direction implicit finite-difference 
technique described by Pinder and 
Bredehoeft (1968) and Bredehoeft and 
Pinder (1970) is used to solve 
Eq. (39). In applying the techniques, 
an orthogonal grid is superimposed on 
the area of the aquifer to be 
modeled, and values of T, 5, initial 
head, and fluxes representing natural 
and artificial recharge and discharge 
are assigned to nodes of the grid. 
The results of application of the 
technique are in the form of calcu
lated head values at the nodes, for 
each time increment, which are used 
in turn to generate hydraulic gradi
ents at the nodes. The hydraulic grad
ients are combined with the effective 
aquifer porosity and transmissivity 
to yield velocity vectors for ground
water flow at each node, for each 
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time increment of the calculation. 
The ground-water velocity vectors are 
the quantities used to couple the 
hydraulic and transport models. 

i 

An equation governing two-
dimensional radioactive solute trans
port in ground-water flow is given by 
Papadopulos and Winograd (1974): 

St " ( 9 C L + P B K d C L > fc 
(•S 

3C, 

yy ay yx 3; 

3h 

xx 3x 

X / OX 

9 C L ) D - r = / xy 9y' 

•J- (bV CT) 
3y y L 

b 9 Y a C L f t + Q ( x ' v » t ) C L ' A b 0 C L (40) 

where b is the aquifer thickness, V 
_ x 

and V are components of flow 
velocity in the x and y directions, 
Y is the unit weight of water, 
Q(x,y,t) is the flux of source liquid, 

the source liquid, and, according to 
Scheidegger (1961) and Pinder (1973), 
the components of the effective 
hydrodynamic dispersion coefficient 
for the total aquifer thickness are 

xx L —2 

yy D ^ + D ^ 

D = D + (Dt - D_) xy yx ^ L T' 

where D r a bV and D„ = a_,bV are 
coefficients of longitudinal and 
transverse hydrodynamic dispersion, 
respectively. The formulation in 
Eq. (40) neglects molecular diffusion. 

Robertson and Barraclaugh (1973) 
used an equation very similar to 
Eq. (40) to simulate transport in 
the Snake River Plain aquifer. 
Solution of their transport equation 
was accomplished by the method of 
characteristics (Pinder and Cooper, 
1970; Bredehoeft and Pinder, 1973). 
Their model, like the model described 
by Eq. (40), includes the effects of 
convective transport, two-dimensional 
hydrodynamic dispersion, radioactive 
decay, instantaneous-equilibrium, and 
linear-isothermal type reversible 
sorption. They had the great good 
fortune to work with substantial 
quantities of hydraulic and ground
water chemical data and were able to 
calibrate and validate both the 
hydraulic and solute transport models. 
They started with an adequate know
ledge of the areal variation in 
aquifer hydraulic properties and of 
the migration of various solutes over 
a twenty-ye^ar period. 
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The treated wastes injected since 
1952 directly into the saturated 
Snake River Plain aquifer at the 
Idaho National Engineering Laboratory 
have contained tritium and small 
amounts of other radioisotopes such 

90 137 as Sr and Cs. Studies based on 
water samples from 45 observation 
wells close to and down-gradient from 
points of injection show that tritium 
has moved substantial distances from 
the source, while the movement of 
90 ]37 

Sr and especially of ' Cs has been 
significantly retarded by sorption 

137 phenomena. In fact, Cs has not 
been detected in water from the 
observation wells- Similar wastes 
have also been discharged to surface 
ponds, causing liquid movement 
through the vadose zone to the water 
table. Only tritium has moved to 
the water table from these sources. 
The movement of other radioisotopes 
has apparently been retarded by 
sorption phenomena (Robertson and 
Barraclough, 1973). 

F. REQUIREMENTS FOR PREDICTION OF 
RADIONUCLIDE TRANSPORT IN 
SATURATED GROUND-WATER FLOW AT 
NTS 

1. One-Dimensional Models 

Prediction of radionuclide 
transport in saturated flow away 
from sites of undeground nuclear 
explosions beneath the water table 

requires that the parameters influenc
ing transport be evaluated in some 
way. Reference to Eq. (38) facili
tates identification of these 
parameters. For the relatively 
simple case of one-dimensional trans
port, it is necessary to evaluate: 

1. Average ground-water flow 
velocity, V 

2. Longitudinal dispersivlty, a. 
3. Distribution coefficient, K, 

d 
A. Effective porosity of the 

medium, 6 
5. Bulk density of the medium, 

P B 
6. Initial radionuclide concen

tration, C 
o,o 

7. Radionuclide decay constant, A 
8. Length of the contaminant, L. 

Ground-Water Flow Velocity — 
Knowledge of the speed of ground
water movement Is important in trans
port prediction, yet few estimates 
of it have been made at or near NTS. 
There are two classes of underground 
nuclear tests at NTS that deserve 
consideration. First are the tests 
conducted beneath the water table in 
the volcanic rocks of eastern Fahute 
Mesa, and second are tests conducted 
beneath Yucca Flat in saturated 
valley fill or volcanic rocks. 
Transport prediction from the former 
tests can reasonably start and 
proceed from consideration of areal 
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flow in the volcanic rocks. Trans
port from the latter class of tests 
may start with vertical flow down 
through valley fill and volcanic 
rocks, but ultimately, according to 
the present understanding of vertical 
leakage into the Lower Carbonate 
Aquifer, transport will be influenced 
by areal flow within the Lower 
Carbonate Aquifer. 

Estimates of ground-water 
velocity have been made for areal 
flow in volcanic rocks beneath 
eastern Pahute Mesa as well as for 
flow in the Lower Carbonate Aquifer 
beneath central Yucca Flat and in 
the vicinity of the Specter Range, 
a short distance south of NTS. 
Estimates of the rate of vertical 
downward movement of water in the 
Tuff Aquitard beneath Yucca Flat are 
also available. 

Longitudinal Dispersivity — 
Longitudinal dispersivity has been 
evaluated at one location for one 
formation of the Lower Carbonate 
Aquifer. It might be valid to assume 
that the other rock units of the 
Lower Carbonate Aquifer at other 
locations possess similar dispersi-
vities, as dispersivity seems to 
vary over only about an order of 
magnitude for various rock types in 
a variety of geologic settings in the 
United States. No measure of the 

dispersivity of volcanic rocks or 
of valley fill materials of NTS has 
been made. 

Distribution Coefficients — 
A few determinations of the distri
bution coefficient of rock types 
common to NTS flow systems for a 
number of radioisotopes occur in 
the literature (Section V,C,8). We 
suspect that more such information 
has been generated than we have found. 

Effective Porosity — Laboratory 
measurement of the effective porosity 
of rock froia the Tuff Aquitard 
represents one of the few measures 
of this elusive parameter. The 
results of the two-well recirculating 
tracer test in the Bonanza King 
Formation can be construed to yield 
an estimate of the effective porosity 
of the formation, but one could 
question the application of this 
value to other units of the Lower 
Carbonate Aquifer. 

Bulk Density — Satisfactory 
values for the bulk density of valley 
fill and volcanic rocks at NTS are 
available (Ramspott and Howard, 
1975)» A few data are contained in 
the same source for carbonate rocks. 

Initial Radionuclide Concentra
tion — Of the parameters influencing 
transport, the initial radionuclide 



concentration seems to stand as one 
of the most difficult to evaluate 
and Che lease understood. Typically, 
a series of assumptions is made in 
order to estimate initial concentra
tions. These assumptions generally 
are conservative, and yield what are 
believed to be overestimates of 
concentration. The only field 
measurements that have been attempted 
are at the BilV>« site, uhere a partial 
inventory was made, and at the Cambric 
site where studies are currently 
underway (see Section V,A). 

Radionuclide Decay Constants — 
Decay constants are readily derived 
from the half-lives of radionuclides 
of interest. 

Length of Contaminant Pulse — 
The contaminant pulse that moves from 
the site of an underground test is 
commonly assumed to be symmetric and 
to have dimensions similar to those 
of the chimney formed by cavity 
collapse. Knowledge of cavity radius, 
chijnney height, and water table 
position provides a basis for esti
mation of the length of the contami
nant pulse. We suspect that a 
symmetric, discrete pulse of 
contamination represents an over
simplification, but it seems that 
little observational data relates to 
the question. 

2. Two-Dimensional Models 

It is our opinion that knowledge 
of the transmissivity, T, and storage 
coefficient, S, of hydrogeologic 
units at NTS is too scattered and 
sparse to justify two-dimensional 
hydraulic modeling through solution 
of Eq. (39). It is possible that a 
satisfactory stea<' -state hydraulic 
model of the Lower Carbonate Aquifer 
beneath the eastern two-thirds of 
NTS and of saturated volcanic rocks 
beneath eastern Pahute Mesa could be 
derived. (Under steady conditions 
the terms on the right side of 
Eq. (39) equal zero.) The steady-
state hydraulic models could possibly 
be calibrated against existing 
hydraulic potentiometric maps of the 
areas, and velocity vectors calculated. 
We can see no way to calibrate and 
validate a transient model of the 
areas. 

With velocity vectors from 
steady-state solutions of Eq. (39), 
knowledge of transverse and longi
tudinal dispersivities, and of other 
parameters previously discussed, 
Eq. (40) could be solved to yield 
transport predictions under steady 
flow conditions. Critical to such 
calculations would be the disper-
sivity values used. As has been 
explained, calibration of a two-
dimensional transport model against 
observed transport is one of the 
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few means available by which 
reasonable dispersivity values can 

be determined. There Is no oppor
tunity for application of this 
technique of parameter identifica
tion at NTS because the movement of 
radionuclides from sites of under
ground tests below the water table 
has not been monitored in any detail. 
Therefore* an alternate method of 
evaluating transverse dispersivity 
in the Lower Carbonate Aquifer, and 
of evaluating both transverse and 
longitudinal dispersivities of the 
volcanic rocks of Pahute Mesa would 
have to be used. It might be 
sufficient to use conservatively 
small values of the dispersivity 
parameters. 

3. Past Estimates of Radionuclide 
Migration at NTS 

Fenske (1969) analyzed the 
90 ultimate disposition of Sr and 

tritium produced by a hypothetical 
nuclear explosion that produce' both 
1 megaton of. pure Pu fission and 
1 megaton of pure fusion yield. It 
was assumed that the explosion site 
was in Pahute Mesa (Area 20), NTS, 
that the device was detonated 650 m 
below the water table, that the 
resulting cavity and chimney had a 
radius of 130 m, and that the 
average rubble porosity was 15%. 

