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ABSTRACT

Field and laboratory studies were conducted to

assess the effect, if any, of residuals of ammonium nitrate

fuel oil (ANFO) detonation on ground-water quality of a

portion of Planet Valley, Arizona. Preliminary soil sam-

ples were taken near detonation sites to characterize back-

ground levels of NO
3
-N. Laboratory experiments were per-

formed to determine the mass of NO
3-N removed from soils

exposed and unexposed to the products of ANFO detonation.

Ground-water samples were taken from eight wells to monitor

changes of NO 3-N.

Preliminary soil samples showed that considerable

NO
3-N existed at some depths near detonation sites. Labo-

ratory study showed no significant difference between the

mass of NO 3-N leached from exposed soil and that eluted

from unexposed surface soil. Analyses of water samples

from all wells, except one, showed NO 3-N levels to he

similar to background values.

The source of NO 3
-N which occurred in the one well,

either natural soil NO
3
-N or NO

3
-N introduced as a residual

of ANFO detonation, could not be determined. The effect of

ANFO residuals on water quality was no more than would

occur if natural soil NO 3
-N were leached to the ground

water.



INTRODUCTION

In recent years, the consumption of ammonium

nitrate-fuel oil (ANFO) blasting agents has increased in

the United States, primarily because an oxygen-balanced

ANFO mixture is the cheapest source of explosive energy.

The consumption of ANFO during 1977 increased 15.1 percent

over that of 1976, with the coal mining industry consuming

62.5 percent of all ANFO manufactured (U.S. Bureau of

Mines, 1978). Table 1 shows the consumption of bulk

ammonium nitrate and fuel mixtures in the United States,

by state and use, for 1977. Additional uses of ANFO

include seismic prospecting, military testing, and improve-

ment of drainage in agricultural soils. Accompanying the

increase of ANFO utilization as a blasting agent is the

potential for contamination of the soil-air-water continuum

by the detonation products.

Various investigators have alluded to the possi-

bility of ground-water contamination by ANFO residuals.

Schmidt (1978) stated that nitrate nitrogen (NO
3-N) levels

in pit waters within copper mines south of Tucson, Arizona

may approach 23 mg/l. In studies on the Decker mine,

Montana, Van Voast (1974) indicated that samples of mine

effluent contained widely differing, but occasionally very

high concentrations of NO3-N due to fracturing of coal and

1
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overburden by ANFO. Similarly, Dettman, Olsen, and

Vinikour (1976) examined mine discharge from a coal strip

mine near Sheridan, Wyoming. They correlated high NO 3 -N

and ammonia nitrogen (NH 3-H) concentrations in pit dis-

charge to the use of ANFO during coal extraction. Occa-

sionally, farmers in the San Joaquin Valley, California,

have observed an improvement in tree growth and production

following ANFO use to remove impervious soil layers (Meyer,

1979).

Investigations to characterize the effect of ANFO

residuals on ground-water quality appear to be rare or even

nonexistent. During the summer of 1978 the Department of

Defense (DOD) conducted explosive tests at Planet Valley,

Arizona, to evaluate conditions for installing the proposed

MX missile; ANFO was used as a high energy source to simu-

late the cratering and ground shock phenomena resulting

from a nuclear explosion. The test program involved the

detonation of a single 109-metric-ton charge of ANFO on the

land surface on June 28, 1978, and an array of six, 109-

metric-ton charges on August 30, 1978. The DOD military

testing provided a source of ANFO residuals to study and

perhaps better understand the hydrologic consequences of

detonating ANFO in arid and semi-arid regions.

Specific objectives of this study were: (1) to

monitor spatial and temporal changes in the chemical compo-

sition of soil water and ground water in the vicinity of
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the detonations, particularly with respect to nitrogen

species, and (2) to conduct laboratory leaching experiments

to determine the mass and pattern of removal of NO 3-N and

NH
3
-N from soil affected by ANFO detonation and from sur-

face and subsurface materials unaffected by ANFO detona-

tion within the study area.



CHARACTERISTICS OF BLASTING AGENTS

Definition and Types 

The main distinction between explosives and blast-

ing agents is related to their safety in handling (U.S.

Bureau of Mines, 1978). Blasting agents are not as sensi-

tive to initiation as explosives and require a primer for

detonation. Also, explosives vary widely in composition,

whereas blasting agents are essentially ammonium nitrate

(AN) plus a fuel.

Blasting agents may be classified as dry or slurry.

Dry blasting agents are basically a mixture of granular AN

and a fuel oil (FO) or other carbonaceous material (Dick,

1968). Experimentation has proved that the most practical

and efficient formulation, in terms of field performance

and explosive properties, is a 94% AN, 6% FO mixture known

as ANFO. Advantages of ANFO are its safety in transporta-

tion, storage, and handling, as well as its low price com-

pared with that of other explosives. However, because AN 70

is primarily composed of highly soluble AN, it may deteri-

orate on exposure to water.

Various methods have been developed for field

formulation and use of ANFO mixtures. Most commonly, mixed

ANFO is loaded, either by hand or mechanically, into bore-

holes that have been drilled and spaced to insure adequate

6



7

fragmentation of the rock medium. A suitable primer is

added to achieve detonation. In surface or unconfined

blasting, AN is stacked in bags and FO is poured over the

AN, which is then detonated with a primer.

The ANFO mixtures are suitable when a moderate

degree of blasting is required, as in coal strip mining,

open-pit mining, and blasting of stratified limestone,

sandstone, and shale (Manon, 1977).

Slurry blasting agents are the most recent develop-

ment in blasting agent formulations. They were originally

designed to overcome the problems of ANFO and to produce

a denser explosive (Reed, 1974). A slurry is essentially

a mixture of an oxidizer and a fuel sensitizer in a liquid

medium, thickened with a gum, and gelled with a cross-

linking agent (U.S. Bureau of Mines, 1978). In most slur-

ries, AN is the primary oxidizer, although some sodium

nitrate is often added if more available oxygen and a

higher density are needed (Dick, 1972). Fuel sensitizers

are either explosive or nonexplosive. The thickening and

gelling of the slurry are required to prevent leaching of

soluble nitrate salts used as the oxidizers (Dick, 1972).

Generally, slurries equal or exceed the properties

of ANFO in the energy available in a given weight of

explosive. For this reason their use has become wide-

spread, especially under harder rock conditions (Reed,

1974).
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Chemistry and Products of ANFO Detonation 

If properly initiated, ANFO undergoes detonation.

Dick (1972) has defined detonation as a self-propagating,

exothermic decomposition, at a rate supersonic to the unre-

acted material, which produces more stable products, usu-

ally gases. Chaiken, Cook, and Ruhe (1974) have shown the

detonation of a stoichiometric ANFO mixture (AN-FO mass

ratio = 94.5 to 5.5) to be represented in gross terms by

the following overall reaction:

NH
4NO 3 + 0.047C 7 .17H14	 N 2 + 2.33H 20 + 0.336C0 2 

+ Energy

Nonstoichiometric amounts of fuel oil will produce a nega-

tive oxygen balance and change the amount and type of prod-

ucts and the amount of energy release.

Chaiken et al. (1974) determined the detonation

products of ANFO mixtures containing varying amounts of

fuel oil. Table 2 depicts the theoretical detonation

properties of an ANFO composition of 6% FO (most common for

commercial use) and the predicted amount of detonation

products from a 109-metric-ton ANFO charge.

Ammonium nitrate-fuel oil mixtures are non-ideal

explosives (Reed, 1974) in that other factors besides fuel

oil percentage influence their explosive properties and

the amount and types of detonation products. The explosive

properties and products are affected by density, charge
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Table 2. Theoretical detonation properties of ANFO (6% FO)
and predicted amount of products from a 109-
metric-ton charge. -- After Chaiken et al.
(1974).

Detonation Properties (NH4NO3--C 7.17H14)

Temperature--3170°K Pressure--36100 atm

Detonation Product Composition

Chemical
Moles/
kg

Percent by
Weight

109-metric-ton
Charge	 (kg)

H 20 27.4 49.0 54,432

N 2
11.7 32.8 34,927

0 2 0.002 1.0 1,179

H 2
0.253 0.05 54

NO 0.053 1.7 1,860

NO 2
5x10

-5 0.0322 34

N
20

3x10 4 0.0132 14

NH 3
0.050 0.085 91

0 2x10
-4 0.0032 4

OH 0.006 0.0239 3

CO 2
3.53 15.5 16,783

CO 0.761 2.1 2,268

HCN 0.002 0.0054 6

CH 4
2x10 -5 3.2x10-4 <0.45
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diameter, confinement, priming, water conditions, particle

size of the AN, and the degree of reaction (Reed, 1974).

However, the amount and types of detonation products as

depicted in Table 2 will be assumed to exist for the pur-

pose of this study. Particular constituents that may be

introduced or formed in soil and ground-water systems as a

result of ANFO detonation include cyanide, nitrate nitrogen,

and ammonia nitrogen.



NITROGEN FORMS AND MOBILITY

The wide distribution of nitrogen compounds in soil

and ground water and their intimate involvement with life

processes make their study complex. Commonly, the relation-

ship between the various compounds and the transformations

that can occur are presented schematically in a diagram

known as the nitrogen cycle. Figure 1 shows the major

aspects of the nitrogen cycle associated with the soil and

ground water.

The sources of nitrogen compounds include precipi-

tation and dustfall, waste water or waste-water effluent,

plant and animal matter, and artificial fertilizers (U.S.

Environmental Protection Agency, 1975). Also, nitrogen

gas is fixed by microorganisms living in the root nodules

of leguminous plants, by soil organisms, both aerobes and

anaerobes, and by some blue-green algae living in soil and

water (Feth, 1966). These sources of nitrogen, once incor-

porated into the soil or ground water, can generally be

classified as organic or inorganic.

Organic Nitrogen 

In soils, by far the greater total amount of

nitrogen (N) occurs as part of the organic matter complex.

However, the organic forms of soil N are, for the most

1 1
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part, considered immobilized and unavailable for plant

growth or leaching (Buckman and Brady, 1969). In arid and

semi-arid regions, arable soils are usually characterized

by a great deficiency in organic matter, and hence

organic N.

In ground water, organic N is rare unless the water

contains organic waste. Some sources of organic waste are

municipal waste-water effluents, industrial waste, and

feedlot runoff.

Organic matter is capable of being oxidized by

heterotrophic organisms. This results in a mineralization

of N to ammonia, a process known as ammonification (Figure

Inorganic Nitrogen

Ammonia Nitrogen 

Ammonia nitrogen represents the most reduced form

of inorganic N commonly found in soil and ground water.

