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PRELIMINARY EVALUATION OF HYDROLOGIC FACTORS
RELATED TO RADIOACTIVE WASTE STORAGE
‘IN BASALTIC ROCKS AT THE

HANFORD RESERVATION, WASHINGTON

By A. M. La Sala, Jr., and G. C. Doty

ABSTRACT

A preliminary study of the hydrologic factors related to the feasibility
of storing high-level radioactive wastes in deeply buried basaltic rocks of

the Hanford Reservation was begun in 1969 with the drilling of test well

Y et T

ARH-DC-1, The factors of concern include the rate and direction of ground-
water movement, the characteristics of ground-water discharge, and the geo-
chemical nature of the waste-rock-water system ﬁhat might affect the movement
of radionuclides. The well was drilled to ;,661 feet.t Hydraulic testing to
determine the water-bearing properties of the rocks and to sample ground water \
was carried out to a depth of 4,280 feet. Testing was not completed because
the well was lost following repairé to sections of the well that were caving.

Hydraulic testing consisted of (1)-pump1ng‘tests which gave information

mainly on the upper 1,200 feet of the section and (2) tests of zones, ranging

from 80 to 200 feet in tﬁickness, isolated with hydraulically inflatable pack-

N ST

ers, by injecting water or removing water with a swab. The intervals tested

using the packers were distributed throughout the well from the 362-foot depth

1
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of the casing bottom to 4,280 feet in depth. Samples of ground water were
obtained during pumping tests and during swabbing of packer-isolated zones.

.Analysis of the hydraulic data indicates that relatively permeable rocks

are interbedded with the basalt from about 500 feet to 1,200 feet im depth,
and that relatively permeable zones occur at depths of about 1,500 feet, 2,050

feet, 2,650 feet, 3,i00 feet, and 4,000 feet, Values of hydraulic conductiv-
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ity of tﬁé rock units penetrated by the well ranged from 1.6x10'3 to 6.7 feet

o

per day, as computed from the injection test data,
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The ground-water head in the upper basaltic rocks is about 165 feet below

o

K

the surface and varies little for most water-bearing zones to a depth of about

; g%? 3,700 feet. It then decreases within a short depth interval to about 206 feet

| gfi below land surface in a permeable zone at about 4,000 feet in depth. This

: %?A lowest head is 365 feet above mean sea level and therefore is above the level
,;§§;3 of the Columbia River to the east and south of the well. These facts suggest

T i that the ground water may be part of a system discharging to the Columbia River.
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.
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Samples of ground water were obtéined from discrete water~bearing zones
after isolating them with inflatable packers. Analysis of the samples shows
these ground waters to be (1) high in silica, (2) high in fluoride (20 mg/l),

(3) high in bicarbonate, carbonate, and pH, and (4) to have low calcium to
sodium and low calcium to magnesium ratios. The carbonate in the ground water

13
from 900 to 1,200 feet in depth has GCPDB values of about +15 o/oco (parts per

thousand), unusually positiﬁe values which, along with other characteristics,

serve to distinguish it from the ground water above and.below it. The water

3§£.ﬂ from a zone at 540 to 620 feet has an adjusted carbon-14 age of about 13,000
E%%-‘ years. 1It, and the waters below it, have stable oxygen and hydrogen isotope
EEv . .

gl . . .

gé{[ ratios that suggest that they entered the ground upder colder climatic condi-
[ SN
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Sﬁé;} tions than those at the Hanford Reservation.
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Under the prevailing head relationships and assuming that the observed
geohydrologic conditions are widespread, it may be feasible to store radio-
active wastes that would decay to low levels in 600 to 1,000 years in mined
cavities in thick impermeable rock layers below about 1,200 feet in depth.
Héwever, further studies will be necessary to define the charaéteristics of
the ground-water system and'to evaluate the conditions under which wastes
could move through the sy;tem to the human environment. An appraisal of pos-
sible areas of ground-water discharge should be made from a study of hydrologic
data available for the reg;on of the Pasco Basin. Additional test wells
should be drilled on the Reservation to define geohydrologic conditions;
specifically the hydraulic gradients, head relationships, and the permeability
distribution in the ba;altic rocks. -

INTRODUCTION

A large quantity of high-level liquid radiocactive wastes is stored in

.. below-ground tanks at the Hanford Reservation of the U.S, Atomic Energy Com-

mission. These wastes were produced almost entirely by chemical processing of
reactor fuels to extract plutonium and the bulk of the contained long-lived
radionuclides will decay to & low level of activity in about 600 to 1,000 years.