Further assumptions were that all 
radionuclides produced were dissolved 
and uniformly mixed in the ground 
water that filled the chimney, that 

4 
tritium production was 2 * 10 curies 
per kiloton of fusion yield, and 

90 that Sr production from plutonium 
fission was 1 * 10 2 Ci/kt. 

Assuming that the distribution 
90 coefficient for Sr is 200 ml/g, 

Fenske showed that sorption of the 
strontium by chimney rubble and the 
rock immediately outside the chimney 

90 is sufficient to lower the Sr content 
of the ground water to below the 
maximum permissible concentration by 
the time chimney outflow begins. 
He used a one-dimensional model and 
assumed a ground-water flow rate of 
100 m per year and a dispersivity of 
0.2 m. Using Eq. (36), he estimated 
the maximum distance that tritium 
above the maximum permissible con
centration would move to be about 
14.5 km from the source in 145 years. 

The assumed value of dispersi
vity, 0.2 m, used in the transport 
estimate is conservative; we would 
expect the dispersivity to be at 
least 10 m (see Table 25). The 
assumption of complete mixing of any 
dissolved isotope in water of the 
chimney is an oversimplification. 
Less than complete mixing probably 
exists in most chimneys and locally 
results in greater isotopic 



concentrations than would otherwise 
be predicted. Offsetting this factor 
is the unlikelihood that all fission 
or fusion products can be incorpor
ated into chimney waters over signi
ficant time intervals. These 

considerations serve to point up 
the need for additional investigation 
of the distribution of radionuclides 
near underground nuclear explosions 
and the radioisotopic content of 
chimney water. 

VI. Current Field Research on Radionuclide Migration at NTS 

There are several field projects 
in progress at NTS which have not yet 
reached the stage where published 
reports are available. Because of 
their relevance, a brief summary is 
given here. 'Hiese projects will be 
identified by the names of the 
assocla J events: Cambric, Starwort, 
and Almendro. Several general 
projects of the USGS are also 
described. 

A. CAMBRIC STUDIES 

The Cambric event was an 0.75-kt 
nuclear explosion detonated Hay 1965 
in hole U5e at Frenchman Flat. The 
shot point was at a depth of 296 m 
in alluvium, and the preshot water 
table was at 220 m depth. It is a 
good location for radionuclide 
migration studies because the test 
is known to have deposited 6 t 0.3 g 

3 of H into the environment. The 
rest of the radionuclide source 
term is also known reasonably well. 

The experiment was carried out 
in two stages. In tbe first, 
information about the hydrologic 
source term was sought by drilling 
a hole, RNM-1, into the chimney-
cavity region (Fig. 31). 

RNM-1 was drilled to below the 
lower cavity boundary, and sidewall 
samples in the chimnev and puddle 
glass were taken. The well was cased 
and drilled below the casing to 397 m 
slant depth (SHD). Samples of pumped 
water were analyzed for their radio
nuclide content. They came from 
five zones: the 382-397 re SHD 
interval below the cavity, two zones 
within the chimney-cavity, one at the 
chimney boundary, and one outside the 

90 3 chimney. Only Sr and H have been 
detected above MPC. The interpreta
tion of these data ha? not yet been 
completed. 

The second phase was the drilling 
and completion of hole RNM-2s, which 
lies 91 m south of U5e. Pumping of 
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North 

Fig. 31. U5e s i t e (Cambric). 

this well was designed to induce an 
artificial gradient and thus to draw 
water from the chimney toward RNM-2S. 
Identification of the initial break-

3 
through of H will give data on 
actual field migration of nuclides 
at one location at NTS. As of 
February 1976, over 5 x 10 gallons 

5 3 
(1.9 * 10 m ) of water had been pumped 
without a sign of radioactivity; 

howeverj predictions had suggested 
that as much as 7 * 10 gallons 

5 3 (2.6 x 10 m ) would be withdrawn 
before breakthrough. 

B. STARWORT STUDIES 

The Starwort event was an 85-kt 
nuclear explosion at emplacement hole 
U2bs in Yucca Flat. The shot point 
was in tuff at a depth of 564 r. The 
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preshot water table was at 524 m 
(Fig. 32). The project plan was to 
leave a strong casing in the 
standard postshot drill hole, per
forate, and sample the water through 
time. It was also planned to record 
the chimney in-fill rate and the 
temperature in the cavity. 

The above plan was carried out; 
however, when the temperature bad 
cooled to the boiling point and in
fill was expec ed to begin, ground 
motion from a nearby test severely 
damaged the casing. The ability to 
monitor the water in-fill and to 
pump samples was thus lost. Starwort 

Paleozoic rocks 
at ~ 9 7 5 m d-jth 

Fluid level 656.2 m measured depth 
(9/19/74) 

Fig. 32. U2bs site (Starwort). 
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was detonated in April 1973, and the 
pipe was perforated in August 1973. 
There had apparently been no in-fill 
by December 1975, when the casing 
was sheared. 

D. USGS HYDROLOGIC STUDIES 

1. Single-Well Tracer Tests 

The U.S. Geological Survey has 
been working to develop a single-well 
tracer technique to estimate ground
water flow velocity. The great 
depths to the aquifers throughout the 
testing areas make multiple-well 
tests prohibitively expensive. The 
basic plan is to release a tracer, 
let it drift for a period of time 
(6 months), and then pump the well 
until the tracer reappears. The 
amount of water pumped should be 

proportional to the flow velocity. 
Tests have been carried out at well 
J-12 in Jackass Plats and well U3cn-5 
in Yucca Flat. 

2. Yucca Playa Recharge Study 

There are cracks thousands of 
meters long and several meters wide 
in Yucca Playa. They are apparently 
related to the overall tectonic stress 
state at NTS (Carr, 1974). Large 
volumes of water have been observed 
to flow into these cracks following 
local precipitation. A system of 
dikes and flumes has been constructed, 
and measurements are being made. The 
work has two purposes: 1) to obtain 
an overall understanding of recharging 
of the ground-water system and 2) to 
evaluate the possibility that surface 
radionuclide fallout from nearby 

C. ALMENDRO STUDIES 

The design of the Almendro study 
is essentially similar to that of 
Starwort. The event was detonated in 
ashflow tuff in hole Ul9v at Pahute 
Mesa in June 1973. The shot point 
was at 1064 m depth, 381 m below the 
preshot water table. No perforations 
in the casing have been made at the 
Almendro site because the temperature 
has not yet declined to a value low 
enough for the instruments to function 
satisfactorily. When the perforations 
are made, water levels will be 
monitored and samples taken. 

The basic purpose of all three 
of the studies is to gain some field 
data bearing on the question of the 
relation of the hydrologic source 
term to the radiochemical source 
term. The theories, predictions, 
and laboratory leaching measurements 
have been summarized elsewhere in 
this report, but aside from the 
Bilby event, there is little or no 
field data. The data already 
gained from the Cambric site give 
some information for alluvium; the 
Alraendro site may provide similar 
data in tuff. 
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atmospheric tests has entered the 
ground-water system through these 
cracks. 
3. Pahute Mesa Hydrochetnistry 

A study of the hydrochemistry 
of the Pahute Mesa ground-water system 
is being used to infer the direction 

of ground-water flow from eastern 
Pahute Mesa Studies of this type 
have bean described eazlicr in this 
report; the purpose of the current 
work is to provide more information 
about one specific area where details 
are sparse. 

VII. Summary and Conclusions 

The purpose of this document is 
to summarize relevant knowledge 
about movement of radionuclides in 
the ground, with particular reference 
to the Nevada Test Site. This report 
is largely a synopsis of the work of 
others, although some sections, e.g., 
Section IV,A, on radionuclide source 
terms, include data not previously 
reported. The stimulus for writing 
the report was the fact that, although 
it appeared that migration of radio
nuclides off the Nevada Test Site was 
a remote possibility, our current 
knowledge did not allow a categorical 
statement that there would be no off-
site migration, or that, if such 
migration occurred, it would be 
limited to specific isotopes or involve 
predictable amounts. After reviewing 
Che literature, we still cannot 
answer all questions, but we do draw 
the following conclusions: 

• Migration of radionuclides other 
than tritium to offsite public wells 
or springs at levels greater thai. 
MPC is unlikely. 

• Subsurface migration offsite of 
tritium above MPC levels is possible, 
but there seems to be a small pro
bability of its appearance in offsite 
public wells or springs. 

• The most likely source of 
tritium if it appears offsite is 
Pahute Mesa. 

• Understanding of the subject of 
migration of radionuclides at NTS is 
hampered by a lack of values for funda
mental parameters used in transport 
calculations. 

In writing this report we had 
two goals: to collect and summarize 
the relevant information in one 
document, and to use this summary as 
the base for recommendations for 
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future studies that would minimize 
present uncertainties. 

A. NEVADA TEST SITE 

History of Nuclear Testing 

The Nevada Test Site has been 
used for nuclear testing since 1951. 
The first underground test was 
detonated in 1957; the first test 
below the water table was conducted 
at Yucca Flat in 1962, and similar 
tests at Pahute Mesa and Frenchman 
Flat started in 1965. Therefore, 
there is an 11- to 14-year history 
of testing below the water table in 
various areas at NTS. 

All but six NTS tests have been 
detonated in valley fill or volcanic 
rocks. Of these six, two were in 
granite and four were in carbonate 
rock, all with shot points above the 
water table. Two of the tests In 
carbonate rock, Nash and Bourbon, 
were detonated near the water table 
beneath Yucca Flat. 

Of the more than 300 underground 
tests at NTS, 78 have shot points or 
lower cavity edges that lie below the 
water table. If one considers tests 
with cavity boundaries within 75 m. 
of the water table, there are an 
additional 38 tests where there is a 
possiblity of interaction with the 
ground-water system. 

NTS Geographic Setting 

The Nevada Test Site is in the 
most arid part of Nevada, which is 
the most arid state in the United 
States. Death Valley lies about 
50 km southwest of NTS. The north
western part of NTS comprises mesas 
and ranges which owe their genesis 
to volcanic activity, but the 
southeastern part of NTS has block-
faulted basins which are typical of 
Basin and Range topography. The 
rocks at the surface and in the sub
surface at NTS are mainly of 
Precambrian and Paleozoic sedimentary 
origin and of Tertiary volcanic 
origin. Cenozoic alluvial and lacus
trine deposits occur in most of the 
valleys and depressions. 