NH 3 may be protonated in solution to form NH 4
+
, or it may

remain nonionic. This conversion is, of course, highly pH

dependent. The pH at which the transformation of aqueous

+NH
3 to NH4 is half complete is about 9.24 (Sillen and

Martell, 1964). Hem (1978) therefore suggested that in

most natural waters, any NH 3 in solution would have the

form NH 4
+ . However, in soils and ground water of arid

regions, solutions may have considerable base status,
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leading to the occurrence of both NH 3 and NH 4 1- . In any

form, ammonia nitrogen in ground water seldom exceeds a

few milligrams per liter (Bouwer, 1978).

The cationic nature of NH 4
+ 
permits its adsorption

and retention by colloidal material, largely clay and

organic matter. However, it is necessary that the porous

medium have a sufficiently high exchange capacity to retain

NH4
+ 

or the NH 4
+
 will be mobile, as is the water. Sandy

mediums with low exchange capacities permit appreciable

movement of NH
4
+
 into the subsurface (Tisdale and Nelson,

1975). Nonionic NH 3 is also capable of being retained by

soils as a consequence of polarity, which produces local-

ized charge within the molecule (Bohn, McNeal, and O'Connor,

(1979). This mechanism is most prominent if the organic

fraction of the soil is high.

Another possible fate of NH4 is its fixation by

clays with an expanding lattice (Buckman and Brady, 1969).

Montmorillonite, illite, and vermiculite have internal

negative charges, which attract NH 4
+ 
to surfaces between

crystal units and render the NH 4
+ 

a part of the crystal.

This process is reversible, and NH 4
+ 
may be replaced by

cations, which expand the lattice (Ca
2+ , Mg

2+
, Na

+
, and H

+
,

for example). However, this process can appreciably modify

the rate of movement NH
4
+
 in soil solution.

Ammonia nitrogen is capable of being assimilated

by plants (Figure 1), or, due to its oxidation state of
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minus 3, it is capable of being oxidized by bacteria to

other, more stable forms of inorganic N in the process of

nitrification (Figure 1). Although nitrite (NO 2 - ) is an

intermediate product of oxidation, under most natural

conditions it is further oxidized to nitrate nitrogen.

Nitrate Nitrogen 

Nitrate nitrogen, as the end member of the oxida-

tion chain of N, is the N-bearing ion most commonly occur-

ring in well-aerated soils and ground water.
_

In porous mediums, in general, NO 3 is highly

mobile and therefore subject to great spatial fluctuation.

This mobility is attributed to the electronegative nature

of the nitrate ion, which causes it to be repelled by the

exchange complex under most circumstances. Under some

conditions, that is, low pH and the presence of a mineral

whose surface charges are significantly pH dependent,

NO3 
is capable of being adsorbed onto mineral surface

sites. However, little NO 3 - adsorption occurs at pH

greater than 7, even in soils containing considerable pH-

dependent charge (Bohn et al., 1979).

Nitrate nitrogen mobility is affected by textural,

climactic, and cultural conditions. Bates and Tisdale

(1957) has presented data from column experiments that show

that the coarser the texture and greater the large pore

space of a soil, the greater will be the mean downward
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movement of NO
3 under the influence of a given quantity of

added water. Therefore, NO 3 - can be leached from a clay

soil as readily as from a sandy soil, except that the rate

of movement will be slower in the finer textured soil.

In humid areas and where irrigation is practiced,

NO 3 	be leached out of the upper soil layers by infil-

trating water (Bouwer, 1978). Conversely, in arid and

semi-arid regions and where upward, capillary movement of

water is possible, NO 3 	accumulate in the upper hori-

zons of the soil (Tisdale and Nelson, 1975). Under both

climatic conditions, if sufficient water exists to leach

NO3 from the surface layers, NO 3 may reach the ground

water.

Nitrate nitrogen concentrations in ground water

are highly variable and subject to seasonal variations.

Bouwer (1978) stated that where the natural N-enrichment

(nitrogen-fixation) processes have been going on for some

time, NO 3-N levels in ground water may be on the order of

1 to 50 mg/l. Kreitler and Jones (1975) found the ground

waters of Runnels County, Texas to be highly contaminated

with NO3-N. The average N O 3-N concentration was 57 mg/1

with a range of less than 1 mg/1 to over 700 mg/l. They

concluded the major source of NO 3-N in the ground water to

be natural soil NO 3-N formed by oxidation of soil organic

N and leached to the ground water.
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Feth (1966) discussed seasonal variations of NO
3
-N

concentrations in ground water. In municipal wells in

Kansas, NO
3-N concentrations varied as much as 3.4 mg/1

from low values in summer to high values in winter, where

the maximum NO
3-N concentration was 7.9 mg/1 (Metzler and

Stoltenberg, 1950). Seasonal leaching of NO 3 - from the

soil was inferred to be responsible for the variations

observed.

Nitrate loss from the soil can also occur as a

result of assimilation by plants and a few animals to form

protein and other nitrogen-containing compounds. In addi-

tion, NO 3 - is capable of being reduced to N 2 under anoxic

conditions by a broad range of bacteria in the process of

denitrification (Figure 1). Organic carbon serves as the

energy source for this conversion.

The maximum permitted concentration of NO 3-N for

public water supplies is 10 mg/l. This limit is imposed

due to the susceptibility of young infants to methemoglo-

binemia (Bouwer, 1978).

Cyanide 

The cyanide (CN - ) is not a primary constituent of

soil or ground water but finds its way into these systems

primarily through the activities of man. Because CN - is

toxic (maximum allowable in drinking water is 0.2 mg/1),

its behavior when introduced is of considerable concern.
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Recently, Fuller (1977) reviewed the chemistry of

CN- in soils. Cyanides were classified into simple and

complex forms. Simple forms contained an alkali or alka-

line earth metal as the cation, with CN present as CN- .

The complex forms were presented as bearing an alkali metal

cation in combination with a transition metal and cyanide

anion radical.

Alesii (1976) studied the mobility of simple and

complex forms of cyanide in soils. Cyanide as Fe(CN) 6
3-

and CN- in water were both found to be very mobile in

soils. Soil properties such as low pH, high percentage of

free-iron oxide and kaolin, chloride, and gibbsite type

clay (high positive charges) tended to increase attenua-

tion of cyanide. High pH, presence of free CaCO 3 (high

negative charge), low clay content, and montmorillonite

clay tended to increase the mobility of the cyanide forms.

The stability of cyanide forms in aqueous solution

is unclear; however, microorganisms are known to decompose

simple alkali cyanides and many alkali-metallic cyanides

to CN - in aqueous solution. The CN - is then subject to

further decomposition to NH 3 and NO 3 - under aerobic con-

ditions and to N
2 under anaerobic conditions (Fuller,

1977).



DESCRIPTION OF THE STUDY AREA

Location and Physiography 

The area of investigation is a portion of Planet

Valley, Arizona (Figure 2), in Mohave and Yuma Counties.

The explosive test sites are immediately north of the inter-

mittent Bill Williams River in sec. 36, T. 11 N., R. 16 W.

of the Gila and Salt River Base and Meridian. Ground-water

quality was monitored for this study by sampling wells

occurring in sections 25, 35, and 36 of T. 11 N., R. 16 W.

Figure 3 illustrates the study area and the location of the

ANFO detonation sites.

The study area is in the Western Range and Irri-

gated Region of the Sonoran Desert section of the Basin and

Range province. The actual testing sites lie within a

valley at an average elevation of about 207 m MSL, at the

approximate depositional confluence of a desert wash (named

Misers Wash) and the Bill Williams River. The valley is

bordered on the east by Black Mesa (Figure 3) and terrace

deposits of ancestral streams that were once tributary to

the Bill Williams River. Misers Wash enters the valley

approximately 1.2 km northeast of the test sites, through

low-lying terrace and alluvial fan deposits (Figure 3).

The Bill Williams River and the metamorphic rocks of the

Buckskin Mountains lie south of the valley (Figure 3).

19
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West of the valley lie terrace and alluvial fan deposits

of both ancestral tributary streams and the Bill Williams

River. The Bill Williams River flows intermittently

through the study area. About 13.0 km west of the study

area it becomes perennial and empties into Lake Havasu

10.3 km west of this location.

Previous Investigations 

Turner (1962) conducted a field investigation in

Planet Valley to characterize the geology and water

resources of the area, including a water balance. During

three summers, 1974, 1975, and 1976, hydrologic studies

were conducted in the Planet Valley during a summer field

course in the Department of Hydrology and Water Resources

of The University of Arizona. These studies resulted in

reports by the students on the water balance of the area.

Using field data for the three years, Bond (1976) adapted

the ground-water flow model of Prickett and Lonnquist to

the hydrologic conditions of the area.

An environmental assessment of Planet Valley was

done by the U.S. Bureau of Land Management (1977) when the

valley was being considered as a potential townsite.

Geotechnical studies done prior to and after the

military testing of the summer of 1978 included those by

the Air Force Weapons Laboratory (AFWL), Fugro National

Incorporated (FUGRO), U.S. Army Corps of Engineers
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Waterways Experiment Station (WES), and the University of

New Mexico Civil Engineering Research Facility (CERF).

Pink (1979) summarized the results of the geotechnical

investigations in the vicinity of the test sites.

Climate 

The study area, as previously noted, is in the

southwestern desert region. It is characterized by

extremely hot summers, mild temperate winters, low rain-

fall, low relative humidity, and a long growing season.

The study area has a mean temperature in July of

41.6°C, with highs ranging from 46.1°C to 51.7°C. Approx-

imately 100 days per year have mean temperatures over

37.8°C (U.S. Bureau of Land Management, 1977).

The average rainfall is about 12.7 cm per year in

the study area. Approximately 60 percent of this precipi-

tation results from winter storms, and the remainder from

summer cloudbursts. The mean evaporation is approximately

203 cm (U.S. Bureau of Land Management, 1977).

Agriculture and Vegetation 

Irrigated agriculture has not been practiced in the

valley near the test sites, although at one time it was con-

sidered (Cluff, 1979). Farming is done, however, upstream

and in portions of Planet Valley west of the study area.

Cattle have been allowed to graze on native grasses in the

valley after military operations were complete; however,
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it is not known if they grazed in the valley prior to ANFO

detonation. Vegetation within the valley include creosote

bush, cacti, dodder, and mallow (Kuch and Dobson, 1978).

Soils 

Soils in the study area are described by Chamberlin

and Richardson (1974) as belonging to the Gilman-Vint-Brios

association. This association occupies the floodplain of

the Bill Williams River and the alluvial fan of Misers

Wash. Slopes are dominantly 0 to 2 percent (Chamberlin and

Richardson, 1974). The soils are more than 150 cm deep and

are formed in recent alluvium from mixed igneous and sedi-

mentary rocks. Because the soils are relatively young,

they show little horizon development.

Soils of this association are intermixed with soils

of the Agualt, Antho, Maripo, and Carrizo series. In gen-

eral, soil texture ranges from fine sand to silt loam.