The wastes are presently contained i.ns 149 tanks, ranging in size from

50,000 to 1,000,000 gallons, buried beneath about 10 feet of earth (Isaacson,

1969). Several alternative means of storage are under consideration, one of
wvhich is the storage of the high-ievel wéstes in a chamber that would be exca-
vated at depth in the basaltic rocks. This scheme requires, among other things,
(1) a body of competent rqck thick enough to provide structural stability to

the chamber, and (2) a slow rate-of movement of long-lived radioisotopes

through the chambered rock and sur?ounding rotk; so that if they are carried

away from the chamber by flowing ground water they will not reach the surface

3



or sites of ground-water witﬁdrawal before the radioactivity has been reduced
to a level considered to be innocuous.

In:1969, the Richland Operations Office of the U.S. Atomic Energy Commis-
sion began a formal study of the feasibility of storing high-level wastes in
a mined chamber in the basaltic rocks. The overall purposes of the study are

to investigate (1) the engineering feasibility of mining a chamber at some
depth betwee; the surface and 4,500 feet, (2) the feasibility of different
means of handling and emplacing wastes in the chamber, and (3) the long-term
safety of the scheme. Included in the safety aspect are hydrologic factors
éuch aé the rate and direction of ground-water movement, the characteristics
of ground-water discharge, and an appraisal of the geochemistry relevant to
chemical changes that might affect the migration and concentration of particu-
lar radionuclides.

The initial stage of the study centered around the drilling of a deep
test well, ARH-DC-1, in proximi;y to ﬁhe waste-storage areas. (See fig. 1 for
location.) The well was planned for a depth of 7,500 feet but was drilléd
only to a depth of 5,661 feet. Drilling began on April 27, 1969. Hydraulic
test data and water samples were collected to a _depth of 4,280 feet. The well
was cased to a depth of 362 feet and was left open below this depth to allow
hydraulic testing and sampling of ground water. It was drilled by the rotary
method using air mist and aerated water with detergent for circulating mediums.
Bit size was 9-7/8 inch throughéut the uncased interval, but the bore of the
well became considerably eroded during drilling. At a depth of 5;661 feet,
drilling was stopped so cement repairs could be made to the intervai of
824-1,220 feet. On attempting to drill out the cement,.fhe bit deviated from
the original hole. .Considerable effort ﬁas.ﬁade to recover the original hole,

but without success, and drilling was suspended on September 23, 1969. The

&4
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overall purposes of the {nvestigation relating to this well are:
l. To define the distribution of the ground-water head with depth.

- 2. To define the ground-water transmission and storage characteristics of the

basalt flows and intérbedded rocks.

3. To estimate the age of the ground water.
' 3 4. To define the structural integrity of the rocks with respect to sinking a
] - ‘

shaft and mining a chamber.

5. To define the geochemical characteristics of the rocks and ground water in
’ order to predict chemical interactions with solutes containing radio-~

isotopes.

e 6. To define the subsurface geologic structure and stratigraphy.