In general, there is a rough 
overall ground-surface slope across 
NTS from the northeast to the 
southwest, toward Death Valley. Most 
valleys at NTS drain to piayas 
located within each valley. No impor
tant perennial or intermittent 
streams exist at NTS or in the nearby 
surrounding area. Although there 
are no specific measurements, all 
indications are that annual precipita
tion in the valleys of NTS and 
surrounding regions is equalled or 
exceeded by annual evapotranspiration. 
There may be a slight excess of 
precipitation in upland areas. 



The Nevada Test Site is remote 
and isolated. The nearest population 
center is Las Vegas, located 120 km 
southeast, although there are small 
towns 50 to 60 km from the test areas. 
A history of government control for 
the surrounding Bombing and Gunnery 
Range has served to virtually 
preclude the scattered rural residence 
pattern typical of most of the United 
States. 

Hydrogeology of the Nevada Test Site 
and Vicinity 

The hydrogeologic framework of 
the NTS area has been reasonably 
well defined. According to this 
definition, NTS falls within parts 
of two ground-water systems. The 
eastern two-thirds of NTS lies within 
the Ash Meadows ground-water basin, 
while the western one-third of the 
test site is a part of the Pahute 
Mesa ground-water system. 

A common assumption in regional 
hydrologic studies is that ground
water basins generally coincide with 
major surface-drainage basins. 
Investigations in southern and eastern 
Nevada in the last two decades have 
shown that a discrete ground-water 
basin is not always associated with 
each topographic basin or drainage 
area. This concept of interbasin 
ground-water flow is exceedingly 
important to the question of radio
nuclide migration at the Nevada Test 

Site. The regional hydrology of the 
NTS area appears to be well estab
lished (Figs. 13 and 14) - b y this 
we mean the direction and ultimate 
destination, not the velocities, of 
flow. It is important to note that 
available evidence supports the 
existence of a ground-water divide 
between the Test Site and Las Vegas. 
It is also important to note that 
the first natural discharge areas for 
water which passes beneath the NTS 
are at Ash Meadows in the Amargosa 
Desert and in Oasis Valley. 

Yucca Flat, Frenchman Flat, 
Mercury Valley, Rock Valley, and a 
part of eastern Jackass Flats, and 
the ranges bordering and separating 
these valleys, lie within the Ash 
Meadows ground-water basin. Within 
Yucca and Frenchman Flats, ground 
water moves downward from the 
saturated Cenozoic strata to the 
Lower Carbonate Aquifer. Thus, 
ground water within these valleys 
leaves them by way of the Lower 
Carbonate Aquifer. Flow in the 
Lower Carbonate Aquifer moves from 
beneath Yucca Flat to the discharge 
area at Ash Meadows, and perhaps 
beyond, via Frenchman Flat and 
Mercury Valley. 

The Lower Carbonate Aquifer has 
wide areal distribution and lies 
above the zone of saturation only 
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in the vicinity of outcrops or sub
surface structural highs of the 
underlying Lower Clastic Aquitard. 
Ground-water flow in the Lower 
Carbonate Aquifer is mainly through 
interconnected fractures and serves 
to link the valleys of the eastern 
part of NTS into the Ash Meadows 
system. Hydraulic testing of the 
Lower Carbonate Aquifer has been 
restricted to fewer than two-dozen 
wells or test holes at NTS and 
vicinity. These tests have enabled 
an evaluation of hydraulic head and 
transmissivity, bul measurement of the 
coefficient of storage or effective 
porosity of the Lower Carbonate 
Aquifer has not been generally possible 
because of nonideal test conditions. 
The longitudinal dispersivity of one 
formation of the Lower Carbonate 
Aquifer has been evaluated in a 
two-well tracer test. Other results 
of this test permit estimation of the 
effective porosity of the formation 
as about 1.5% 

The Tuff Aquitard overlies the 
Lower Carbonate Aquifer in much of 
the eastern portion of NTS. The 
Aquitard contains substantial 
quantities of zeolite and clay 
minerals, and ground water presumably 
moves downward through it by means of 
interstitial flow. Measurement of 
hydraulic head in the Tuff Aquitard 
has been carried out in the field, 

but most knowledge of its hydraulic 
conductivity and effective porosity 
comes from laboratory tests of core 
materials. Overlying the Tuff 
Aquitard are various other volcanic 
aquifers and minor aquitards as well 
as valley-fill aquifers. 

The portion of the Pahute Mesa 
ground-water system that has been 
explored in any detail at depth is 
limited to eastern Pahute Mesa. 
Fractured rhyolitic lava flows and 
welded tuffs are considered to be 
the aquifers; the pathways are be
lieved to be fractures within the 
units. Nonwelded and altered tuffs 
generally act as aquitards. Fewer 
than two-dozen wells and test holes 
on eastern Pahute Mesa have provided 
data for evaluation of hydraulic head 
and transmissivity of the interbedded 
rhyolites and welded tuffs. No 
measure of the coefficient of storage 
or of the effective porosity of these 
units has been possible, and evalua
tion of dispersivity has not been 
attempted. 

Ground water is estimated to 
move downward through the Tuff Aqui
tard beneath Yucca Flat at average 

-i -2 rates of 1,5 * 10 to 6 * 10 m/year. 
The rate of lateral movement to the 
south in the Lower Carbonate Aquifer 
beneath central Yucca Flat has been 
estimated to range from 1.8 to 180 
m/year, on the basis of a range of 



values of effective porosity from 
0.01 to 1%. Similarly, flow rates of 
180 to 18,000 m/year beneath the 
Specter Range have been estimated. 
If the range is limited to effective 
porosities between 0.1 and 1%, as we 
believe to be more nearly the case, 
the estimates of rate of movement of 
water in the Lower Carbonate Aquifer 
beneath central Yucca Flat and beneath 
the Specter Range become 1.8 to 18 
m/year and 180 to 1800 m/year, 
respectively. An independent 
estimate of the rate of movement in 
one formation of the Carbonate 
Aquifer between the Specter Range 
and Ash Meadows, not dependent on an 
estimate of effective porosity by 
itself, was recently given as 18 to 
410 m/year. There are large gaps in 
the knowledge of the areal variation 
of hydraulic characteristics of the 
Lower Carbonate Aquifer in Frenchman 
Flat and Mercury Valley, where only 
one well in each valley has served 
to test the Aquifer. 

The general direction of ground
water movement beneath eastern Pahute 
Mesa is inferred to be to the south-
southwest. Ground water is presumed 
to move southward from Pahute Mesa 
toward the Amargosa Desert through 
Oasis Valley» Crater Flat, and 
western Jackass Flats. The Pahute 
Mesa system apparently discharges 
in Oasis Valley and in the Amargosa 

Desert, west of the Ash Meadows 
springs. There are large gaps in 
factual knowledge of the pattern of 
ground-water flow in the area between 
and including Timber Mountain and 
southern Crater Flat. Little, if 
any, subsurface information exists on 
the geology and hydrology of this 
area. South-southwesterly ground
water movement beneath eastern Pahute 
Mesa is estimated to occur at rates 
of from 2 to 76 m/year. 

Most tests in Yucca Flat, which 
is the major test area, have been 
located in the vadose zone. In 
developing the radionuclide source 
term presented in this report, only 
those tests detonated below the water 
table, or with a lower cavity boundary 
below the water table, were included. 
Therefore, it is important to estab
lish that tests in the vadose zone 
are in fact relatively isolated from 
the saturated ground-water system. 

There are a number of lines of 
evidence which suggest that there is 
no recharge to the water table from 
the surface of Yucca and Frenchman 
Flats downward: 1) Although site-
specific measurements are lacking, 
the general climatic data and obser
vations on the climate and botany of 
NTS indicate that evapotranspiration 
equals or exceeds annual infiltration 
in the test areas (there may be some 
recharge in the fringing bahadas). 



2) Measurements in areas of similar 
climate, southeastern Idaho and 
eastern Washington, have shown that 

3 penetration of water tagged with H 
from atmospheric nuclear testing has 
been less than 2 m in Idaho and less 
than 7 m in Washington; this method 
of analysis indicates the maximum 
depth to which water precipitated 
over more than ten years has 
penetrated; it seems reasonable to 
assume that similar conditions would 
be found in Yucca and Frenchman Flats. 
3) The presence of caliche can be 
interpreted to indicate that the 
common condition throughout deposition 
of the valley fill has been one of 
shallow penetration of precipitation 
followed by evapotranspiration. 
4) And, the depth to the water table 
under Yucca and Frenchman Flats is 
great (158-580 m). Nonetheless, 
some measurement of moisture transport 
beneath Yucca Flat and Frenchman Flat 
within the vadose zone is desirable. 

The question of possible recharge 
through the numerous craters formed 
by chimney collapse above nuclear 
tests needs special attention, because 
recharge selectively through these 
craters would funnel water directly 
through the areas enriched in radio
nuclides. Following rains, the water 
tends to pond in the craters and 
evaporate over a period of time. The 
floors of the craters develop a 

silt-clay coating which may be a form 
of self-sealing. It seems unlikely 
that significant recharge to the 
ground water occurs through the 
craters, but physical measurements 
are lacking. 

Ground-wat.- chemistry provides 
information for confirming the 
direction of movement of ground water 
at NTS. The basic ground-water type 
is a slightly alkaline bicarbonate 
one with <500 mg/£ dissolved solids. 
The nature of its cation content 
3snerally correlates with lithology. 
A relatively high sodium content in 
the water is related to contact with 
sodium-rich rhyolitic volcanic rocks, 
whereas a relatively low sodium 
content correlates to water that has 
spent its entire underground residence 
in the carbonate aquifers. What 
sodium that occurs in the waters of 
the Lower Carbonate Aquifer is 
believed to derive from overlying 
water-bearing tuffaceous rocks. 
Some sodium may, however, be supplied 
by "underflow" from Pahranagat Valley. 
The water chemistry of the valleys 
southeast of NTS (Indian Springs, 
Three Lakes, Las Vegas) contains 
little sodium and less dissolved 
solids than the water from the Lower 
Carbonate aquifer at NTS. This is 
another line of evidence that tends 
to rule out the movement of ground 
w^ter from the test site to the 
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southeast. By contrast, the 
similarity of the ground-water 
chemistries in the Lower Carbonate 
Aquifer beneath NTS and at Ash 
Meadows supports the conclusion that 
water is moving southwestward toward 
Ash Meadows. Other aspects of 
ground-water chemistry, such as 
deuterium content, concentration of 

14 dissolved solids, and C measurements, 
have confirmed the overall hydrologic 
regional framework outlined here. 