Locally, areas of these soils are slightly to strongly

saline. All soils included in this association are subject

to brief periods of flooding (Chamberlin and Richardson,

1974).

Geology 

The geologic formations in the alluvial valley and

surrounding area range in age from Precambrian to Holocene

and include sedimentary, igneous, and metamorphic rocks of

wide variety. Rocks which delineate the alluvial valley



25

are of primary concern to this study. Figure 4 shows a

geologic map of the test valley and surrounding area

(FUGRO, 1978).

Directly northeast of the ANFO detonation sites

lies Black Mesa, a Quaternary basalt flow that rises above

the valley, with local relief of 15 to 30 m. The basalt

is moderately vesicular to dense and contains interbedded

volcanic agglomerates (FUGRO, 1978). The area to the far

north in the test valley is composed of alluvial fan

deposits of intermediate age and terrace deposits of Misers

Wash (Figure 4).

Northwest of the detonation sites are low-lying

hills of young to old alluvial fan deposits deposited by a

tributary stream of the Bill Williams River, which does not

flow into the study area. Outcrops of igneous rocks and

conglomeritic sandstone also occur northwest of the deto-

nation sites (Figure 4).

The area directly west of the detonation sites is

composed of terrace deposits of the ancestral Bill Williams

River and colluvial deposits derived from the slopes of

these terraces (Figure 4).

The area south of the detonation sites is charac-

terized by Precambrian metamorphic rocks of the Buckskin

Mountains, which are predominantly gneiss (Figure 4).

The surficial valley fill consists of modern

alluvial and alluvial fan deposits from Misers Wash and



Figure 4. Geologic map of the test valley and surrounding
area. -- After FUGRO (1978).

Surficial Geologic Units

Al--Modern Alluvial Deposits 

Air--Bill Williams River
Alw--Misers Wash
Als--Other tributary streams

A2--Older Alluvial Deposits 

A2r--Ancestral Bill Williams River alluvium
underlying terraces

Relative age, oldest (1), youngest (2), of
deposits indicated by subscripts: A2r 1 ,

A3--Alluvial Fan Deposits 

Relative age indicated by lower case letters:

A3y--Young
A3i --Intermediate
A3o--Old

A4--Colluvial Deposits 

Rock Units

I--Igneous extrusive rocks
M--Metamorphic rocks
S--Sandstone



A4

A3 431

A3

431
Alw/A3y     

BLACK

MESA

400	 800	 1200

FEET
100 200 300 400

METERS

S
.	 Air

430	
n

fAIW /
/	 /1 .:

	

// if	 A2w

/

/	 I:
/	 Ii

ii 	/ (
Ii

1/ 	\\	
I

//	 \
A3o 111117111:?111' / /

/ /
i 1 /

///
/ /	

\
\

:	 \
1./	 ..... ...... 	 ,

Alw/43y	 Alw

Ais

430

44
N
\
ss`.

\-\

A2 r, 44  

A4 	A2r.

•

Air

8i// Willioms 
River Air

A3y 4
Figure 4. Geologic map of the test valley and sur-

rounding area. -- After FUGRO (1978).

26



27

modern alluvial deposits of the Bill Williams River (Figure

4). Modern alluvial deposits consist of sand with silt and

gravel-size material occurring locally. Young alluvial fan

deposits of Misers Wash are intermixed with modern alluvial

deposits. They consist of poorly sorted sand and gravel,

with varying amounts of silt, cobble; and boulder-sizee

material, and show little to no cementation.

The complex lithology of the basin-fill deposits

was studied by AFWL, FUGRO, WES, and CERF; however, their

investigations were primarily focused in the vicinity of

the ANFO detonation sites (Pink, 1979).

In the vicinity of the single ANFO detonation, a

surface layer of silt extends to a depth of 1.4 m. This is

underlain by a 7.0 m layer, which is predominantly sand,

but includes some gravel (U.S. Army Corps of Engineers WES,

1979). Beneath this is a 5.8 m deposit of silt and clay,

which is in turn underlain by a 15.1 m stratum of sand and

gravel. A 4.3-m layer of coarse sand and gravel occurs

before bedrock is reached at a depth of 33.6 m. Bedrock

is composed of fanglomerate with a high proportion of

sand and silt (FUGRO, 1978).

In the vicinity of the multiple ANFO detonations,

a surficial layer of silt also occurs to a depth of 1.4 m

but pinches out to the east and south. The surficial silt

layer is underlain by 9.7 m of sand and gravel, which is

in turn underlain by 3.3 m of silt and clay. Beneath this
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latter layer is a 34.1-m bed of sand with gravel. Gravel

content in this bed increases with depth. A 3.4-m stratum

of coarse sand and gravel lies beneath this layer, before

bedrock is reached at a depth of 51.9 m (U.S. Army Corps of

Engineers WES, 1979).

As is evident from the description of the two

lithologies, bedrock is deeper in the vicinity of the mul-

tiple ANFO detonation site. Other data (Air Force Weapons

Laboratory, 1978) suggest that bedrock pinches out to the

west of the single detonation site, near the periphery of

the study area.

In the study area, the basin fill, as delimited by

the surficial and bedrock geology, is the primary medium

for water transport, both above and below ground.

Hydrology 

Surface Water 

The Bill Williams River is an intermittent stream

whose present-day flows are controlled by releases from the

Alamo Dam, which lies 28 km east of the test site (Figure

3). Alamo Dam was built in 1968 and is operated by the

U.S. Army Corps of Engineers as a flood control structure

and to reduce sedimentation in Lake Havasu.

Two gaging stations are presently operated on the

Bill Williams River below Alamo Dam. First, the Alamo

gaging station is 27 km upstream from the test site.
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During water year 1977 the mean discharge ranged from

1.525 m3/s in December 1976 to 4.64 m 3/s in June 1977 (U.S.

Geological Survey, n.d.). In water year 1978 Arizona expe-

rienced unusually heavy rainfall during late February and

early March. Runoff from these rains filled the reservoir

behind Alamo Dam to unacceptable levels necessitating large

releases from the dam. Rainfall and consequently releases

from the dam followed much the same pattern in water year

1979.

The second gaging station is operated 13.0 km down-

stream from the test site just below where the Bill

Williams River returns to the surface. Instantaneous dis-

charges in water year 1977 ranged from 0.025 m 3 /s on

August 11, 1977 to 0.312 m 3
/s.on October 4, 1976. Records

for water year 1978 show that the instantaneous discharges

ranged from 0.043 m3/s on October 3, 1977 to 6.971 m 3/s on

March 6, 1978 (U.S. Geological Survey, n.d.). The latter

discharge reflects the large releases from Alamo Dam during

February and March of 1978.

The Bill Williams River enters Planet Valley 2.7 km

southeast of the test site and maintains a gradient of

approximately 0.0061 through the study area. Under normal

rainfall conditions, the Bill Williams River does not

maintain a flow through the study area. However, workers

associated with the military testing reported large flows

during February and March of 1978 in response to releases
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from Alamo Dam. Conditions in the study area during Feb-

ruary and March of 1979 were similar to those of the prev-

ious year, although releases from Alamo Dam were begun

earlier.

Sheet flow through the valley, derived from flood

flows on Misers Wash, has been retarded by a diversion

levee built by the land owner at the top of the valley.

Cluff (1979) stated that the land owner hoped to trap fine

sediment to improve the texture of the soil in the valley.

This levee channels water southeastwardly, near the base

of Black Mesa (Figures 3 and 4). The levee does not divert

all water, and during flash floods, some water flows on the

surface near the western boundary of the study area toward

the Bill Williams River as evidenced by downed vegetation.

The gradient of the valley proper is steeper than the Bill

Williams River, with an average gradient of 0.012 main-

tained through the valley.

Ground Water 

Ground water occurs principally in the Holocene

sand and gravel along the channel of the Bill Williams

River and in the valley proper. The igneous and metamor-

phic rocks are impermeable except for some slight movement

along fault zones (Turner, 1962). The older sediments

have been so metamorphosed and silicified that they can

be considered relatively impermeable. These igneous,
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metamorphic, and well-cemented rocks form the sides and
the bottoms of the valley basins and thus form the ground-
water reservoirs (Turner, 1962).

The ground water in the Holocene alluvium is

recharged principally by intermittent flow in the Bill

Williams River and to a much less extent by flood flows

along Misers Wash. In fact, as the water levels in the

alluvium can be very close to the surface during periods

of high discharge from Alamo Dam, it is possible that

recharge is being rejected during a small portion of the

water year.

Another source of recharge to the alluvium is rain-

fall directly on the land surface. This is likely to occur

when water levels are close to the land surface. Part of

this is retained in the soil and discharged by evapotran-

spiration, and part reaches the water table, however, only

in a small portion of the valley.

Ground water is discharged from the study area

predominantly by underf low and evapotranspiration. Turner

(1962) has estimated the underflow out of Planet Valley at

a narrows located 13.0 km downstream of the valley to be

3,700 m3/day, but noted that it could be as much as

7,400 m3
/day. Fogg (1976) estimated the outflow at the

same location to be 4,600 m3/day.

No experiments havé been made to determine direct

evaporation of ground water from wetted sands or to
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estimate transpiration loss by phreatophytes in the study

area. Evapotranspiration is probably greatest where the
water table is less than 1.5 m and decreases as the depth

to water increases. It is probably very small where the

depth to water is greater than 6.0 m. Inasmuch as high

water levels are very seasonal and farming is not practiced

in the study area, losses by these mechanisms are thought

to be localized within the study area.

Water-table fluctuations in the Holocene sand and

gravel can be great. Differences of 12.0 m are possible

between maximum levels in the late winter and early spring

and minimum levels in the late fall and early winter. The

degree of variability, of course, depends on releases from

Alamo Dam.

Turner (1962) conducted aquifer tests at three

locations east of the study area in Planet Valley, which

produced hydraulic conductivity values ranging from 262

m/day to 1,640 m/day. These values indicate that the

natural rates of ground-water flow are probably very high

within the alluvial fill of the study area. Turner (1962)

did not compute the storage coefficient during these

tests; however, Wolcott, Skibitzke, and Halpenny (1956)

reported storage coefficients of Bill Williams River

alluvium to be between 0.10 and 0.15.

Turner (1962) found the chemical quality of ground

water in Planet Valley to be suitable for domestic or
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irrigation usage. However, boron was present in concen-

trations up to 1.5 mg/1 in certain samples. NO 3 -N

concentrations in Planet Valley ranged from 0.1 to 0.4

mg/l. Wolcott et al. (1956) reported NO 3 -N concentrations

in Bill Williams River alluvium ranging from 0.1 to 1.8

mg/1 in wells 1.6 km to 28.8 km upstream of the test site.