The U.S. Geological Survey provided assistance to the Richland Operations

Office in developing specifications for the well, in planning geophysical log-

ging and hydraulic testing in the well, and in the evaluation of results. Geo

AN A ‘.""o .
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logical Survey personnel collected hydraulic data by conducting pumping tests,

Al

injection tests, and swabbing tests, and by assisting in radioactive tracer

DNEI

The Geological Survey also made physical analyses of rock cores, and

& logging.
g,J collected and analyzed water samples from the well for chemical and isotopic
Eﬁ constituents. This report describes the work done by fhe Geological Survey,
§~\ presents summaries of the data collected along with appropriate analyses, and
§§1 gives conclusions about the ground-water system pertaining to the deep storage
'. .
?E; of radioactive wastes. The work on the engineering aspects of rocks, the evalu-
'.b .
= :
§;; ation of the possible chemical interactions between soluble wastes and the
g .
E ;§; rocks, and the definition of the stratigraphy and structure of the rocks is be-
©AE
: ; ing carried on under the auspices of the Atlantic Richfield Hanford Company,
f;. which has overall technical direction of the project. '
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THE PHYSICAL ENVIRONMENT OF THE HANFORD RESERVATION
The Hanford Reservation lies in a structufal and topographic basin
through which the Columbia River flows generally southward. The basin is
bounded on the west by the Rattlesnake Hills, Yakima Ridge, and Umtanum Ridge;
on the north by the Wahluke Slope which rises to the east-trénding SaddlefMoun-

tains; on the south by the Rattlesnake Hills and Red and Badger Mountains; and
on the ;ast by a platead.' (See fig. 1.) The region is underlain by a basaltic
rock succession that exceeds 10,000 feet in thickness, consisting of younger
basaltic rocks of the Yakima Basalt of the Columbia River Group which

are exposed in the region and older basaltic rocks which are unexposed. Over-
lying the basalt are unconsolidated deposits consisting of gravei, sand, sile,
and clay. The stratigraphic positions and descriptions of the geologic u&its
are given in table 1.

The basaltic rqcks are folded in a series of synclines and anticlines,
forming valleys and hills, respectively (fig. 1). Most of the Reservation is
uﬁderla{n by the Pasco and Cold Creek synclines, which are the main parts of
the structural basin. Gable Mountain anticliné trends across the Reservation
and separates these two synclines. Anticlinal structures form the hills bound-
ing the basin. The unconsolidated deposits partly £111 the synclines and form
terraces overlapping the anticlines. Some éeformation of the unconsolidated
deposits probably occurred contemporaneously with folding of the basaltic rocks,
but in general the unconsolidated deposits are undistﬁrbed by tectonic forces.

The hydrology of the regién is characﬁeristic of a semiarid climate.' The
average annual precipitation is about 6.3 inches per year. Significant peren-
nial surface-water flow occurs only in the Columbia and Yakima Rivers, which
ﬁave ;verage annual_discﬁéfgesAat the Reservation of {22,000 and 2,000 cubic

feet per second, respectively. Springs giving rise to some streamflow occur

T S T T T
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Table l.=-Principal geologic units of the Hanford Reservation and their vater-benrlng‘propertle-

System Series Ceologic unit Lithology and origin Hater-bearing properties
Pleistocene Glaciofluviatile Sand and gravel laid The most permeable deposits on the Reservation. Hydraulic
and fluviatile down by glacial streauns, conductivity values of 50,000 gpd per equare foot or higher
- deposits Generally coarse sand, have been determined. Poroaity ia. intergranular.
L (0-200 ft thick). pebbles, and cobbles, (Bierschenk, 1959)
E
§ Pleistocene Ringold FPormation Lacustrine silt and sand Peroeability low because of the fine-grained character of
& (200-1,200 ft with local bedn of clay the beda; hydraulic conductivity values range from 10 to
thick). and gravel, Clay at 600 gpd per square foot, Porosity {s intergranular.
depth with coneiderable (Blerschenk, 1959)
sand and gravel.
.
Miocene and Yakima Basalt of Basaltic lava flows with Basaltic rocks range from dense to extremely vesicular. How-
Pliocene Columbia River interbedded sedimentary ever, even the most vesicular basalt is essentially imperme~-
. Group (about rocks, ash beds, and able with regard to intergranular porosity. Water moves
. 4,500 ft thick). palagonite, through basalt in vertical shrinkage fractures and horizon-
tal fracture zones. Permeabilities of most basaltic rocks
~ are low but occasional horizontal fracture zones at sams
b apparent flow contacts have high permeabilities. Some inter-
o bedded sedimentary rocks have intergranular porosity and have
- soderate permeabilities,
7]
* »
Miocene Lover part of Basaltic rocks and inter- Hater-bearing properties are probably similar to those of

Columbia River
Croup (greater
than 5,000 f¢t
thiek).

beds,

* Yakima Basalt.