Composition of NTS Rocks 

Although there is a diverse 
array of rocks and minerals at NTS, 
most testing has taken place in 
either tuff or alluvium. For radio
nuclide migration, the relevant 
feature of the composition of the 
NTS rocks is the presence of zeolites 
and clays, which retard the movement 
of radioactivity to the Lower 
Carbonate Aquifer by sorption. 
Zeolite at NTS is as an alteration 
product of tuff or tuffaceous 
alluvium. To a lesser extent, this 
is also true of the sorptive clays. 
At Pahute Mesa, the aquitards are 
generally zeolitic, as is also the 
Lower Tuff Aquitard in Yucca Flat. 
The latter aquitard is also locally 
clay rich. Thus, the characteristics 
which produce an aquitard at NTS also 
seem, at least in the volcanic rocks, 
to be associated with factors that 

enhance sorption. Of the various 
clay minerals, montmorillonite is the 
most common* followed by illite. 

B. EXPLOSIVE PHENOMENOLOGY 

Cavities and Chimneys 

The initial feature formed by an 
underground nuclear explosion is a 
nearly spherical cavity. This cavity 
contains molten rock and gases, both 
of which contain radioactivity. 
Except for a few unusual situations, 
the cavity collapses in a matter of 
minutes to hours after the explosion; 
the approximately cylindrical column 
of rubble which results from the 
collapse is called a chimney. 

The rock melt produced is con
centrated in the lower portions of 
the cavity and is commonly called 
"puddle glass." The exact location 
of the melt glass will vary from 
test to test depending on individual 
cavity histories. Observations 
indicate that the melt glass is 
heterogeneous in nature as well as 
distribution. 

A number of papers have been 
written concerning the size and 
characteristics of chimneys. 
Unfortunately, most of the reliable 
data comes from a few events which 
are atypical of events in Yucca Flat. 
Factors such as rubble size, rubble 
porosity, chimney permeability, and 



hydraulic characteristics of the 
chimney are potentially of interest 
to the question of radionuclide 
migration at NTS. Rubble within a 
chimney has never been comprehensively 
sampled. 

and 5.2r . Some evidence exists which c 
Indicates that this radioactivity 
may have migrated to these levels 
prior to chimney formation, and that 
it has actually been displaced down
ward by the chimney collapse. Such 
considerations of timing are impor
tant because of the partitioning of 
volatile nuclides with very short 
half-lives. As studies in the con
tainment program have demonstrated, 
there are a number of man-made paths 
for the upward migration of cavity 
gas at early times (cables, cable 
bundles, pipe, etc.). These are 
ultimately blocked before the 
surface, but allow a short migration 
of radioactive gas up into the 
chimney region. 

Hydraulic Effects 

Among the other effects, the 
nuclear explosion actually affects 
the hydrologic system itself. An 
immediate effect is the formation of 
elevated hydraulic heads in the 
vicinity of the explosion. There 
have been actual observations of 
elevation of hydraulic head of as 
much as 146 m. The significance of 
these observations is that they 
provide evidence of a means of 
producing a lateral migration of 
ground wafer due to a temporary 
head-potential gradient. 

Extent of Fracturing 

A zone of highly crushed rock 
occurs around the cavity boundary to 
a distance of about 1.3 cavity radii 
(r ). Beyond that, to an outer limit 
of 2.5 to 4r in competent to 
semicompetent rock, lies a region of 
pervasively fractured material. By 
that is meant rock in which fractures 
can be recognized on all scales. At 
distances of 3.5 to 5.2r the com-c 
pressive stress of the shock wave 
becomes Coo low to fracture the rock. 
This "limit of shear failure" can be 
viewed as the maximum distance to 
which radioactivity is likely to 
migrate at early times. Such 
migration is more likely above the 
cavity than below or to the sides. 
Furthermore, the zone of highly 
crushed rock is regarded as imperme
able relative to rubblized rock, so 
that until it spalls off into the 
cavity or collapses by gravity, it 
retards the escape of gas. 

The actual data, however, estab
lish that there is radioactivity 
outside the cavity regions. In most 
events studied, it varied between 2 
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Radionuclides Injected beyond 
the peak of the mound would be 
transported away from the explosion 
point, while those in the central 
hydraulic depression, associated 
with the chimney, would tend to move 
back toward the source. There is 
some evidence to suggest that the 
ring mound (when it forms) dissipates 
more rapidly than the chimney fills; 
hence movement of ground water and 
radionuclides may be principally 
toward the chimney, while it is 
filling. 

Chimneys formed in saturated rock 
are "dewatered," snd in-fill of the 
chimney — the restoration of the 
preshot water level in the space 
where a ch: ey has formed — takes 
months to years to complete, during 
which time there is little possibility 
that migration of radionuclides away 
from the immediate vicinity of the 
test will occur. After chimney 
in-fill is complete, normal ground
water flow conditions are reestab
lished. Although there are <..d.y a 
few data points, the concept of 
chimney in-fill is well established, 
and there are computer codes which 
mathematically simulate it. For any 
particular location, however, in-fill 
predictions can be made only if there 
is a knowledge of the hydraulic 
characteristics of the rocks involved, 
and if some assumptions about thermal 
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gradients are made. Another factor 
which must be considered is the fact 
that there may be explosively created 
permeability, which will alter the 
preshot hydraulic characteristics of 
the site. If the crushed zones out
side the lower hemispheres of cavities 
are relatively impermeable, as there 
is some evidence to suggest, downward 
movement of water and dissolved 
radionuclides through the bases of 
chimneys may be effectively limited. 

C. NATURE AND DISTRIBUTION OF 
RADIOACTIVITY 

Source Terms 

In calculations of transport of 
radioactivity, the initial amount of 
radioactivity is called the source 
term. This concept has been modified 
at NTS so that the total amount of 
radioactivity introduced into the 
underground environment by a nuclear 
test is called the radionuclide 
source term. It Is distinguished 
from the hydrologic source term, 
which is the portion of the radio
nuclide source term dissolved in the 
water in the chimney and cavity 
region prior to dissipation or out
ward flow. 

There are three sources of 
radionuclides from underground nuclear 
testing: original nuclear material 
which has not undergone a fission or 



thermonuclear reaction; direct pro
ducts of the nuclear reactions (the 
fission products and tritium); and 
the radionuclides produced by neutron 
activation in the immediate vicinity 
of the explosion. 

The radionuclide source term at 
NTS has been estimated for the 78 
events detonated below the water 
table or having a cavity edge below 
the water table. The total fission 
yield for all events detonated at NTS 
below the water table or that had a 
cavity edge below the water table is 
slighL' over 3 Mt at Yucca Flat, 
slight. ver 4 Mt at Pahute Mesa, 
and less than 10 kt at Frenchman 
Flat. Approximations of the fission 
and activation products were made 
from the total fission yield. The 
amounts of tritium deposited at 
Yucca Flat and Pahute Mesa were 
estimated to be 3 and 10 kg, respec
tively. Crude estimates of the 

239 235 amounts of Pu and U were also 
made. The results of all these 
estimates were then assigned to the 
two ground-water systems (Pahute Mesa 
and Ash Meadows) and decayed to 
1000 years, assuming that all nuclides 
had been deposited simultaneously. 
Some general features emerged from 
this analysis which are pertinent 
to considerations of underground 
migration of radionuclides at NTS. 
First, there is a very considerable 
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reduction in the radioactivity even 
in the first 10 years. For example, 
at 10 years, them is only 1% as much 
fission-product activity as there 
was at 180 days, and only 4% as much 
activation-product activity. Even 
for tritium, there is about a 40% 
reduction in activity. Since under
ground testing at NTS has spanned a 
14 year period, these figures are 
relevant. After 100 years, only 10 
nuclides are present in amounts 
exceeding * urie. The most mobile 
cf these * The analysis 
indicates that the long-term problem 
(that is, on a time scale of 
centuries) is likely to be with 
plutonium. 

The hydrologic source term is 
less than the radionuclide source 
term. Many factors are responsible 
for the difference, including the 
"sealing" of radionuclides in the 
puddle glass, low solubility in water 
of some of the radionuclides, and 
sorption processes within the chimney 
rubble itself. In transport calcula
tions, the source term used is the 
hydrologic source term or an estimate 
of it, not the radionuclide source 
term. 

Distribution of Radioactivity within 
Chimney 

The radioactivity which consti
tutes the radiochemical source term 



is heterogeneously distributed 
throughout the chimney. In general 
it is fractionated according to the 
volatility of the nuclide or of a 
parent nuclide which existed early 
in the formation of the cavity and 
chimney. Elements with high boiling 
points or refractory elements are 
concentrated in the melt at very 
early times, whereas lower-boiling 
elements or nuclides with volatile 
precursers tend to disperse into the 
chimney rubble. Noncondensable gases 
such as krypton and xenon will tend 
to migrate farthest; condensable 
gases such as steam are also highly 
mobile. Because each chimney has a 
slightly different time-history, 
the exact distribution of radio
nuclides within it is unique. 
However, the general observation that 
refractory materials are concentrated 
in the melt and volatile materials 
in the chimney is valid for all. 

Transfer of Radioactivity to Ground 
Water 

The net transfer of radioactivity 
from the debris of an underground 
nuclear explosion to ground water can 
be considered the result of a two-
stage process. The first stage is 
the transference of the radioactive 
species from a melt matrix and/or from 
the surface of contaminated rubble to 
the solution. The second stage is 

the interaction of the species in 
solution with the rocks in the chimney 
environment, attended by resorption 
of some of the radioactivity. To 
understand the transfer of radio
activity to ground water, leaching 
experiments must be carried out. 
These experiments should differentiate 
between the two stages, give results 
that can be expressed as a rate, and 
be carried out over a sufficiently 
long period of time to be meaningful. 
There seem to have been no experiments 
which meet all of these qualifications; 
however, leaching experiments on 
puddle glass by both the U.S. and the 
French have indicated that only a 
small portion of the available 
activity is leached, in all cases 
less than 1%. 

The radioactivity on chimney 
rubble is on the surfaces of the 
pieces of rock and is readily 
accessible to ground water. There is 
a lack of experimental data on 
leaching of chimney rubble. 

The Soviets have measured 
radioactivity in water in a nuclear 
explosion crater. By necessily, the 
effect of sorption could not be 
dissociated from leaching. At the 
same time, they did leaching experi
ments on both melt samples and 
contaminated rock samples. Together, 
these experiments showed that species 
having volatile precursors had a 
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much greater tendency to go into 
solution (by one to three orders of 
magnitude) than the refractory fission 
products. Those species that occurred 
in both the melt samples and contam
inated rock samples showed an order-
of-ragnltude greater tendency to go 
into solution from the contaminated 
rock than from the melt samples. 