They found that 88 percent of the well samples analyzed

for NO 3-N had concentrations less than 0.5 mg/l.



EXPERIMENTAL PROCEDURES

Field Study 

As previously noted, two ANFO detonations were

performed in the summer of 1978. The first event consisted

of 109 metric tons of ANFO stacked in 23-kg bags in a

cylindrical shape on the land surface. The location of the

first test was designated ground zero 1 (GZ1). The second

event utilized six 109-metric-ton ANFO charges placed in a

hexagonal array on the land surface, with a charge spacing

of approximately 90 m. The location of the second test was

designated GZ2. Figure 3 shows the location of the first

event and the configuration of the second event, as well as

the proximity of the detonation sites to the Bill Williams

River.

Field studies were undertaken to assess the effect,

if any, of these ANFO detonations on soil and ground water.

Soil Sampling and Chemical Analyses 

Preliminary Soil and Subsurface Sediment. Soil and

subsurface sediment samples were obtained on March 20, 1978

prior to ANFO detonations in the vicinity of GZ1 and GZ2

(Figure 5). The objective of this sampling program was to

characterize background levels of soil constituents from

34
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materials collected near the test sites, with particular

consideration being given to NO 3-N and NH 3-N. Because the

physical effects of explosive cratering were not well

understood and because soil constituents were expected to

vary spatially, as many samples as possible were obtained.

Four sets of samples were obtained at each GZ along

transects starting 9 m from the center of each GZ. Succes-

sive sampling locations were 3 m apart along the transect.

Soil samples were collected at each location in 30-m incre-

ments to a depth of 3 m or to a restricting layer. For

GZ1, the sampling locations were designated DS1, DS2, DS3,

and DS4. Corresponding locations at GZ2 were designated

DSB1, DSB2, DSB3, and DSB4.

Soil and subsurface sediment samples were obtained

with a hand barrel auger and placed in paper bags. Samples

were then transported to the Water Resources Research

Center (WRRC) laboratory of The University of Arizona for

analysis.

Post-blast Crater Material. The objective of this

sampling was to obtain materials from the craters produced

by ANFO detonation to use in column experiments conducted

later in this study. One set of samples was collected

after the first ANFO detonation on June 29, 1978, and

another following the multiple ANFO detonations on August

31, 1978.
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The first ANFO detonation produced a crater with an

average radius of 15 m and a maximum depth of 5.3 m. A

conspicuous mound, approximately 1.5 m high at its center,

characterized the base of the crater. Visual observation

suggested that this portion of the crater represented the

epicenter of explosive activity and that this was the

material that came in most intimate contact with the gas-

seous ANFO detonation products.

A bulk composite sample of this material was

obtained by beginning at the top of the mound and sampling

laterally down the slope of the mound to the base (Figure

6). The upper 15 cm of the mound was sampled.

Roddy (1979) stated, after sampling was completed,

that the material that composed the upper 2 cm of this

mound was probably in the upper 2 m of the land surface

before detonation. Material deeper than 2 cm on the mound

was probably 2 to 5.3 m below the original land surface in

the immediate crater area.

The second crater was sampled the day after the

second ANFO detonation. The objective of this sampling

program was to secure additional material that had been

affected by ANFO detonation in order to compare the

analytical results of saturated extracts of this material

with those of material derived from the first detonation.

Only one of the six craters produced was sampled. Samples
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were acquired in the same manner as those secured after the

first detonation.

Water was found standing at the base of the crater

and a hole was observed which transmitted the water to the

surface. Apparently, the forces generated by this detona-

tion were sufficient to rupture a confining layer at depth.

Both bulk crater samples were obtained with a

shovel and placed in large plastic containers. A subsample

of each of the crater materials was spread on a plastic

sheet and mixed to insure homogeneity. A 10-g subsample of

each of these materials was then placed in a glass jar to

which 100 ml of sodium acetate was added as a preservative.

These subsamples were subsequently used for the determina-

tion of NH 3
-N.

Native Surface Soil. The day after the first

detonation, a bulk composite sample of native surface soil

was taken to a depth of 75 cm from an area in the valley

unaffected by ANFO detonation or its fallout (Figure 5).

This sample was also obtained with a shovel, 
and prepara-

tion procedures were the same as for the crater samples.

This material was used in column experiments.

Chemical Analyses. Soil and 
subsurface-sediment

samples obtained from the sampling conducted prior to 
the

ANFO detonations were immediately placed 
on paper plates

at the WRCC laboratory and 
dried until air-dry equilibrium
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was reached as recommended by Pratt (1978). This procedure

has been shown to preserve the nitrogen forms. Samples

were then ground, passed through a 2-mm sieve, and thor-

oughly mixed.

Saturation extracts were prepared using techniques

described in "Methods of Soil Analysis" (Black, 1965). The

pH was measured directly on the saturated paste. The soil-

water solution was extracted by applying suction through a

Buchner funnel-vacuum flask arrangement. Soil-water

extracts were used to determine electrical conductivity

(EC), NO 3-N, Ca, Mg, K, Cl, SO 4 , HCO 3 , and CO 3 . The

NH
3-N was determined on the surface soils using steam dis-

tillation techniques. Specific details of these analytical

techniques are described by Black (1965).

Samples obtained in bulk for laboratory column

studies were placed on large plastic sheets and dried until

air-dry equilibrium was reached. They were then grounded,

sieved, and thoroughly mixed. They were placed back in

their respective plastic containers and sealed tightly

with plastic sheets to preclude contamination and stored

for use in the laboratory phase of this study.

Ground Water

Elevations. A total of eight wells were utilized

for water-level measurements and ground-water sampling

during the course of this study. Four of the regularly
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sampled wells were polyvinyl chloride (PVC) observation

wells constructed by FUGRO and were designated PR6, PR7,

PR8, and PR10 (Figure 5). Two were steel-cased irrigation

wells designated the north valley (NV) well and the south-

west valley (SWV) well (Figure 5). The NV well was con-

structed at least 20 years prior to this study in anticipa-

tion of irrigation in the valley. When irrigation proved

unacceptable it was abandoned. The additional wells,

constructed of PVC, were discovered on the last sampling

occasion and designated PR1 and PR4 (Figure 5).

Ground-water levels were measured in wells PR6,

PR7, PR8, PR10, and the NV well during each sampling visit.

Other organizations involved with explosive testing also

monitored ground-water levels. When acquired from these

agencies, these data provided a water-level record of the

five wells from December 1977 to March 1979. Frequency of

measurement ranged from one day to more than five months.

During the last ground-water sampling visit in March 1979,

the locations and water levels in the two additional wells

(PR1 and PR4) were recorded.

Ground-water elevation data were used to interpret

the nature of the ground-water system in the study area.

A hydrograph was constructed of a well near the explosive

test sites. Additionally, two water-level elevation maps

were prepared in order to define the distribution of

equipotential surfaces over the study area prior to
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releases from Alamo Dam on January 27, 1978 and after

releases had begun to recharge the alluvial deposits of the

study area on March 6, 1979. These maps were used to pro-

vide an estimate of NO
3-N travel time to wells within the

study area.

Sampling. Ground-water samples were obtained on

five occasions. They were obtained prior to explosive

testing on March 20, 1978, the day after each ANFO detona-

tion, and approximately one and six months after the second

ANFO detonation, September 29, 1978, and March 6, 1979,

respectively.

Samples from PVC wells were derived by a hand

bailer or positive displacement pump. The pump was also

used for development of the wells. The NV well was

equipped with a pump from the DOD Nevada Test Site for all

samplings, except the final, when a hand bailer was used.

The SWV well was equipped with a diesel pump for all

samplings. Pumps were operated for a sufficient duration

to ensure removal of stagnant water.

Three samples were collected from each well and

stored in polyethylene containers. One sample, for the

determination of CN - , was put in a 1000-ml bottle to which

NaOH was added to increase the pH to 12 in order to prevent

CN- volatilization. A second sample from each well was
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preserved with HgC1 2 for NO
3-N determination. The third

sample was untreated and used for routine chemical analy-

ses.

In the interest of quality control, duplicate

samples were collected from selected wells during all sam-

pling visits. These samples were analyzed along with the

other samples without the knowledge of the analyst to

insure reproducibility of the data and also to serve as a

check on the operator's analytical techniques. All samples

were stored in an ice chest in the field and during trans-

port to the WRRC laboratory in Tucson.

Chemical Analyses. The unpreserved ground-water

samples were used for laboratory determination of the fol-

lowing parameters: electrical conductivity (ECw), pH,

Ca, Mg, Na, K, HCO 3 , SO 4 , and Cl. Procedures for these

determinations were those recommended by the U.S. Environ-

mental Protection Agency (1975) and the U.S. Geological

Survey (Brown, Skougstad, and Fishman, 1970). The tech-

niques used for the analysis of NO 3-N and NH 3 -N were

essentially those used on the saturated extracts (Black,

1965).

The CN - determinations were done within 24 hours

on all ground-water samples preserved with NaOH. The

procedures used were those recommended by the U.S. Environ-

mental Protection Agency (1975). Cation-anion balances
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were compared in milliequivalent/liter (meq/l), to help

check the accuracy of the analyses.

Laboratory Study 

Column leachate studies were conducted to compare

the mass and pattern of removal of NO
3-N and NH 3 -N from

soil affected by ANFO detonation, to surface and subsurface

materials unaffected by detonation within the study area.

Chloride removal was also quantitated in this study,

because NO
3-N and Cl are known to be similarly mobile

(Bohn et al., 1979).

These relationships were studied by percolating

water through clear acrylic columns filled with the follow-

ing three different materials: materials derived from the

crater produced by the first detonation, subsurface mate-

rials from a borehole in the vicinity of GZ1 constructed

prior to ANFO detonation, and native surface soil of the

study area.

Column Fill Materials 

The crater material used in the columns was con-

sidered by Roddy (1979) to be a mixture of soil material

that came in intimate contact with the products of ANFO

detonation and whose original location prior to detonation

was 0 to 5.3 m below the original land surface.

The pre-blast subsurface soil was from a depth

range of 4.9 m to 7.0 m, and was collected in 0.3 m
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increments. The soil was provided by the WES laboratory in

Vicksburg, Mississippi and was derived from a large test

boring constructed prior to the first detonation at a site

75 m southwest of GZ1 (Figure 5). Equal masses of material

from each increment were composited, mixed, and sieved in

the same manner as the crater material and native surface

soil samples.

The native surface soil was collected 670 m south-

west of GZ1 (Figure 1) in an area that does not become

inundated by present-day flows of the Bill Williams River.