.




in the upper part ofVCold Creek valley and.on the flanks of the Rattlesnake
Hills and Umtanum and Yakima Ridges. The flow from these springs generally
siﬂks into the ground within one-half to one mile of the origin.

Ground water occurs uﬁder artesian conditions in the basaltic rocks and
under wéter-table.conditions in the unconsolidated deposits (c#ble 1). Ground-
water recharge to theAunCAnsolidated deposits.occurs by (1) infiltration of
surface runoff from the'ridges to the west and Eouthwest, 2) dtschérge of
waste water to the ground as part of processing operations on the Reservation,
and (3)‘movgment of water from the Yakima River year-round and, at high stages,
from the Columbia River into the deposits along its banks; Because of the low
precipitation, recharge through direct infiltration is probably insignificant.
Ground-water discharge is to the Columbia River.

The unconsolidated deposits are the most permeable of the geologic units
underlying the Reservation (table 1). These deposits contain the zone of most
active ground-water circulation on the Reservation, that is the zone in which
ground water moves comparatively rapidly and directly to the Columbia River.
This zone of circulation possibly extends into the uppermost fractured or
weathered rocks of the Yakima Basalt directly in contact with the unconsolidated
deposits. Th;‘basaltic rocks of the Resgrvation are less permeable than the
unconsolidated deposits. The direction and rate of movement of ground water
throﬁgh them are unknown.

RESULTS OF THE TESTING PROGRAM ON WELL ARH-DC-1

The data collected during investigations on wéll ARH-DC~1 were utilized
in this reporﬁ to (1) describe the lithology of the rocks penetrated by the
well and classify them into rock units pertinen; to hydrologic investigations,
(2) describe the relationship of ground-water Aead to depﬁh of the'rocks, (3)

esg}mate the hydraulic characteristics of the rock units, and (4) describe the

9
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ground water presené in the rocks as to chemical and isotopic constituents
that may be indicative of the source and flow pattern of the water.

ﬂethods of hydraulic testing and water sampling are described Briefly
where aﬁproptiate to discussing the results of the program. The use of geo-
physical logs in planning and interpreting hydraulic testing and the methods
of testing using inflafable packers are the same techniques used by the U.S.

Geological Survey at the Nevada Test Site of the Atomic Energy Commission.

These techniques are described in detail by Blankennagel (1967).

Lithology of the Rock Units

The lithology of the rocks in well ARH-DC-l was described mainly from
(1) geophysical logs made to depths of about 4,200 to 4,500 feet, (2) several
rock cores cut in the well, and (3) rock cores coatinuous .to a depth of 1,165
feet in test hole DDH-1 whose location is shown in figure 1,

Well ARH-DC-1 penetra;ed about 190 feet of unconsolidated deposits, con-
sisting principally of sand and gravel, and then entered the underlying basal-
tic rock sequence, which persisted to the bottom of the well at 5,661 feet.

A petroleum test well, Rattlesnake Hills Number 1 (fig. 1), drilled off the
Reservation about 12 miles southwest of well ARH-DC-1, is 10,655 feet deep and
did not completely penetrate the bagaltic rock sequence (Raymond and Tillson,

1968). Therefore, a considerable thickness of basaltic rocks presumably lies

below the bottom of well ARH-DC-1.

Well ARH-DC-1 and hole DDH~1 lie §n the north flank of the Cold Creek syn-
cline. The rock units dip southward in this area, but the rocks appear to be
structurally uncomplicated and to exhibit a normal stratigraphic ;uccession.