The only published measurements 
of radionuclides in chimney water 
at NTS are for the Bilby site. A 
cased postshot well drilled vertically 
down through the chimney was used to 
pump a substantial quantity of water, 
which was periodically sampled. The 
pumping and sampling actually took 
place during the latter stages of 
chimney in-fill. Except for tritium, 
all radionuclides ( 1 4 4Ce, 1 3 7 C s , 6 0 C o , 
1 0 6 R u , 1 2 5 S b , and 9 0Sr) were below 
maximum permissible concentrations as 
established by the Nuclear Regulatory 
Commission. The only compromising 
aspect of the data is that the well 
casing was bent, and pumping above the 
constrict! m mixed inflowing waters 
from the lower 200 m of the chimney 
with water from a few meters below the 
cavity boundary. Therefore, the 
amount of dilution from below the 
cavity, although probably small, 
is unknown, and the distribution of 
concentrations as a function of 
depth in the chimney was not 
determined. 

Until 1974, no radioactive con
tamination of ground water away from 
the immediate explosion sites had 
been identified. In 1974 and 1975, 
tritium in concentrations above that 
for uncontaminated ground water was 
detected in ground-water samples taken 
from two locations in Area 2 of Yucca 
Flat. Sampling at one of these 
locations yielded water whose tritium 
content was over three times greater 
than the maximum permissible concen
tration for the general public. 
Water from the second location con
tained tritium at levels below the 
maximum permissible concentration. 
The two locations are separated 
laterally from the nearest sites of 
nuclear explosions beneath the water 
table by 450 m and 330 m, respectively. 

General Principles of Interpretation 
of Analyses of Chimney Water 

If one takes what has thus far 
been established about explosion 
phenomenology and the nature and 
distribution of radioactivity, one 
can list some general principles for 
the interpretation of radiochemical 
analyses of chimney ground water at 
NTS. The measurements are commonly 
given as gross a, 3, and y activity. 
Such data can only be interpreted in 
terms of the maximum permissible 
concentrations (Is it above or 
below; if above, by how much?) or 
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the historical record at a site (Has 
the decline in activity been such 
as to have been expected from natural 
decay, or are other processes active?). 
If specific radionuclides are measured, 
a more sophisticated interpretation 
is possible, especially if additional 
information is available or can be 
estimated. What are the dimensions 
of the cavity and chimney; has the 
chimney completely filled; how much 
of the chimney is below the water 
table; what is the radioactive source 
term; how much melt was formed by the 
explosion; and how much radioactivity 
was trapped in the melt? Of the 
above questions, the greatest 
uncertainties are associated with the 
last two; how much melt per kiloton 
was formed, and what proportion of 
radioactivity trapped in the melt 
cannot be leached by the ground water. 
Given reasonable estimates for all 
but the last two variables, the 
maximum possible concentration (i.e., 
assuming that all is dissolved) of 
any particular radionuclide can be 
calculated. The difference hetween 
this calculated value and the measured 
value represents the summation of all 
processes which reduce the amount of 
radionuclides in the hydroLogic source 
term. Comparison of ratios between 
nuclides present in the water and in 
the radionuclide source term can be 
equally informative. 
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h. TRANSPORT OF RADIOACTIVITY IN 
GROUND WATER 

The movement of nongaseous 
radioactivity underground depends on 
the movement of flowing water and 
the interaction of the surrounding 
solid medium with species moving with 
the liquid phase. The rate of move
ment of the radioactivity can be 
retarded by its sorption on the rock 
medium through which the water flows. 

Dispersivity 

The water molecules have a 
distribution of flow velocities that 
transfer to a radioactive solute in 
the flow domain, so that not all the 
radioactivity will move at the same 
velocity. This and other effects 
give rise to hydrodynamic dispersion 
of the solute. This dispersion 
creates a concentration distribution, 
with the result that the peak concen
tration of a species cannot be 
greater than that of the source; 
and, as dispersion increases, the 
concentration distribution widens, 
with a consequential attenuation of 
the peak values. The average rate 
of movement of the radioactive solute 
will be the same as the avercge rate 
of movement of water if there is no 
sorption retardation by the surround
ing medium. 

In isotropic media dispersivity 
has two components: the longitudinal 



dispersivity and the transverse 
dispersivity, which are described with 
reference to the direction of liquid 
flow. Useful values of dispersivity 
can only be obtained from field data. 
Estimates have been made by calibrat
ing mathematical solute transport 
models against observed ground-water 
solute transport. The range of 
dispersivity values so obtained for 
a variety of aquifers in various 
geologic settings spans only an order 
of magnitude (12-137 m). The longi
tudinal dispersivity of one formation 
of the Lower Carbonate Aquifer was 
determined in a test near NTS to be 
15 m. 

Sorption 

The term sorption has been used 
to describe in a nonmechanistic way 
reactions whereby a species is removed 
from a liquid phase and held in some 
manner by a solid. Radioactive 
species may be sorbed from ground 
water by several different means. 
Surface charges on solid material may 
attract and hold from solution 
oppositely charged ions. The type of 
reaction with greatest significance 
to migration of radionuclides in 
ground-water flow is some form of 
ion exchange. The term "ion exchange" 
is generally reserved for reactions 
that are reversible; thus Ion-exchange 
sorption will serve to retard, but not 
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to stop, the flow of radioactive ions. 
When ion exchange occurs uuder at 
least quasi-equilibrium conditions, 
it can be described by the distribu
tion coefficient, K,. The distribu
tion coefficient is a lumped parameter 
defined as 

/amount of A \ j /weight \ 
„ _ u n solid phase'/ vof solid/ 
d /amount of A \ )/volume \ 

\in liquid phase/Aof liquid/ 

K. values for each combination of 
rock type and radioisotope of interest 
are required as input parameters in 
transport predictions. Values of the 
distribution coefficient can be 
measured fairly easily in the 
laboratory. Although the validity of 
applying laboratory measures of the 
parameter to field situations is 
often questionable, the greater 
difficulties of direct field measure
ment makes laboratory measurement 
attractive. Measured values of the 
distribution coefficient are strongly 
dependent on the physical and chemical 
conditions of measurement. Among 
other variables, mineralogy, particle 
size, nature of solution, and chemical 
nature of radioactive species are 
important. The following examples can 
be cited: In general, a decrease in 
particle size results in an increase 
in K d, Fresh silicate rocks have 
lower K.'s than their altered counter
parts. For the same reasons, old 



fractures absorb more than fresh 
fractures in a given rock. The 
sorption of Cs and Sr is greater than 
that of Ru and Sb and is probably 
related to the fact that the latter 
two elements form anionic complexes 
which do not readily take part in 
ion-exchange processes. Cs in clay-
rich rocks often is sorbed more than 
Sr because of lattice shrinkage that 
traps the larger ion. Pu forms a 
positively charged polymer that is 
highly sorbed in the pH range of 2 to 
8. However, because of the complexity 
of the processes influencing the 
distribution coefficient in poly-
mineralic rocks, it has been customax-y 

to determine K,'s for each rock and a 
site of concern. Rarely can such 
data be used elsewhere with confidence. 
The K's measured for NTS, which are d 
tabulated here (Table 23), also 
indicate considerable variability 
for single NTS rock types. 

One- and Two-Dimensional Transport 
Models 

One- and two-dimensional 
mathematical models exist that could 
be used for the prediction of 
transport of radionuclides in ground

water flow from sites of underground 
nuclear explosions. One-dimensional 
models are probably sufficient. 
Their use can account for hydrodynamic 
dispersion, radioactive decay, con-
vective transport, and instantaneous-
equilibrium and linear-isotherm types 
of reversible sorption of a radio
active solute in ground-water flow. 
Both models require as input param
eters known or estimated values of 
transmissivity, storage coefficient, 
hydraulic head, ground-water flow 
velocity, dispersivity, distribution 
coefficients, medium effective 
porosity, medium bulk density, 
initial source radionuclide concen
trations in ground water, radionuclide 
decay constants, and dimensions of 
the radioactive contaminant pulse. 
With the exception of radionuclide 
decay constants and medium bulk 
densities, values of the parameters 
are either lacking altogether or are 
known imperfectly. Thus, currently 
only crude predictions of radionuclide 
transport at NTS can be made. 
Reliable and convincing predictions 
await further evaluation of the 
parameters that control transport in 
the NTS area. 
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VIII. Recommendations 

A. PERSPECTIVE 

Consideration of the information 
summarized in this report has led us 
to believe that the probability is 
small that offsite ground-water 
supplies will be radioactively con
taminated, at levels above maximum 
permissible concentrations, by 
migration of radioactivity in ground
water flow from NTS. The low to 
moderate rates of ground-water move
ment from test areas to offsite areas 
should allow for substantial decay. 
Reduction of peak activity levels 
will result from dispersive processes, 
and sorption will retard the move
ment of most radioisotopes. Each 
underground nuclear explosion beneath 
the water table represents a discrete 
input of radioactivity, only a 
portion of which is free to move in 
ground-water flow. 

Although we conclude that there 
is a low potential for offsite radio
active contamination of ground water 
as a result of underground testing 
aL NTS, we are aware of the uncer
tainties involved in the existing 
knowledge and in the assumptions 
necessary to support this position. 
More information relating to radio
nuclide mobility in ground water at 
NTS is needed to substantiate a 
convincing argument. Some of the 

many unknowns or poorly determined 
parameters are more important than 
others in making reliable predictions 
as to what radionuclides may migrate 
beyond the test site and when this 
will occur, if ever. They also are 
crucial in appraising where radio
activity might be detected. We 
believe that tritium originating 
from Pahute Mesa tests poses the most 
immediate concern, primarily because 
of the larger amount of it deposited 
there and the proximity of some tests 
to NTS boundaries, and because some 
of the data for that area are sparse. 
Such a conclusion must be considered 
tentative, pending acquisition of 
additional information. 

The questions that need be 
answered in order to make positive 
assertions concerning migration of 
radionuclides can be assigned 
priorities. In viewing these 
judgments it must be remembered that 
priorities change as information 
accrues. For example, if measurement 
of distribution coefficients (K/s) 
for a given long-lived species is 
recommended because none exists for 
the isotope in common NTS rocks, 
that recommendation is contingent on 
the conviction that the radionuclide 
is available to ground waters at NTS. 
If an isotope proves to be refractory 



and remains in the solidified melt at 
the bottom of the cavity, then 
measurement of its K. should have a d 
lower priority. Similarly, if a 
sensitivity analysis of variables 
used in transport calculations proves 
certain of them to be relatively 
unimportant, their measurement would 
be given a lower priority than it 
would have without that information. 