However, this site does lie on the periphery of a topo-

graphic low that channels surface water during some years

from the alluvial hills lying to the north and northwest

of the test sites (Figure 5). Observations of the ground

surface after the blast showed that this site was not

physically affected by crater ejecta propelled by ANFO

detonation. Also, a comparison of the chemical analysis

of material taken both before and the day after the detona-

tion showed no change with respect to NO 3
-N and NH

3
-N at

this site, leading to the assumption that this area was not

chemically affected by fallout from the ANFO detonation.

Table 3 shows physical and chemical characteristics

of the column fill materials used in the laboratory experi-

ment. Based on the percentage of clay and silt-size par-

ticles, one would expect the rate of water movement through

the three column materials to be the highest for the
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pre-blast subsurface soil and lower for the native surface

soil and crater soil, in that order.

The soluble salt content of the crater material is

greater than either the native surface soil or the pre-

blast subsurface soil (Table 3). This could possibly be

due to the concentration of salts in this material by evap-

oration, as a result of the high temperature produced by

ANFO detonation, or it may be solely attributed to spatial

variability of soil constituents in the study area.

The organic N content of the native surface soil

is greater than either that of the crater material or the

pre-blast subsurface soil (Table 3). This is due to the

fact that organic matter from native plant material has

been incorporated into the soil over the years.

Soil Columns 

Soil columns were constructed of clear, acrylic

pipe 8.7 cm inside diameter and 32.0 cm long. Inlet tubing

was placed 10.3 cm from the top of the column. A perfo-

rated disc with 2-mm openings was secured 2 cm from the

bottom of the column to allow the leachate to drip onto a

beveled Plexiglas column bottom and out a 0.95-cm hole

drilled to accommodate the outflow tubing.
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Procedures 

Six soil columns were used in this experiment, two

for each of the three soils. Two repetitions of this exper-

iment were performed.

Soil columns were prepared as follows. To prevent

soil losses through leaching, a thin layer of glass wool

was placed at the bottom of the columns. Columns were then

labeled and weighed. Homogeneous mixtures of the three

column materials were packed as uniformly as possible to

minimize channeling effects along the outer walls. About

60 cm3 of soil was initially filled through a funnel with

a rubber hose and packed with an aluminum rod. Packing

continued until each column attained a total flow length

of 17.5 cm. Columns were then reweighed to determine the

mass of soil added to each column. Bulk density was then

determined. Glass wool matting was then placed on the top

of the soil to keep soil in place. Figure 7 shows a

schematic diagram of a packed soil column.

All six columns were mounted on a wooden frame.

A plastic-pipe, constant-head manifold was used to supply

the columns with double-deionized water made to contain

1% formaldehyde by volume. This solution was used to

preclude microbial activity for the duration of the exper-

iments (Warrick, 1979). The manifold was mounted in the

upper rear of the wooden frame with the center of the

manifold 4.5 cm below the top of the columns to supply a
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Figure 7. Schematic diagram of packed soil column
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constant pressure head of 8.5 cm to all columns, once
flooding of the manifold and columns commenced. As the

leaching front moved down the initially unsaturated columns

a total hydraulic head difference of 26 cm was eventually

maintained for all columns. Overflow from the constant-

head manifold was collected in a 24-1 plastic container and

delivered back to the water-supply reservoir located above

the manifold by a small centrifugal pump. Water-supply

transport and hydraulic connection of the system was accom-

plished through polyethylene tubing. Figure 8 shows a

schematic diagram of the experimental apparatus.

After completion of each repetition of this exper-

iment, the columns were drained to the soil surface and

weighed. The weight of the water contained in the soil

volume was used to calculate porosity and pore volume.

Table 4 lists some of the physical characteristics

of the soil columns. As is evident, the mass of column

material was not the same for individual replicates of

each column fill material. Instead, the soil volume and

flow length of each column were constant for each repli-

cate. Larger bulk density values are associated with a

larger mass of column material. Also, porosity and pore

volume were not the same for the three column materials

or for individual replicates (Table 4). The higher per-

centages of clay and silt-size particles in the crater

and native surface soil materials (Table 4) effected
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higher values of porosity and pore volume for these mate-

rials.

Chemical Analyses 

Leachate was removed in 60-ml increments for

analysis. The NO3-N, EC, and pH were monitored during the

course of the experiment to provide an indication of equi-

librium conditions between the column-fill material and the

percolating solution. When NO 3-N concentration of the

leachate fell below 2 mg/1, removal of leachate was discon-

tinued. The pH and ECw were determined using a standard

glass electrode pH meter and a conductivity bridge,

respectively.

To study the effects outlined previously, the

leachates were analyzed quantitatively for NO 3 -N, NH 3-N,

and Cl. The NO 3-N 
and NH 3

-N were determined by Bremner's

steam distillation technique (Black, 1965). Chloride was

determined using the mercuric nitrate method (American

Public Health Association, 1971).

Statistical Design

Six main effects were analyzed statistically

(Marx, 1979). These effects included the difference in

total mass of NO 3-N 
and NH 3

-N removed from the crater

material and the controls, the pre-blast subsurface soil,

and the native surface soil. Because the mass of column

material was not the same for the three soils or for
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individual replicates, chemical concentrations of the con-

stituents were normalized per kilogram of column material.

Chemical concentration was assumed to follow a

negative exponential relationship with increasing volume

of solution passed through the columns. In the following

function,

y = ae-x

y equals the chemical concentration, x is the cumulative

volume of solution passed through a column, a represents

the y-intercept, and (3 represents the degree of descent of

the curve. The parameters a and (3 were estimated using

nonlinear, least-squares, regression analysis. Functions

were then integrated to obtain the total mass of the

particular constituent eluted from the column.



RESULTS AND DISCUSSION

Field Study 

Preliminary Soil and Subsurface Sediments 

Several months prior to the ANFO detonations, soil

and subsurface sediment samples were obtained from borings

made near each testing site. Four borings were made at

each testing site. Table 5 shows the concentrations of

selected ionic constituents in saturated extracts of soil

and subsurface sediments derived from borings made near

GZ1. Table 6 shows similar data from borings made near

GZ2.

Data for samples from borings at both detonation

sites indicate that chemical constituents vary both verti-

cally within the profiles and spatially in the vicinity of

the GZs. Borings near GZ1 suggest an accumulation of salts

from 61-152 cm below the land surface. This accumulation

represents the illuviation of salts from the surficial silt

layer to the underlying sand layer by ponded water derived

from overland flow. The NO 3-N values ranged from less than

1 to 59.8 mg/1 in all samples collected at GZ1. The high-

est NO
3-N concentrations 

occurred in the 30-61-cm and the

91-122-cm horizons of samples DS3 and DS4. Data for sam-

ples at GZ2 also varied vertically and spatially, although

55



Depth Ca K Na NO3 -N Cl

cm mg/1 	

0-	 30 39 21 32 1.0 16
30-	 61 15 11 116 1.7 39
61-	 91 20 9 133 1.3 42
91-122 47 12 106 1.3 42

122-152 200 11 50 1.0 16

0- 30 30 19 50 0.7 32
30- 61 49 31 100 7.3 35
61-	 91 420 174 106 5.8 433
91-122 330 112 122 20.0 878

122-152 60 17 134 11.0 274
152-183 198 24 128 14.6 698
183-213 120 24 146 13.2 281
213-244 35 10 89 4.7 82
244-274 52 20 112 6.3 149
274-305 51 9 90 4.5 107

0-	 30 76 54 83 8.2 60
30- 61 310 42 48 54.8 125
61-	 91 550 40 116 4.4 548
91-122 490 63 120 50.8 681

122-152 245 49 125 22.8 528
152-183 152 31 105 15.1 296
183-213 95 20 84 11.2 232

0-	 30 70 24 46 3.7 52
30-	 61 340 30 102 59.8 229
61-	 91 780 74 115 13.1 614
91-122 390 64 127 25.5 665

122-152 230 40 138 14.8 753
152-183 190 35 126 17.1 458
183-214 167 31 63 14.9 232

DS1

DS2

DS3

DS4

Sample
SO 4

0
30
80
30
25

0
65

1960
1750

85
75
50
25
50
65

10
125
215
800
95
40
25

0
410

1250
180
74
40
25

56
Table 5. Concentrations of selected ionic constituentsin saturated extracts from soil and subsurface

sediment borings near GZ1
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Table 6. Concentrations of selected ionic constituents
in saturated extracts from soil and subsurface
sediment borings near GZ2 

Sample	 Depth	 Ca	K	Na	 NO 3-N Cl	 SO4

CM mg/1     

DSB3

DSB4

0- 30
30- 61
61- 91
91-122

122-152

0- 30
30- 61
61- 91
91-122

122-152

	

125	 91	 113	 5.5	 166	 295

	

77	 59	 158	 2.8	 491	 200

	

165	 42	 187	 5.0	 730	 860

	

440	 41	 109	 10.9	 800	 2240

	

430	 41	 167	 17.5	 1197	 345

	

340	 98	 128	 9.2	 75	 1600

	

460	 60	 125	 48.5	 375	 2000

	

240	 79	 114	 32.1	 401	 680

	

210	 33	 130	 13.5	 503	 185

	

230	 25	 172	 17.6	 577	 285

DSB1

DSB2

	

0- 30	 460	 198	 188	 34.1	 370	 1880

	

30- 61	 890	 233	 186	 13.8	 3262	 2360

	

61- 91	 285	 47	 120	 22.6	 1159	 1080

	

91-122	 170	 30	 190	 15.4	 704	 300

	

0- 30	 495	 152	 128	 4.9	 76	 2120

	

30- 61	 450	 165	 192	 3.7	 98	 2720

	

61- 91	 225	 91	 109	 8.8	 471	 1800

	

91-122	 405	 45	 195	 11.6	 1214	 1120

	

122-152	 415	 51	 128	 11.2	 1069	 640
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the variability of most chemical constituents is not as

pronounced as in samples collected near GZ1. This is

attributed to the fact that the surficial silt layer

pinches out in the vicinity of GZ2, resulting in a more

uniform soil texture throughout the profiles, and GZ2 does

not become inundated by waters derived from overland flow.

The NO
3-N values ranged from 2.8 to 48.5 mg/1 in all sam-

ples collected at GZ2.

It can be concluded that considerable NO
3 -N

existed at some depths in the desert alluvium in the vicin-

ity of GZ1 and GZ2 prior to the detonation of ANFO.

Ground Water 

Elevations. During the winter and spring of both

1978 and 1979, water was released from Alamo Dam. These

releases contributed significant recharge to the ground

water, which resulted in large annual fluctuations of

ground-water levels in the study area.

This fluctuation is shown in a hydrograph of obser-

vation well PR6 located 320 m southwest of GZ1 (Figure 9).

The hydrograph shows that the lowest water levels occurred

in January and February of 1978, and then rose to a maximum

in late May due to releases from Alamo Dam. The hydrograph

indicates that after the peak in May the water table began

to decline to another minimum level in early 1979 and rose

to another high level in 1979 in response to the next
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releases from the dam. Total measured water-level fluctu-

ation in PR6 was 8.7 m.