In interpreting the character of the rocks penetrated by the well, infor-
mation contained in reports by.Bingham ahd Grolier (1966), Brown (1968),
Mackin (1961), énd Schmincke (1967), which describe the lithology and

10
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relationship of the basaltic rocks and 1nterbédded sediments exposed in the
region, was %ound useful, Raymond and Tillson's (1968) evaluation of the geo-
phys{;al logging characteristics of the rocks in the Rattlesnake Number 1 well
provided background information on interpreting the geophysical logs from well
ARH-DC-I.' .

A I%thologic log of wgll ARH-DC-1 is given in figure 2. Also included in
the figure to 1llustrate the geophysical logging characteristics that were con~

sidered in interpreting the lithology are density, electrical, caliper, and

- gamma-ray logs. Other geophysical logs made in well ARH-DC-1 were dual induc-

tion laterolog, sidewall neutron porosity, borehole compensated density, bore-
hole compeﬁsated sonic, microlaterolog-microlog, single receiver-variable den-
sity sonic, borehole televiewer, temperature, radioactive ttacer,'casing collar
locator, variable density 3-D sonic, and velocity. These logs were also
studied in preparing the lithologic log, but are not presented here. They are,
héaever, included in a report by Fenix and Scisson, Inc. (1969). Cuttings and
drilling-rate logs prepared by contractors are also shown in figure 2. The
cuttings are not always indicative of the material being drilled at a particu-
lar depth, becau;e they may mix with cuttings or materials that slough from

the walls of the ﬁell. Drilliﬁg rate is depéndent on the resistance of the

rock bu; also on such factors as sharpness of the drill bit, speed of rotation,

.and weight carried on the bit, The cuttings and drilling-rate logs do tend to

‘ifndicate sections of resistant basalt and soft sediments.

The interpretétions of lithology from the available logging information
were keyed to desériptions of core samples from well ARH-DC-1 by R, E. Brown,
Battelle Memorial Institute, Pacific Nofthwést'Labqratory, and to descriptions
of core samples from hole DDH-1 by A. G. Lassilg; U.S. Atomic Energy Commissfon,

Richland Operations Office. These descriptions are given in tables 2 and 3,

11 -
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Table 2.-<Descriptions of core samples from well nu-oc-ly

[8y R. E. Brown, Battelle Memorial Institute]

suaber Pescription

Core

ausber Description

leceveescCored interval 706-712 feet. Recovered, 6 foat. A
dense, fine-gratned to glassy, Slack dasslt. Righly
Jointed, with core segments aversging & fnches in
length., A trace of tuff at the upper end of the core
probably represente cave-in either from the overlying
Squev Creek diatomite squivalent (at s depth of §75-
883 ft) er froe the higher Mabtoa bed (about 480-300
ft). Alteracion 19 peesent on seams and joints, also
occanional vesicle f1l1inge oceur. This flov appears
o be the Sand Hollow flov of the frenchman Speings
Meaber, (See Mackin, J. M., 1961, A scratigraphic
section {a the Yakima Basalt and the Rllensdurg Por-
mation ia south-central Vashingten: Weshington Div.
Kines and Ceology Rept. of lav, so. 19.)

2eccccem=No tore facovered. Depth 781 feet.

JecsccencCored Lnterval 783-785 feet. Recovered, 6 Inches. A
very fine-grained glasey, dleck basslt. The flow ep-
pears o be the Cinko flov of the Prenchesa Springs
Hember.

beccecoccCored interval 1,188-1,190 feet. Recoverad, 2 (eet.
Volcante tulf, altered largely to a bentenitic clay.
Rerd, compace, tough and dense, tndicating probadly
ot a depositional clay dut an ta-place slteratton.
The sedieentary bed has not pravicuely been described
or vecognized. [t lies betveen what appears te be
the overlyiag Rocky Coulee flow and the lower Dry
Gulch flov of J. K. Mackin., (Ses sdove reference.)