A summary of our recommendations 
and their priorities is given in 
Table 26. The group is divided into 
the following categories: radio
nuclide source, hydrologic source, 
transport modeling and determination 
of requisite parameters, and observa
tions and checks on calculations. 
For convenience we have also divided 
the recommendations on the basis of 
the type of w*,rk required: field 
studies, laboratory studies, or 
analysis of existing information. 
A compattmental approach such as that 
shown in Table 26 has its limitations. 
Items under "Analysis of existing 
information" may in fact require 
additional data; some studies recom
mended may Involve field, laboratory, 
and analytical work. Thus, the 
assignments in Table 26 merely 
identify the most important facets 
of the proposed project. 

We are aware of che informal 
series of recommendations* jointly 

*Zjong-Range Hydrologio Program, USGS-
DRI Committee (February 1973). 

tendered to the U.S. Atomic Energy 
Commission by the U.S. Geological 
Survey and the Desert Research 
Institute, University of Nevada, 
Reno. While concurring with most of 
their proposed program, we have not 
organized our recommendations along 
the same lines. Their recomenda-
tions deal primarily with hydrological 
field studies at UTS and other sites 
of nuclear explosions. Although some 
of their proposals involve study of 
radionuclide migration (measurement 
and modeling) they do not address the 
need for information on the radio
nuclide source term in order to 
evaluate the acquired data. 

Some of the programs recommended 
by the USGS-DRI study have been 
implemented in the years following 
their presentation and are discussed 
elsewhere in this report, Otrn rs are 
under way, and their results should 
be available in the near future. 
Still others have not been supported 
but are iterated here as being 
worthwhile. We have not taken these 
circumstances into account in listing 
and assigning priorities to recommen
dations, since we feel that such 
programs in many instances deserve 
long-term support regardless of 
whether they are already started. 
In addition to a restructured series 
of priorities, we have included here 
a number of new proposals to augment 
the USGS-DRI list. 



Tjbfc 26 Synupws«ir rcnmrtinidattom. FIRST PRIORI TV. Saoond prionty. Third priority 

FfeMftmlfK Laboratory amdim 
Aoafyaft of vajatisg 

Dttarmmation of amount ol 
radioactivity daponmd imar NTS 
bomioafan, aaaiciaWy banaaii 
PWwttMaia. 

Dttarmination of amount! of 
radioactivity dapoailad dmjctty 
mho * • Lower Carbonalt 
Aquiftr. 

•WfCt -

. - • ' ' - • • 

Dttarmmation of amount ol 
radioactivity daponmd imar NTS 
bomioafan, aaaiciaWy banaaii 
PWwttMaia. 

Dttarmination of amount! of 
radioactivity dapoailad dmjctty 
mho * • Lower Carbonalt 
Aquiftr. 

rtydrotookal Confirmation ol anwnplion 
tfut radionudidt* do nol mifrjlt 
downward through tht vadom 
zone. 

Study of distribution of 
radioactivity in chimney 
rubble 

Measurement of rate ot 
movement ot ground watvr 
through Tuft Aguitatd 

Determination ot rate of 
m-titt of chimneys at NTS 

Determination ot patu 
iJO/ung of radionuclide* 
between melt and 
chimney rubble 

Study of amount ot melt 
produced per kitotott of 
yield m various NTS rocks 

Latxtrataty study ot 
teaching of glats and 
rubble. 

Study ol * t unpwaaad hob* 
mat panttrait tfit Toll 
Aouitard. 

Determination of continuity 
and thickness of '.he Tuff 
Aquitard 

TnMport DETERMINATION OF RATE 
OF MOVEMENT OF C R O W D 
WATER AT NTS, ESPECIALLY 
IN AND NEAR PAHUTE MESA; 
INCLUDING CONCOMITANT 
MEASUREMENTS OF LONGI
TUDINAL DISPERSIVITV, 
TRANSMISSIVITV. EFFECTIVE 
POROSITY. AND STORAGE. 

Daurmmation of distribution 
cortficttnu (K.> lot NTS 
•Hinrium. limtnont. and 
rhyoliia. 

Evaluation ot methods 
used to measure K 

Samitivicv anah/s* ol d a y * 
of moortanot of variant*! in 
tranapon modtte and 
calculation*. 

Use of one-dimensional 
transport equations to pre 
diet radionuclide migra\.on 

DETERMINATION OF RATE 
OF MOVEMENT OF C R O W D 
WATER AT NTS, ESPECIALLY 
IN AND NEAR PAHUTE MESA; 
INCLUDING CONCOMITANT 
MEASUREMENTS OF LONGI
TUDINAL DISPERSIVITV, 
TRANSMISSIVITV. EFFECTIVE 
POROSITY. AND STORAGE. 

Daurmmation of distribution 
cortficttnu (K.> lot NTS 
•Hinrium. limtnont. and 
rhyoliia. 

Evaluation ot methods 
used to measure K 

Samitivicv anah/s* ol d a y * 
of moortanot of variant*! in 
tranapon modtte and 
calculation*. 

Use of one-dimensional 
transport equations to pre 
diet radionuclide migra\.on 

M4flhMktO« 
tt'CHlHJOM 

MEASUREMENT OF TRITIUM 
AND OTHER RADIONUCLIDES 
IN WATER FROM ADDI
TIONAL CHIMNEYS AND 
ANALYSIS WITH REFERENCE 
TO RADIONUCLIDE SOURCE 
TERM. 

INSTIGATION OF PROGRAM 
TO MONITOR GROUND 
WATER IN DRILL HOLES 
LOCATED WHERE THEV HAVE 
HIGHEST PROBABILITY OF 
INTERSECTING FLOW OF 
CONTAMINATED WATER. 

Study ot configuration ot 
top of saturated mne. 

Study of distribution at dis 
tinct ground-water type* at 
NTS as a guide to direction 
ot //oiv and source 

Assignment ot responsibility 
for collecting and evaluating 
records ot radioactivity en 
countered m the drilling ot 
nexv holes at NTS 
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The priorities assigned to the 
reconsaendat ions in Table 26 are 
reflected in the degree of boldness 
of the type. Those that in our 
opinion deserve the highest prtortty 
are most conspicuous. On the follow
ing pages the recommendations .ire 
discussed one by one. For the sake 
of brevity, ;* jdi t ion.il nacki; round 
litf orm.il ion or discussion that is to 
be found elsewhere in tin* text is 
Indicated at the end of the descrip
tion by parenthetical reference to 
part icular «ec: ions of thi* report. 

Despite tin impression that 
might be had iron* t he ordering <•>! the 
recommend.*)t ion*, v.- :ec 1 that none 
of them should hv ignored and that all 
are wort hwhi le steps [o utKK-r.fl.KuSî : 
nitration o! radionuclides at M S . 
The following list is by no means 
eah-iutft ivc, as cm be determined by 
reading the results of ilw rSCS-l)fM 
study or recalling suggestions and 
notations of missing informal ion made 
throughout this text. 

a. FIRST PRiojtITV 

near or below MivC. 11 m i s can be 
demonstrated to be tin- general cane, it 
will have -i libstantial effect on the 
direction a; scope of future work. 
The number i . chimneys Clint have been 
sampled Is small, and the data aay 
be atvplcal. Therefore, Wi- consider 
the hi Kites t priority should be given 
to obtaining data on tlu- hvdrologlc 
source ter*as for additional events. 
Ideal ly, site." and samp 1 Inc. should 
1> represent as wide a geographical 
variety as possible, including events 
on i'.thttte Mesa; 2) include tsedla 
that have low sorption properties, 
e.g.. no»;:eolitic and nonargillaceous 
rocks; J) involve chimiu-vs that are 
(•a the process of in-fill so that a 
minimum ^f radioactivity will have 
migrated awav iron the site; 
-'•) require pumped samples HO that 
effects of contamination hv drilling 
fluids .iTv eliminated. Ther.v are 
certain locations at XTS where 
observations could be made with less 
expense than at others because of 
existing drill holes; these should be 
considered, but site selection should 
not be restricted to this group. 
f IV,t:. 1; IV,D; VI.AJ 

Evidence from the measurements 
made to date on pumped water samples 
from two chimneys suggests that all 

90 radionuclides but tritium and Sr are 
-18 

For most of the wells In the 
present monitoring system, there is 

http://ion.il
http://orm.il


only a remote possibility that any 
will ever produce contaminated water 
from an NTS source. An active 
progrun should be instigated to 
monitor radioactivity tn holes 
between existing sampling points In 
the monitoring network and chimneys 
near c»r below the water table that 
are liieely to be contaminated. 
Waters In Pantile Mesa and Area 2, 
Yucca Vim , an area of high lest 
activity, should be more completely 
monitnred. Only by accumulating 
o-na «.»n the observed nigral ton i*i 

radionuclides will we be able to 
verify predict Ions. (1V.K) 

Tac rale of movement of (found 
water at NTS is poorly known. A 
much more iimvinclng argument con
cerning probability of offsite 
contamination could he made if the 
prest.-nl estimates were better sub
stantiated. It is our understanding 
such studies have already been 
commissioned. Our recommendation 
is that they should be given a high 
level of support. Other important 
information that should be concurrent
ly acquired concerns hydraulic head 
potential in aquifers, and trans-
missivlty. dispcrsivity (with two 
wells), effective porosity, storage 
coefficient, and thickness of 

aquifers -- all parameters in the 
transport equations. 

One poorly known parameter is 
the longitudinal dispcrsivity in the 
aquifers below Pahute Mesa. It may 
be similar to values measured in the 
Bonanza King Formation; however, at 
this juncture that Is an assumption. 
Tills Important measurement possibly 
could be made on the edge of Pahute 
Mesa or at off site locations In 
conjunction with measurements of 
ground-water flow velocity and 
establishment of additional sampling 
points in the monitoring network. 
(1IVC,3; V,B; V,D; V,F) 

C. SECOND PRIORITY 

Tests near NTS boundaries should 
be selectively reviewed. The present 
report has treated the various areas 
within NTS (Yucca Flat, Frenchman 
Flat, and Pahute Mesa) as single 
entities, ignoring the great distance 
of Yucca Flat tests from all NTS 
boundaries and the relative proximity 
of Pahute Mesa tests to the northern 
and western boundaries, of tests 
conducted below the water table at 
NTS, the Pahute Mesa tests involve the 
greatest deposition of tritium and 



fission products into the ground 
water. <IV,A,1;IV,E) 

.''••*• ?"*::»:;,•: :* ••»: .** zn<.>:tr:'if j ' 

Tests in Yucca Flat that were 
conducted In the carbonaceous 
Paleozoic rocks (Bourbon and Nash) 
deserve special attention in the 
inventory because the radioactivity 
at these sites was probably deposited 
directly into the Lower Carbonate 
Aquifer underlying Yucca Flat. 