It is estimated that on June 29, 1978, the day

after the single ANFO detonation, the ground-water eleva-

tion was 2 to 3 m below the crater base. On the day after

the multi-charge detonation, August 31, 1978, it is esti-

mated that the ground-water elevation was 3 to 4 m below

the bases of the six craters produced.

As is evident from the hydrograph, water levels

continued to decline beneath the craters following the

detonations until about the beginning of February 1979.

Therefore, alluvial materials that had been disturbed by

ANFO detonation and had come in contact with its detonation

products did not become saturated with ground water until

sometime in early February 1979.

Borings augered at GZ1 on March 6, 1979 showed

that the ground-water level was 1.5 m below the land sur-

face. Given the aforementioned crater depth of 5.3 m at

this location, at least 3.8 m of ANFO-affected material

had become saturated with ground water by this date.

To understand the ground-water flow system within

the alluvial fill of the valley during the course of this

study, two water-level contour maps were prepared. The

first (Figure 10) represents the water-level contour on

January 27, 1978 prior to that year's releases from Alamo

Dam and hence the most steady ground-water levels of the



Figure 10. Water level contour map of January 27, 1978
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water year. The second (Figure 11) represents the water-

level contour on March 6, 1979, the day of the last ground-

water sampling visit. This sampling was performed after

releases from the dam had begun to recharge the study area

and ground-water levels were therefore very unsteady.

Despite the different ground-water conditions rep-

resented by these two contour maps, the flow path through

the ANFO detonation sites is clearly similar for the two

conditions. Under both conditions, observation well PR1

is along the flow path of ground water that had passed

through alluvial material physically disturbed by ANFO

detonation and in close contact with its detonation prod-

ucts.

Chemical Analyses. Major cations and anions were

analyzed in water samples. Ground water of the study area

can be characterized as calcium, sodium, magnesium, bicar-

bonate, chloride, and sulfate water. Appendix A contains

results of individual water analyses. The overall chemical

quality of ground water is excellent, with concentrations

of all constituents well below recommended limits for both

agricultural and municipal uses.

Table 7 lists the results of NO 3
-N and NH

3-N anal-

yses of water samples from wells PR6, PR7, PR8, PR10, NV,

and SWV for the five sampling visits. Also shown are the

NO 3-N and NH 3-N analyses for 
wells PR1 and PR4, which were
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only sampled on March 6, 1979. The data for CN - analysis

are not included because all samples were below the detec-

tion limit of 15 ppb.

The NH 3-N concentration in all wells ranged from 0

to 0.7 mg/1, with 74 percent of the samples containing no

detectable NH
3-N (Table 7). This indicates that the redox

potential (Eh) of the ground water is probably high and

that the nitrifying bacteria have readily effected the

transformation of NH
3-N to NO 3-N.

The highest NO
3
-N concentration observed during

this study was from the sample obtained from well PR1

(Table 7). As previousiy noted, PR1 was the only well

expected to receive ground water that had traveled through

the alluvium affected by the ANFO detonations, based on the

water-level contour maps alone.

Travel time of ground water was computed between

points at two of the detonation sites of the multi-charge

event and well PR1 along the flow lines of Figures 10 and

11. Travel times were determined using Darcy's equation

in the following form,

(L 2 ) n L - (K) AH

where	 t = travel time, days
L = travel distance along flow line, m
n = porosity, dimensionless
K = hydraulic conductivity, m/day
AH = head loss between points on flow line, m
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Travel times were calculated using an average value

for K of 951 m/day as reported by Turner (1962) for Planet

Valley alluvium and two different estimates of porosity.

An estimated low value of porosity of 0.15, equal to the

specific yield of Bill Williams River alluvium as reported

by Wolcott et al. (1956), was chosen to yield a low esti-

mate of travel time. The mean porosity of coarse sand,

0.3 (Bouwer, 1978), was chosen as an estimate of the high

value to approximate a high estimate of travel time.

Travel time of ground water from the westernmost

detonation site (crater 1 in Figure 10) of the multi-charge

event to PR1 along the flow line of Figure 10 was computed

to be 17.35 days for the lower estimate and 34.70 days for

the higher estimate. Travel time of ground water from the

southwesternmost detonation site (crater 2 in Figure 11) of

the multi-charge event to PR1 was determined from the flow

line of Figure 11 to be 18.6 days for the lower estimate

and 37.2 days for the higher estimate.

Calculated travel times for the two ground-water

conditions represented by Figures 10 and 11 show close

agreement. The occurrence of the high NO -N concentration
3

of well PR1 on March 6, 1979 correlates well with the

saturation of the ANFO-affected alluvium during the first

or second week of February 1979 in the vicinity of the

multi-charge detonation. Travel time calculations tend to

indicate further that the high NO3-N concentration of PR1
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on March 6, 1979 is due to the travel of ground water

through the ANFO- affected material.

Observation wells PR8 and PR10 and the NV and SWV

wells showed little variation of NO3-N concentration

throughout the study. Observation wells PR6 and PR7 illus-

trated high values of 5.4 and 6.0 mg/1 NO 3-N, respectively.

These values may not be attributed to ANFO detonation and

probably are the result of slow diffusion of NO 3-N through

relatively impermeable strata that lie below areas where

NO 3-N was leached by water derived from overland flow.

Laboratory Study 

An analysis of variance was performed on the data

from the soil column tests using groups with an equal num-

ber of replicates (Ostle, 1960). The values of F for a and

8 for the two measured constituents in the column leachate,

NO 3-N and NH 3-N were calculated for the three soils. The F

values were used to determine if the crater material dif-

fered from the two controls, comprising pre-blast subsurface

soil and native surface soil, with respect to the leaching

of NO 3-N and NH 3-N. In addition, the least significant dif-

ferences (LSD) at the 5 percent probability level were cal-

culated for each of the a and 8 associated with each NO 3-N

and NH3-N. The LSDs were used to detect the significant

differences at the stated probability level among the mean

values for a and 8 for each constituent and for each soil.
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Also, an analysis of variance was performed on the

total mass of NO 3-N and NH 3 -N removed from the three soils,

per kg of column fill used in each particular replicate.

Again the values of F were calculated to determine if there

were differences between the three soils. In addition, the

values of LSD were calculated for the total amount of NO 3-N

and NH 3-N.

The mean relative concentration (C/C
MaX

 ) was

plotted versus pore volume, for each chemical constituent,

and for each soil; C equals the concentration in mg/l/kg

soil at any value of pore volume, and Cmax equals a. Also,

the mean concentration values of N O 3-N and NH3-N observed

in this experiment were tabulated in 0.1-pore volume incre-

ments of the leachate removed:

Chloride removal was also measured to compare the

removal of Cl with that of NO3-N. Although not statisti-

cally analyzed, the mean relative concentration of Cl was

plotted versus pore volume, and the mean concentrations of

Cl that were observed in this experiment were tabulated to

effect this comparison.

Nitrate Nitrogen

The mean values of a, (3, and the total mass of

NO 3-N removed from the three soils are given in Table 8.

Also given are the values of F and the values of LSD at

the 5 percent probability level.
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The calculated F values for 8 and total NO3 -N

indicated that there were significant differences between

soils. The 8 of the pre-blast subsurface soil (soil II)

was significantly higher than the 8s for the crater mate-

rial (soil I) and the native surface soil (soil III). This

indicates that the NO 3 -N concentration of soil II was

reduced by a smaller pore volume of solution than was

required for soils I and III. The total N O 3 -N removed from

soil II was significantly lower than the amount removed

from soils I and III, which showed no significant differ-

ences (Table 8).

Figure 12 illustrates the pattern of NO 3 -N removal

from the three soils. The pattern of NO3-N removal is

essentially the same for soils I and III. NO3-N concentra-

tion was reduced by more than 80 percent of the original

values by the 0.4 pore volume for soils I and III, whereas

soil II only required 0.1 pore volume to reduce concentra-

tion to the same degree. Table 9 gives the reader an idea

of the observed NO3-N concentration reduction with increas-

ing pore volume.

It is concluded that there was no significant dif-

ference between the total mass of NO3 -N removed from the

crater material (soil I) and the native surface soil (soil

III) nor was there a significant difference in the pattern

of NO3 -N removal from these soils. Also, it is concluded

that a significant difference existed between the mass of
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Figure 12. The mean relative concentration (C/Cmax) of
NO3-N removed from the three soils
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NO 3-N liberated from the pre-blast subsurface soil (soil

ID and that eluted from the crater material (soil I) and

the native surface soil (soil III), the former liberating

a significantly lower mass of NO 3-N, with a significantly

smaller pore volume of solution.

Ammonia Nitrogen 

The mean values of a, 13, and the total mass of

NH3-N removed from the soils and the values of F and LSD

are given in Table 10. The calculated F values for all

parameters, a, 13 , and total NH
3-N, suggest significant

differences between all soils.

The mean values a and 13 of soil II were signifi-

cantly higher than the values for soils I and III, which

showed no significant differences. The mass of NH 3-N

leached from soil II was significantly lower than that

leached from soils I and III. Soils I and III do not show

significant differences with respect to the total NH 3-N

removed.

Figure 13 illustrates the relative concentration of

the NH 3-N removed from the three soils. Table 11 shows the

NH3-N mean concentrations observed in this experiment.

Both show similar patterns of NH 3-N removal for soils I and

III, contrasting to that of soil II.

It is concluded that a significant difference did

not exist between the total mass of NH 3 -N removed from the
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PORE VOLUME

Figure 13. The mean relative concentration (C/Cmax) of
NH 3 -N 

removed from the three soils
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crater material (soil I) and the native surface soil (soil
III) nor was there a significant difference in the pattern

of removal of this constituent. Also, a significantly

lower mass of NH
3-N was removed from the pre-blast subsur-

face soil (soil II) than was removed from the crater mate-

rial (soil I) or the native surface soil (soil III)

Chloride 

Figure 14 shows the mean relative concentration

reduction of Cl in the three soils with increasing pore

volume of water passed through the columns. Table 12 lists

the mean Cl values observed in this experiment.

Soils I and III clearly show similar patterns of

removal of Cl, whereas soil II required a larger pore

volume of water to leach Cl, relative to the initial con-

centration (Figure 14 and Table 12).

Soils I and III also show similar patterns of

NO 3-N removal. However, larger increments of pore volume

were required to leach NO 3-N than Cl (Figure 12 and Table

9). These observations suggest the attenuation of NO3 -N

in soils I and III, assuming that NO 3 -N and Cl are simi-

larly mobile. Bohn et al. (1968) indicated that the only

difference between NO3 -N and Cl, with respect to their

mobility in soils, is the amenability of NO 3 -N to attenua-

tion by microorganisms. As microorganisms were assumed to
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PORE VOLUME

Figure 14. The mean relative concentration (C/Cmax ) ofCl - removed from the three soils
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be exterminated by formaldehyde solution, this is not con-

sidered likely.