SeccccccCored Intervel 1,709-1,711.3 feet. Recovered, 21-1/2
feet. A dense, dark gray, mediva-grained dasalt,
The celor, gratla size, sad the length of core seg-
sente (up to 8§ in) indicate that the core cace from
sear the base of the unnased flow,

GecscccccCored interval 2,380-1/2-2,387 feet. Recovered, 3.3
feat. A wadlum-gray colored, holocrystslline,
eoarse-gralaed basalt. The caler, crystallinity,
and langth of core segments (averaging about & tn
long and wp te 16 ta long) suggest a probadly massive
basalt flov. The geophysical logs suggest a bresk
{flov top) et sbout 1,360 feet. Proxieity of basslt
:: this type to o Clov top suggests a thick, masslve

-,

Tecercac-Cored tnterval 2,779-2,784-1/2 feet. Recovered,
3 feet. I1dantical in sppearsnce te Core 6. Move
Jointed, but core evidently folloved one vertical

Jotmt,

$oevceee=Cored interval 2,963-2,934 feet. Recovered, 11 feet.
A highly vesicular dssalt and flowv breeccta containe
ing & trace of carbonized veod. Vesiclas are uwp to
an inch in diameter, sopecially above 2,950 feet.
Selov 3,950 feet the core becores more solid, less
veslecular, end with contorted vestele bande. Top of
Dasale Clow.

9ecccecceCornd Laterval J,087-3,089 fest. Recovered, 3 feet,-
A vary fine-grained, glassy, black basslt., Core in
segaents up to l-foot long, @ost &-inchee long.
Cote barrel twisted off,

10-ceco-oeCorad interval 3,103-3,103-1/2 feet. Mo recovery.
Core barrel tvisted off,

1leccoceacCorad interval 3,107-3,117 fest. Ko rvecovery.

f2eeneceeCored taterval 3,126 feat., Did not sut. Ruined corn
haad,

13ecccacatorad Interval 3,126-3,120-1/2 feat. BRacovered,
2-1/2 faet. A fine-grained, glassy black dasalt.

heccocacclored Intarval J..lﬂ-!.lt! feat. BRecoversd,
1=1/4 feet,

13ecccceCored Laterval 3,171+3,173-1/2 feet. Recovered, 1 faat,
A sandy granule gravel, with well rounded granules of
basalt ebout 1/8 Llach in dlameter. Carbonized vood
occurred {n the sasple, probably carbonized by heat of
the flow overlying (t. The send has been baked by the
overlying flov, aleo {ndursted by secendary quarts.
The higher part of the core 19 a Nighly veslcular do-
salt (of cthe flow evercunning the loterbed) {n pleces
up te 2 inches maximm length. Moet of the core Is in
rounded fragments about 1 {nch ia disaeter,

18=vv=ev=Cored {nterval ) ,216-3,236 Cfeet. Raecovered, 9 feet. A
dark gray, holocrystslline, cearne-gratned basslt.
Bighly jointed with the sverage length of core about 2
inches. Jeinte commonly occur at sngles to the core of
about J)0-40°, with some at right sngles. One large wug
wvas lined vith gquarts.

1eecece-Cored (nterval 3,236-),248 foet. Recovered, 2 feet, A
vestcular flov breccta vith sceria, forme the contact
sone betveen Core 16 flov and the flov beneath Core L.
Many pleces of the core ares L lnch or lese in dlaveter.
One plece }-Lnches long containe nuserous yet unidenti-
fled zeolites and also some chalcedony,

18-ccecesCored interval 3,4113,421 feet. Recovered, 2-1/4 foet.
A fine-grained, danse, black, vestcular Dacalt from nesr
the top of the basalt flow. The cere rapidly becomes
1ess veslcular downvard, Many veslcles are llaed with
zeolites, Only a fev vesicles are dravn out or flac-
tened, Vugs occur betweea 3,416 and ), 418 [feet, thea
the cote changes te a normal noavesiculsr besalt.

19eccccacCored {nterval 3,431-),433 feet. Kecovered, 2 feet, A
highly veslcular, fine-grained basalt., Core (a wmany
fragrents. 3Some 2e0lites 1o some of the vasicles.