:?>_;>:;;; \»i: '•:• i. .7 .,:»J sa'-fU.:.atio>u;. 

The eight variables fo^nd in 
one-dimensional transport enuat ions 
have been described in this text. 
The velocity of the ground-water flow 
is probably the most important of 
the ei^ht. Beyond this statement, 
only qualitative assessment can be 
made of the relative importance of 
the others. A sensitivity analysis 
of variables in the transport 
equations should be carried out. The 
questions to be answered have to do 
with the relative importance of the 
individual parameters and estimation 
of the range or error that can be 
tolerated in each before the results 
are seriously compromised. This 
analysis could be used to guide 

further recommendations lor desired 
field and laboratory measurements. 
(V.F) 

•r. ;'zudy -;' thtr .0:1 luxijcd halt's 
'lut* - * *:c* s^n- * he '.'ufj' A^ui'vii-A. 

A study of the more than 30 
unplugged drilled holes that penetrate 
the Tuff Aquitard and extend into the 
Lower Carbonate Aquifer is warranted* 
since they represent an artificial 
connection between radioactivity above 
the aquitard and the saturated 
Carbonate Aquifer below, which 
extends offsite. Depending on their 
placement at NTS, these unplugged 
holes can be the main path to the 
aquifer taken by radioactive contami
nants. (II.C.3) 

;. '. *]f''r"^ati '•K ;' *h :stju"r.-

";'';riz*- .:^.J>'jA?pi throu,;>i ''•:- .*t.i-.st~ 

In establishing the radionuclide 
source term presented Ln this report, 
the assumption was made that the 
radionuclides deposited by testing in 
the vadose (unsaturated) zone are 
effectively isolated from the ground
water system. Only 78 of the more 
than 300 NTS tests were used to 
develop the source term used here. 
It Is therefore Important to establish 
that this is a valid assumption. The 
first objective would be study of the 
movement of moisture in the unsatu
rated zone. Of special interest are 



collapse craters above nuclear 
chimneys. Recharge through these 
craters could conceivably funnel water 
directly through the radionucltde-rich 
rock to the saturated zone. Although 
it seems unlikely that significant 
recharge to the ground water occurs 
through the craters, physical 
measurements are lacking. UI,C,3) 

/,..•;*;*;' -\>>,:c T. ,. fcr .7.V •I'.IUV'UF., 

*""!t.',\:.'..»;. , >. ; rh;i.'. : * » . 

As radioactively contaminated 
watt.*r percolates through rock, a 
large quantity of radioactivity can 
be retarded and even removed from the 
water and hence from the biosphere; 
therefore, it is important to have a 
measure of the amounts retarded and 
removed. The available NTS data 
should be improved, especially for 
a11uv i um, cat bona te rock, and rhyolite. 
Although they are difficult to measure, 
K, data for Pu, U, Sb, Ru, and Ce are d 
desirable, in addition to the more 

. 137„ . 90 o commonly measured Cs and Sr. 
It is possible that certain long-
lived activation products, such as 

Co, c, and Fe, shoi.ld also be 
considered, although the amounts 
produced at NTS have been small (Tables 
13, 15, and 16). (V, C) 

D. THIRD PRIORITY 

(The order of the recommendations 
below is of no significance.) 

1. Aissi.jrjner.t of responsibility 
for collec'tin-j c:*xd cvalu<2ting records 
of t^dioac-tivitu encountered in the 
din I liny of new Kites at UTS. 

Tritium has been detected in two 
routinely drilled holes in Yucca Flat, 
above MPC in one and below MPC in the 
other. This suggests that responsi
bility should be assigned for 
evaluating records of radioactivity 
encountered in emplacement and other 
newly-drilled ho3es. Negative 
information should be considered as 
well as evidences of radioactivity. 
If radioactivity is encountered, 
its nature and concentration should 
be determined. Such data are 
gathered in p-irt at the present time, 
but they are not extensive Oi1 collated 
so that they are useful. (IV,E) 

Leaching of glass and rubble is 
the primary mode whereby radioactivity 
is transferred to ground water. Most 
impo*".ant is the leaching of the 
rubble. Because the radioactivity 
contained therein is small compared 
with that in equal volumes of 

"puddle glass," most of our leaching 
data acquired in laboratory experi
ments have not been from rubble 
samples. The desirable experiments 
may be long-term leaching tests on 
selected rubble samples. <IV,C,l;-2) 
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3. Da termination of partition-
irki of radionuclides between melt and 
::himnei- rubble. 

The amount of long-lived 
radionuclides partitioned between 
the melt and the overlying chimney 
rubble warrants further study. The 
data available are sparse and lacking 
in juany respects. For example, they 
have been collected for atypical 

NTS experiments (granodiorite, 
shallow tests that were not adequately 
stemmed) and rarely for biologically 

3 90 
important isotopes ( H, Sr, etc.). 
(IV,B; IV tD) 

i. J**.!..;',• jf z'fw inouni cf melr 

The amount of melt produced per 
kiloton of yield is not well known as 
a function of rock type and water 
content. This parameter is important 
because it influences the amount of 
radioactive nuclides Chat can be 
bound up in relatively unleachable 
glass, all other things biing equal. 
(UI,A,1; IV,D) 

5. Measurement of ihe rate of 
movement of jround water through 
1 iff Aquitard. 

The Tuff Aquitard is an impedi
ment to downward flow of potentially 
contaminated water to ;he main NTS 
aquifers. Vertical flow through it 
has been inferred, but the mechanism 
(fracture or Interstitial flow) is 

uncertain. Confirmation of this rate 
is important; it is a limiting rate 
in estimating or calculating ultimate 
deposition in the '.ower Carbonate 
Aquifer. The tests may be difficult, 
but we feel that they wculd be 
worthwhile. (11,C,3) 

The Tuff Aquitard should be 
studied to determine whether it is a 
uniform deterrent to the migration 
of radionuclides throughout Yucca 
Flat. A clear description of this 
aquitard may influence future place
ment of underground nuclear tests. 
The pertinent data could be abstracted 
f*om existing structural contour maps 
of the top of the Grouse Canyon 
Member of the Indian Trail Formation, 
which Is near the top of the Tuff 
Aquitard, and from structural 
contour maps of the top of the 
Paleozoic section which underlies 
the aquttard. (ft,C,2) 

7. ;'Vii inin.:tion .-f r:tr of 
in-fill of I'himneja -it HTl\ 

The rate of in-fill of chimneys 
by ground water has been infrequently 
measured. It is not an important 
variable in prediction of migration 
over periods of decades, but it is 
important in predicting short-term 
effects. To this end, it might be 
worthwhile r:> refurbish the Starwort 



postshut hole which penetrated its 
chimney. (III,E,2) 

8. r,':»x '..titiuJi of "it trujfls used 

It is not clear which of the 
methods used to measure K. is most d 
applicable tci field situations. A 
few simple experiments could be 
conducted to determine which of the 
three usual methods (batch, column, 
or core experiments) is best. Our 
persuasion is that the core method 
currently hi/in^ used at LLL is 
superior, but conclusive studies 
have yet to be conducted. (V,C,7) 

.• .tf •• . 

The chemical composition of 
natural ground water at various places 
within NTS is an important guide to 
its source. Such inforwation is 
important in understanding the origin 
and details of transport of the water 
wherever it is encountered in wells 
or springs in or near the test site. 
On this account, distribution of the 
various types of ground water, i.e. 
waters differing in chemical character, 
should be described in greater detail 
than is presently done. (Il,CfA) 

10. r.tudit •<? Jiszi'ibut i-y; cf 

widica'-': ivi:.t ;>: c-hittn^ii rubblt . 

Distribution of radioactivity in 
chimney rubble is a matter of conjec
ture. Obtaining data will require 
sampling programs that may be diffi
cult to carry out. (IV.D; III,A,2) 

11. Jan f-f me-dbw nai<.<>> -i 1 

trans: -jrt equations tc : /v-ii?t 

rail-- >iu-'li-l< "lijratior,. 

Operation of the transport 
calculations for NTS situations and 
materials should be attempted, using 
existing estimates for the eight 
parameters. We consider a one-
dimensional calculation to be adequate. 
If the calculation was done with a 
known radionuclide source term, e.g. 
for Tybo on Pahute Mesa, meaningful 
Insights and results would be forth
coming. (V,E;-F) 

12. St.<;, ,;' the '.•*.;*: j:o-;i: K 

It should be possible to refine 
the water-table map of Yucca Flat by 
usini> water level data from explora
tory and emplacement holes drilled 
for the test program. Wells welded 
to the water-quality monitoring 
network could also supply additional 
data. A better water-table map of 
Yucca Flat would increase under
standing of real ground-water flow 
and radionuclide transport in the 
saturated tertiary volcanic rocks. 
(II,C,3) 
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Glossary 

(ltaliizcd wordu in the definitions are themselves defined in this glossary.) 

;.*r.;*.'.-*,* .>i ;r iu.'tc — Radionuclides formed in nuclear reactions other than 
those associated with fusion or fission. They are formed in parts of 
the .TIC 1 ear device or in its surroundings by radiations, usually neutrons, 
emitted by thu nuclear explosion. 

;;:«:','"." — A body of rock that contains sufficient saturated permeable 
material to conduct jr'-und oiter and to yield economically significant 
quantities of ground water to wells and springs. 

.:;:«:*;:»•: — A confining bed that retards but Joes not prevent the flow of 
water to or from an adjacent ip>tifer. It does not readily yield water to 
wells or springs but may serve as a storage unit for jround 'jater. 

:..i,'< i::.i.: — Compound aliuviil fans. 
•:l~'h> — Surface or near-surface deposits of soluble salts deposited by 

evaporation. In the southwestern United States, the salts are commonly 
calcium carbonate. 

rii'Cij — The void volume created around rhe shot point of an underground 
nuclear explosion. The void may or may not remain standing, depending 
on its position with respect to the ground surface and the strength 
properties of the medium. The cavity radius, r.. Is usually measured 
from the shot point to the bottom of the cavity. 