INTERRELATIONSHIP OF THE FIELD
AND LABORATORY STUDIES

The results of the NO
3 -N analyses of saturated

extracts of materials collected in the proximate vicinity

of the ANFO detonation sites prior to detonation evinced

that considerable NO
3-N existed in these areas to at least

a depth of 3 m.

Upon initiation of ANFO, these same materials,

from at least a depth of 5.3 m, were subjected to the

forces generated by gaseous expansion of the ANFO detona-

tion products and were consequently ejected from their

original locations. They were deposited in a clearly

defined area of the valley.

This ejected alluvial material was used to fill the

craters followin7 military testing. This operation mixed

alluvial material which was both locally high in NO3-N

concentration prior to military testing and also exposed

to the products of ANFO detonation, which were largely

nitrogenous.

Ground-water elevation, flow, and water-quality

investigations conducted during this study showed that the

occurrence of the high NO 3-N concentration of PR1 corre-

lated with the saturation of the crater-fill material in

the vicinity of GZ2 with ground water and with the

81
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calculated travel times of ground water to reach this well

from that area.

The source of the NO
3 -N that occurred in well PR1,

either natural soil NO-N present prior to ANFO detonation

or NO 3 -N introduced to the alluvial material of the study

area as a residual of ANFO detonation, or both, is not

easily determined. Laboratory study clearly showed that

there was no significant difference between the mass of

N O 3 -N liberated by the crater material and that removed

from the native surface soil, upon saturation of each with

water. Conversely, the results of the laboratory study

showed that there was a significantly higher mass of NO 3-N

eluted from the crater material than from the pre-blast

subsurface soil. The question of which alluvial material

composed the background of the crater material, either high

NO 3 -N surface soil or low NO 3 -N subsurface soil, is inde-

terminate.

If high NO3 -N surface soil composed the background

of the material obtained from the crater, then one could

conclude that there were no nitrogenous ANFO residuals

deposited by the ANFO detonation. Conversely, if low

NO 3 -N subsurface soil composed the background of the mate-

rial from the crater that came in contact with the ANFO

detonation products, then one could conclude that a large

mass of nitrogenous ANFO residuals were deposited by

detonation. However, any conclusions as to the source of
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NO 3-N observed in well PR1 that would ignore the origin of

the alluvial material in the crater soil would be purely

conjectural.

Therefore, the source of NO 3-N observed in well

PR1 was NO
3-N removed by ground water from a mixture of

surface and subsurface soil that was variably high in NO 3 -N

prior to detonation. Upon detonation, this material came

in contact with gaseous ANFO detonation products, which

may or may not have contributed nitrogenous residuals to

the physically disturbed alluvial material.

However, it appears that the effect of any nitroge-

nous ANFO residuals that may have been produced by the

detonation of 760 tons of ANFO during this study on the

ground-water quality of the study area is no more than that

which would occur if natural soil NO 3 -N were leached from

the soil to the ground water, for example, by irrigation.

This postulate is based on the results of the laboratory

study, which showed that insignificant differences of

NO 3-N were removed from the crater material and the native

surface soil.

Also, it appears that the effect of any nitrogenous

ANFO residuals produced by the detonation of 760 metric

tons of ANFO during this study, on the ground-water quality

could be no more than that actually observed in the field

portion of this study. This hypothesis is obtainable if

one assumes that most, if not all, of the NO3-N was derived
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as an ANFO residual and is analogous to the laboratory

result that the crater material liberated a significantly

higher mass of NO 3-N than did the pre-blast subsurface

soil. It represents the largest possible effect of ANFO

residuals on the ground-water quality of the study area.

This hypothesis will be discussed. As more ground

water passes through the point sources of ANFO-affected

alluvium, NO 3-N molecules will continue to be incorporated

into the moving ground water. This will lead to exhaustion

of any NO 3-N contributed as an ANFO residual at the point

source of deposition. As ground water moves away from the

point source of desposition, longitudinal and transverse

dispersion effects within the alluvium will result in a

decrease of NO3-N concentration both along the flow path

and normal to it. Longitudinal dispersion will reduce

NO 3-N along the flow path owing to the differential macro-

scopic velocities at which individual NO3-N molecules will

traverse the aquifer matrix. Transverse dispersion will

decrease the NO 3-N concentration normal to the flow path

owing to the deflection of flow by solid particles which

comprise the alluvial fill.

These mechanisms of concentration reduction of

NO 3-N, both at the point sources of deposition of ANFO

affected material and along and normal to the flow paths

of ground water within the study area, coupled with the

high amount of recharge that is contributed to the alluvial
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materials by the Bill Williams River, should be sufficient

to return NO 3-N levels within the study area back to the

original levels within one or two months.

It is recognized that the hydrologic conditions

that existed during this study, that is, high ground-water

velocity and the availability of large amounts of recharge

for dilution, would be likely to mitigate any effects that

the deposition of nitrogenous ANFO residuals may have

imposed on ground-water quality. Perhaps under less ideal

hydrologic conditions and in various operations where ANFO

is detonated frequently and over a long time period, the

hydrologic consequences of ANFO detonation could be clearly

measurable.

Therefore, further study is recommended, preferably

in an area where ANFO is detonated regularly, as in coal-

strip mining or open-pit mining regions. Inherent diffi-

culties were encountered in this study with respect to the

identification of nitrogenous ANFO residuals in a soil sys-

tem in which appreciable amounts of N O 3 -N existed prior to

ANFO detonation. It is strongly recommended that attempts

at studies of this nature be employed with experimental

procedures designed to facilitate the correlation of soil

NO
3-N to NO 3

-N occurring in ground water. Kreitler and

Jones (1975) devised methods to delineate unique isotopic

nitrogen ranges for NO 3-N from different sources. By com-

paring the nitrogen isotope ratios of these sources to
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the nitrogen isotope ratios of ground-water samples, he was

able to estimate the source of NO 3-N in the ground 
water.

Utilizing these methods, perhaps a better understanding

could be obtained of the hydrologic consequences of ANFO

detonation.



SUMMARY AND CONCLUSIONS

Field and laboratory studies were conducted to

assess the effect, if any, of ANFO detonation on the

ground-water quality within a portion of Planet Valley,

Arizona. A single, 1 09 -metric-ton charge of ANFO was

detonated on the land surface on June 28, 1978, and an

array of six 109-metric-ton charges on August 30, 1978.

Field studies consisted of soil and ground-water

investigations. Soil samples were obtained from borings

near the detonation sites to characterize the NO
3
-N con-

tent of soil prior to ANFO detonation. Following detona-

tion, materials which were exposed to products of ANFO

detonation were acquired for laboratory study. Native

surface and subsurface soils were also obtained for

experimentation.

Ground-water investigations included the measure-

ment of water-level elevations and the collection of water

samples in eight wells to define the flow system of the

study area and to monitor changes in ground-water quality,

respectively.

Column leachate studies were performed to deter-

mine the mass of NO 3-N 
and NH 3

-N removed from soils both

exposed and unexposed to the products of ANFO detonation.
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Chemical analyses of saturated extracts of soils

collected near the detonation sites showed that consider-

able NO
3-N existed prior to ANFO detonation. After detona-

tion, craters produced by the detonations were filled in

part with material ejected from its original location by

ANFO detonation.

Once saturated with ground water, NO 3-N contained

within the crater fill was amenable to transport within the

ground-water system. Chemical analyses of samples obtained

from all wells, except one, showed NO 3-N levels were simi-

lar to background values. A flow system analysis showed

that the NO
3
-N levels that occurred in this well correlated

with ground-water flow paths through the crater-fill mate-

rial. A correlation also existed between the travel time

of NO
3
-N to this well and the probable time that crater-

fill material became saturated.

The laboratory study clearly showed that the dif-

ference in NO 3-N leached from soil columns containing ANFO

detonation material and from columns containing native

surface soil were insignificant. Conversely, a signifi-

cantly lower mass of NO 3-N was leached from soil columns

containing subsurface material collected prior to detona-

tion than from columns containing material exposed to the

products of ANFO detonation.

The original location in the soil profile, and

hence the composition, of material that came in contact
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with ANFO detonation products is indeterminate. Therefore,

in light of the results of the column studies, the source

of the NO 3-N that occurred in the one well could be either

natural soil NO
3-N present in the soil profile 

prior to

ANFO detonation or NO 3-N introduced as a 
residual of ANFO

detonation, or both.

The hydrologic consequences of ANFO detonation on

ground-water quality are no more than would occur if natu-

ral soil NO 3
-N were leached to the ground water, for

example, by irrigation.



APPENDIX A

RESULTS FOR INDIVIDUAL WATER ANALYSES

As noted in the text, the major cations and anions

of the ground water were analyzed, along with pH and EC.

Tables A.1, A.2, A.3, A.4, A.5, and A.6, show the results

of the analyses for observation wells PR6, PR7, PRS, and

PR 10, and for the NV and SWV wells, respectively, for

all sampling occasions. Table A.7 lists the results of

the analyses for wells PR1 and PR4 on March 6, 1979.
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Table A.1. The results of water analyses for well PR6

Analysis*
(mg/1)

Date
3/20/78 6/29/78 8/31/78 9/29/78 3/6/79

Ca 68 42 96 46 40

Mg 22 15 10 13 12

Na 62 55 21 48 60

K 9 8 8 5 4

NH
3-N 0 0.25 0.67 0 0

HCO 3 250 214 193 211 191

SO 4 80 36 80 44

Cl 85 60 41 45 41

NO 3-N 0.18 3.7 4.9 5.4 2.5

pH 7.4 7.1 7.1 7.4 7.8

ECw 769 620 640 550 570

*All analyses are in units of mg/1 except pH, which is
dimensionless, and EC, which is in units of pmhos/cm.
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Table A.2. The results of water analyses for well PR7

Analysis*
(mg/1)

Date

3/20/78 6/29/78 8/31/78 9/29/78 3/6/79

Ca 70 32 85 34 32

Mg 21 10 3 9 9

Na 70 57 22 51 62

K 10 7 6 4 7

NH
3 -N 0 0 0 0.1 0

HCO 3 264 191 189 198 178

SO 4 90 25 76 41

Cl 81 47 37 36 37

NO 3 -N 0 6.0 2.5 1.8 3.4

pH 7.4 7.2 7.4 7.6 8.0

EC 530 550 460 570

*All analyses are in units of mg/1 except pH, which is
dimensionless, and EC, which is in units of pmhos/cm.
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Table A.3. The results of water anal ses for well PR8

Analysis*
(mg/1)

Date
3/20/78 6/29/78 8/31/78 9/29/78 3/6/79

Ca 75 44 96 49 38

Mg 23 15 10 13 11

Na 77 62 25 58 62

K 8 7 7 6 6

NH 3 -N 0 0 0.21 0 0

HCO 3 270 278 276 284 204

SO 4 100 35 77 41

Cl 100 54 37 38 40

NO3-N 0 1.1 0 0.3 1.0

pH 7.3 7.1 7.0 7.3 7.8

ECw 850 650 770 580 570

*All analyses are in units of mg/1 except pH, which is
dimensionless, and EC, which is in units of pmhos/cm.



Table A.4. The results of water analyses
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for well PR10

Analysis* Date
(mg/1) 3/20/78 6/29/78 8/31/78 9/29/78 3/6/79

Ca 65 27 90 46 32

Mg 18 9 7 11 9

Na 56 46 20 48 46

K 8 6 9 4 4

NH 3-N 0 0 0.2 0.1 0

HCO 3 268 173 195 207 158

SO 4 65 23 78 36

Cl 30 38 37 48 33

NO 3-N 0.2 1.1 1.5 1.6 1.1

pH 7.5 7.1 7.4 7.5 7.8

ECw 707 450 620 520 460

*All analyses are in units of mg/1 except pH, which is
dimensionless, and EC, which is in units of lmhos/cm.
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Table A.5. The results of water analyses for the NV well

Analysis*
(mg/1)

Date

3/20/78 6/29/78 8/31/78 9/29/78 3/6/79

Ca 62 57 128 69 16

Mg 22 24 20 22 19

Na 120 104 44 102 120

K 11 10 8 6 0.5

NH 3-N 0 0.4 0 0 0

HCO 3 255 283 272 275 166

SO 4 150 109 223 95

Cl 153 138 124 131 145

NO 3-N 0.1 .	 1.0 0.6 0.6 0.8

pH 7.6 7.3 7.3 7.6 8.3

ECw 1080 1080 1115 910 930

*All analyses are in units of mg/1 except pH, which is
dimensionless, and EC, which is in units of prnhos/cm.



96

Table A.6. The results of water analyses for the SW well

Analysis *
(mg/1)

Date

3/20/78 6/29/78	 8/31/78 9/29/78 3/6/79

Ca 63 127 55 54

Mg 21 13 17 17

Na 82 34 80 85

K 9 6 6 6

NH3-N 0 0.35 0 0

HCO
3 253 247 250 228

SO4 95 146 85

Cl 103 91 86 88

NO3-N 0.2 0.9 0.9 1.6

pH 7.6 7.4 7.7 8.0

ECw 877 950 710 825

*All analyses are in units of mg/1 except pH, which is
dimensionless, and ECw' which is in units of 

pmhos/cm.



Table A.7. The results of water analyses for
wells PR1 and PR4 for March 6, 1979

Analysis* Well
(mg/1) PR1 PR4

Ca 84 64

Mg 25 20

Na 60 108

K 8 7

NH 3-N 0 0

HCO 3 259 266

SO 4 75 142

Cl 58 122

NO 3-N 22 0.8

pH 7.3 7.8

EC 1040

*All analyses are in units of mg/1 except pH,
which is dimensionless, and ECw , which is in
units of pmhos/cm.

97



REFERENCES

Air Force Weapons Laboratory (AFWL), 1978, Site selectionfor high explosive testing, Planet Ranch test site:
New Mexico, Kirkland Air Force Base.

Alesii, B. A., 1976, Cyanide mobility in soils: Master's
thesis, University of Arizona, Tucson.

American Public Health Association, 1971, Standard methods
for the examination of water and waste water:
Washington, D.C.

Bates, T. E., and S. L. Tisdale, 1957, The movement of
nitrate nitrogen through columns of coarse-textured
soil materials: Proceedings, Soil Science Society
of America, v. 21, no. 1, p. 525-528.

Black, C. A., 1965, Methods of soil analysis: Madison
Wisconsin, American Society of Agronomy, no. 9,
P. 2.

Bohn, H. L., B. L. McNeal, and G. A. O'Connor, 1979,
Principles of soil chemistry: New York, McGraw-Hill
Book Co.

Bond, R., 1976, Planet Valley: water resources evaluation
compiling 1974, 1975, 1976 data: unpublished term
paper, University of Arizona, Department of
Hydrology and Water Resources, Tucson.

Bouwer, H., 1978, Groundwater hydrology: New York, McGraw-
Hill Book Co., 480 p.

Brown, E., M. W. Skougstad, and M. J. Fishman, 1970,
Methods for collection and analysis of water sam-
ples for dissolved minerals and gases, in Tech-
niques of water-resources investigations of the
U.S. Gological Survey, Book 5.

Buckman, H. O., and N. C. Brady, 1969, The nature and
properties of soils: New York, The Macmillan Co.

Chaiken, R. F., E. B. Cook, and T. C. Ruhe, 1974, Toxic
fumes from explosives: ammonium nitrate-fuel oil
mixtures, in U.S. Bureau of Mines Report of Inves-
tigations 7867: Washington, D.C., U.S. Government
Printing Office.

98



99

Chamberlin, E. G., and M. L. Richardson, 1974, Report and
interpretation for the general soil map of YumaCounty, Arizona: USDA Soil Conservation Service.

Cluff, B., 1979, Research Hydrologist, Water Resources
Research Center, University of Arizona, Tucson,
personal communication.

Dettman, E. H., R. D. Olsen, and W. S. Vinikour, 1976,
Effects of coal strip mining on stream water qual-
ity: preliminary results, proceedings of Sixth
Symposium on Coal Mine Drainage Research, National
Coal Association and Bituminous Coal Research:
Louisville, Kentucky, October, p. 51-53.

Dick, R. A., 1968, Factors in selecting and applying com-
mercial explosives and blasting agents: U.S. Bureau
of Mines Information Circular 3405: Washington,
D.C., U.S. Government Printing Office.

	  1972, The impact of blasting agents and slurries on
explosives technology: U.S. Bureau of Mines Infor-
mation Circular 8560: Washington, D. C., U.S.
Government Printing Office.

Feth, J. H., 1966, Nitrogen compounds in natural water--a
review: Water Resources Research, v. 2, no. 1,
p. 41-58.

Fogg, G., 1976, Ground-water resources of Planet Valley:
unpublished term report: Department of Hydrology
and Water Resources, University of Arizona, Tucson.

FUGRO, Fugro National Incorporated, 1978, Geologic map of
Misers Bluff area, unpublished map.

Fuller, W. H., 1977, Movement of selected metals, asbestos,
and cyanide in soil: applications to waste dis-
posal problems, Cincinnati, Ohio: U.S. Environ-
mental Protection Agency, EPA 600/2-77-020.

Hem, J. D., 1978, Study and interpretation of the chemical
characteristics of natural water, U. S. Geological
Water-Supply Paper 1473: Washington, D.C., U.S.
Government Printing Office.

Kreitler, C. W., and D. C. Jones, 1975, Natural soil
nitrate: the cause of the nitrate contamination of
ground water in Runnels County, Texas: Ground
Water, v. 13, no. 1, p. 53-61.



100

Kuch, D. M., and F. S. Dobson, 1978, Environmental monitor-ing of Misers Bluff phase II events: Albuquerque,New Mexico: General Electric Company--TEMPO.

Manon, J. H., 1977, Commercial applications of explosives:
Engineering and Mining Journal, v. 178, no. 2,p. 76-78.

Marx, D. B., 1979, Statistician, School of Renewable
Resources, University of Arizona, Tucson,
personal communication.

Metzler, D. F., and H. A. Stoltenberg, 1950, The public
health significance of high nitrate waters as a
cause of infant cyanosis and methods of control:
Transactions of Kansas Academy of Science, V. 53,
p. 194-211.

Meyer, J. L., 1979, Extension Irrigation and Soils Special-
ist, University of California, Riverside, personal
communication, February.

Ostle, B., 1960, Statistics in research: Ames, Iowa, The
Iowa State University Press.

Pink, T. S., 1979, Summary and evaluation of Misers Bluff
phase II site characterization program: University
of New Mexico, Civil Engineering Research Facility,
unpublished document.

Pratt, P. F., 1978, Soil Scientist, University of Califor-
nia, Riverside, personal communication.

REEd, H. H., 1974, A review of explosives used in explosive
excavation research laboratory projects since 1969:
Livermore, California: U.S. Army Engineer Water-
ways Experiment Station, Explosive Excavation
Research Laboratory.

Roddy, D. J., 1979, Explosive Cratering Expert, U.S.
Geological Survey, Flagstaff, Arizona, personal
communication.

Schmidt, K. D., 1978, Ground-water consultant, Fresno,
California, personal communication.

Sillen, L. G., and A. E. Martell, 1964, Stability constants
of metal-ion complexes: Chemical Society Special
Publication 17, 754 p.



101
Tisdale, S. L., and W. L. Nelson, 1975, Soil fertility andfertilizers: New York, The Macmillan Company.

Turner, S. F., 1969, Water resources of the Planet Ranchon Bill Williams Rover, Mohave and Yuma Counties,
Arizona: Arizona Ranch and Metals Co., Scotts-dale, Arizona, unpublished report.

U.S. Army Corps of Engineers, Waterways Experiment Station
(WES), 1962, Pre-shot site characterization of the
geologic, geophysical, and engineering properties:
Vicksburg, Mississippi, unpublished data.

U.S. Bureau of Land Management, 1977, Planet town site
final environmental statement: U.S. Department of
Interior.

U.S. Bureau of Mines, Division of Nonmetallic Minerals,
1978, Apparent consumption of industrial explosives
and blasting agents in the U.S., in Mineral Industry
Surveys: Washington, D.C., May.

U.S. Environmental Protection Agency, 1971, Methods for
chemical analysis of water and wastes: Water
Quality Office, Analytical Quality Control
Laboratory, Cincinnati, Ohio.

	  1975, Process design manual for nitrogen control:
Office of Technology Transfer, p. 2-7, October.

U.S. Gological Survey, n.d., Water resources data for
Arizona: water years 1977 an:'. 1978: unpublished
data, Tucson, Arizona.

Van Voast, W. A., 1974, Hydrologic effects of strip coal
mining in southeastern Montana--emphasis one year
of strip mining near Decker: Montana Bureau of
Mines and Geology Bull. 93.

Warrick, A. W., 1979, Associate Professor, Department of
Soils, Water, and Engineering, University of
Arizona, Tucson, personal communication.

Wolcott, H. N., H. E. Skibitzke, and L. C. Halpenny, 1956,
Water resources of Bill Williams River Valley near
Alamo, Arizona: Washington, D. C., U. S. Geological
Survey Water-Supply Paper 1360-D.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112