.•hi^i>u:^ — The cylindrical column of broken rock that repiuts from collapse 
of the spherical LMI»:*> surrounding the shot point oi an underground 
nuclear explosion. 

coefficient cf hudrodunomic dispersion — A phenomenologleal parameter that 
relates the rate of transport of tracer solute through a unit cross 
section of a saturated porous flew domain to the tracer concentration 
gradient. It has two components, the coefficient of mechanical dispersion 

and the coefficient of molecular diffusion. 

coefficient of mechanical dispersion — The major component of the coefficient 
of hydrodynamic dispersion in most ground-nxxzer flow situatiens. 

confined aquifer* — An aquifer* jltuaced between impermeable beds or beds of 
distinctly lower permeability than that of the aquifer itself. 
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Darcy's Law — An empirical formulation that relates the flow velocity of a 
fluid to the gradient of a mechanical force field causing the flow. 

description — A general term used to describe removal of absorbed material 
from an absorbent. The term can also mean the reverse of the process 
of absorption. 

dispersion — The summed effect of those processes of diffusion and mixing 
which tend to distribute dissolved materials from wastes through an 
increasing volume of ground water. The ultimate effect appears as a 
dilution of the wastes by ground water, 

dispersivity — A coefficient that relates the coefficient of mechanical 

dispersion to average ground-water flow velocity. 
distribution coefficient (KJ — Amount of the subject ion sorbed per gram 

of solid, divided by the amount of ion in solution per cubic centimeter 
of liquid after equilibrium is achieved. 

effective porosity The percentage of the total volume of a given mass of 
soil or rock that consists of interconnecting interstices. 

exchange capacity — The total number of equivalents of exchangeable ions 
contained in a unit weight of soil or minerals. The quantity found will 
sometimes vary with the method of analysis employed. The equilibrium 
constant is the mass action constant for the equilibrium achieved when 
a soil is contacted by waste solution. If the ion of interest in the 
waste solution is of very much lower concentration in the system than 
that of the ion initially saturating the solid phase, its sorption 
behavior may often be usefully described in terms of the equilibrium 
distribution coefficient (KJ, 

field capacity — Water content of a unit volume of soil after downward motion 
has ceased alter heavy rain or irrigation. 

fission products — Nuclides produced as a result of nuclei undergoing fission. 
They may be formed directly or as a result of the decay of the 

90 137 
initially formed fission products, e.g., Sr and Cs. 

fission yield — 1) The amount of energy produced in a nuclear explosion that 
comes from fission reactions. 2) Of a certain nuclide, the percentage of 
the number of fissions that result in the production of that nuclide. 
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fractionation index (F.l./ — An index to the quantity of any radionuclide 
present in a melt sample to what ideally would be present if no 
fractionation had occurred. It is also called the "Index of volatility" 
and can be calculated by 

( F P v / F P R ) m e a s u r e d 

* (FP /FP > ' 
^VR'ideal 

where FP.. and FP are volatile and refractory radionuclides, respectively. 
It is usually assumed that the refractory radionuclide Is not fraction
ated, i.e., that it remains associated with tha melt. 

ground water — Strictly, this term may refer to any water located in the 
ground, but generally ir is used with reference to the water In the zone 
of saturation. Zone of saturation refers to that part of the regional, 
unconfined water body in which the pressure head is greater than 
atmospheric. It is generally characterized as the zone in which the pores 
are completely filled with water. The capillary zone or the zone of 
partial saturation includes the formations which contain unbound water 
held by surface tension or forces of capillary attraction in partly filled 
pores. The water pressure head is less than atmospheric. The term water 

table, although not consistently defined in the same way, is usually used 
with reference to the level at which water stands in boreholes which just 
penetrate the upper zone of saturation. 

gi'ound-water discharge — The removal of water from the saturated zone across 
the water-table surface, together with the associated flow toward the 
water table within the saturated zone. 

ground-water recharge — The entry into the saturated zone of water made 
available at the water-table surface, together with the associated flow 
away from the water table within the saturated zone. 

half-life — The time necessary for a number of atoms to decay by half. It 
is equal to In 2 times the reciprocal of the radionuclide decay constant 

(A). 
hydraulic conductivity — A constant that relates flow velocity to hydraulic 

gradient in ground-water flow by way of Darcy 's Law* 
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hydraulic head gradient — The first derivative in the downstream direction 
of the hydraulic head, which is defined as 

* ^ + z -
where p is hydraulic pressure, p* is fluid density, g is the gravitational 
scaler, and Z is the position head. The term enters into Darcy's 
equation for laminar flow in a porous medium, which states that the rate 
of flow is proportional to the hydraulic head gradient. 

hydraulic head potential — The hydraulic head potential at a point in a 
saturated medium is given by 

where Z is the elevation of the point above an arbitrary horizontal datum, 
p is the positive hydraulic gauge pressure at the point, and y is the unit 
weight of water. 

hydrodynamic dispersion — A nonsteady, irreversible process in which a tracer 
solute mixes with the unlabeled portion of a moving liquid mass in a 
saturated porous flow domain. 

hydrologic source term — That portion of radionuclides deposited by an 
underground nuclear explosion dissolved in ground water in the chimney 

and cavivy region. 
karst terrain — A type of topography that is formed over limestone, dolomite, 

or gypsum by dissolving or solution, and that is characterized by closed 
depressions or sinkholes, caves, and underground drainage. 

leaching — The erosion or dissolution of material from a solid. The term 
may be used to describe the gradual erosion of buried solid wasce or the 
removal of sorbed material from the surface of a solid or porous bed. 

mass action taw — A law that states that in a homogeneous system the rate of 
a chemical reaction is proportional to the active masses of the reactants. 

mass chain — A series of nuclides with the same mass number, connected by 
3-decay, as for example produced by a fission reaction. 

matric potential — Synonymous with negative pressure potential, 
maximum permissible concentration (MFC) — That amount^of radioactive material 

in air, water, and foodstuffs which competent authorities have established 
as the maximum that would not create undue risk to human health. 
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negative hydraulic boundary — An aquifer boundary of relatively low 
permeability through which little or no flow of water occurs. 

negative pressure potential — The negative pressure potential at a point in 
an unsaturated medium is given by 

*P " Y ' 
where P is the negative hydraulic gauge pressure (less than atmospheric) 
at the point, resulting from capillary and adsorptive forces exerted hy 
the medium, and y is the unit weight of water. 

perched ground water — • Unconfined ground water separated from an underlying 
main body of ground water by an unsaturated zone. 

puddle glass — Rock melt found in the lower portion of a nuclear-explosion 
cavity, where It is believed to have formed a molten "puddle." It 
normally contains large quantities of refractory fission products and 
activation products, and fissile materials. Highly radioactive melts 
may occur elsewhere: above the shot point in the cavity-chimney area 
and in veins exterior to this area. 

radionuclide decay constant (usually written as X) — The rate of radioactive 
decay of a radionuclide is a constant proportion of thp number of atoms 
present. That constant of proportionality is the decay constant. The 
relation to half-life is 

t 1 / 2 = In lf\ . 

refractory fission product — A fission product whose boiling point is high 
enough so that it has already condensed out of the vapor phase at the 
time the cavity "bubble" bursts after an underground nuclear explosion, 

rubble — The broken and displaced rock material from the collapse of a 
cavity formed by a nuclear explosion. 

selectivity coefficient — The equilibrium constant for the ion exchange 
wherein ions of M compete with ions of A for exchange sites on the matrix. 

VA 
(MX ) a(A + a> m 

IĈ  A is the selectivity coefficient for M competing with A . 



sorption •— A broad terra referring Co reactions taking place within pores or 
on the surfaces of a solid. Its use avoids the problem of technical 
distinction between absorption and adsorption reactions. "Absorption" 
is generally used to refer to reactions taking place largely within the 
pores of solids, in which case the capacity of the solid is proportional 
to its volume. "Adsorption" refers to reactions taking place on solid 
surfaces, so that the capacity of a solid is proportional to its surface 
area. An example of the latter is ion exchange, whereby ions occupying 
charge sites on the surface of the solid are displaced by ions from 
solution. 

source term — A general term used to describe the initial inventory of 
fission products* unspent fissile material, and activation products at 
the site of a nuclear explosion. 

specific capacity — Discharge of a well, expressed as rate of yield per unit 
of drawdown. 

specific storage — The amount of water in storage that is released from a 
unit volume of saturated medium per unit decline in head. 

storage coefficient — The volume of water that a saturated stratum releases 
from or takes into storage per unit surface area of the stratum, per 
unit change in hydraulic head. 

subsidence craver — The surface depression formed when a nuclear chimney 

extends all the way to the ground surface above the explosion. 
tamped critical mass — The critical mass is the minimum mass of fissile 

material that can sustain a chain reaction under the existing conditions. 
The tamped critical mass is the critical mass when the material is 
surrounded by a "tamper" or neutron reflector; it is less than the 
untamped critical mass. 

thermonuclear yield — That amount of energy produced in a nuclear explosion 
that comes from fusion reactions of light nuclei. 

transmissivity — Product of hydraulic conductivity and aquifer thickness 
2 -1 

(dimensions: I *t ). 
unaonfined aquifer — An aquifer having a free hiater table* i.e., with water 

not confined under relatively impermeable beds. 
"underflow" — Movement of ground water beneath a point of reference at the 

surface; the point of reference may be a surface drainage divide, a 
spring line, etc. 
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oadosa water* — Water retained by the soil mass above the standing water 

table. 
volatile, fission product — A fission product whose boiling point is low 

enough so Lnat it is still in the vapor phase when the cavity breaks up 
after an underground nuclear explosion. 

water table — The surface separating the zone of saturation from the vadose 

zone; that surface of a body of unconfined ground water at which the 
pressure is atmospheric. 

jield — The energy released in a nuclear explosion. The unit of yield is 
usually given as the quantity of TNT required to produce the same 
amount of explosive energy, specifically tons, thousands of tons 
(kilotons or kt), or millions of tons (megatons or Mt). Since the energy 
released by TNT varies slightly with purity and conditions of detonation, 

12 
the kiloton is defined as the prompt release of exactly 1 x 10 calories 

19 (4.18 * 10 ergs). In discussing the yields of nuclear tests, ERDA 
uses the convention: "low yield" is less than 20 kt; '"low intermediate 
yield" is 20 to 200 kt; "intermediate yield" is 200 to 1000 kt (1 Mt); 
and "high yield" Is more than 1 Mt. 
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