20eecccccCored faterval J,5433-3,461 feet. Recoversd--no core.

21leccccucCored Laterval 3,494-3,504 feet. Recovered, & feet,

A basalt flov brecctia from 3,493-3,497.2 feet with &
tufCaceous matrix. Underlain by & fine-grained glasey,
Plock, highly Jointed basalt. The beectia may de alther
& flov breccia overlain by & thin tulf bed, or may be an
altersd pillov-pslagonite er breccla-palsgonite complex.
Whether the breccia repressats the b of the everlying
flov or the tep of the lover flov cannot be ascertained.

220eccecsCored Interval 3,523-3,3523 feat. Recovered, 2 feet. A
fine-gralned, danse, glassy, Black, highly jeinted badalt.

2)-evovacCored incarval 3,336-3,3866 faet. Racovered, 3 feet. A
highly vesicular basalt., Considerable opal, seolites,
and chalcedony 1a vesicles.

24eeeev=-Cored tntervsal ),597-),3599 feet. Recovered--no core.

25eeccccsCored Latervst 3:3”-).‘02 feet. Recoverad, 2 inches. A
very fine-gratned, dence, black basalt, Occastional samall

€  feldsper phenocrysts. Vasicles constitute 10 te 30 per-
eent of veck.

26-cieccaCored interval 3,652-),039 feet. Racovered, & feet. A
dense, sadive-grained, derk gtay basalt. Locally greealsh
gray {s coloc probably oving te chloritization. Occasfonsl
wvugs and vesicles filled vith chalcedony, some quarts.
Righer cotes have contained doeinantly querts snd zeolites.
Cote occurs ia sagments J+6 inches long with scattered
veaicles.

27soeccc~Cared tnterval 3,933-3 938 feet. Recovered sbout T Caet.
A fine-grained, dark gray to masrly black Vesalt, Feld-
spars commonly sbout 1 ma long. A fev vesicles lined vith
secondary alnerals (chlorephaeital?) and quarts. Nost of
cors 2-4 inches long, one plece 1-foot leng.

28-ecace-Cored Lnterval 4,283-4,292 feat. Recovered, 2 feet.

29e=eccecCored interval 3,148-5,149 faet. Recovered--ne gors.

30eeceneCored Interval 2,828-1,83¢ fest, Recovered, 8§ feet. Voo
stcular basalt. This core vas cut in a deviated, not the
eriginal, bore hole,

37 Scratigraphic momenclature does aot conlorm te U.3. Ceological Sutveay usags.
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Table ),=-Description of core saaxples from test hole DDH-1

(l.y A. C. Lasslls, U.5. Atcmic Ensrgy Couaission. Wording of scae descriptions modified slightly for untformity of presentation)

({348

Proviously érilled wellececocrccaccccacecss

Basalt, dark gray; phenceryste 1 wn loug
by /4 ma wide comprise 20 Lo 3O percent
of rocks. Prash matrix, Core lengths
aversging about 0,5 foot long. High angle
fractures predouinate; fractures have bees
healed by secondary aineralization--pos~
sibly ehlorite

Tuff to tulf brececla, 1ight gray-ececeeceee

Ssndstone, tuffsceous, light gray, frisdla,
Paint indication of croes bedding--prod-
ably vater deposited:

Sandstone, olive gray, medium-grained, well
sorted, subrounded, friable, msssive,
Sixty percent quertz, 30 percent basalt,
10 parceat ash. NMica presentesccccccccces

Basslt, scoriscecus to vesicular; eom
vesicles filled vith secondary mineralisa~
tion, Develops flov brececla appeatance
about depth 260

Plov breceis, greenish gray, fractured;
fractures rehesled with ehloritgecccccacee

Basalt, dark gray te black, finely
crystalline te porphyritic with pheno-
grysts 1/8-inch long by 1/32-inch wide,
Kigh angle to vertical fractures ve-
healed with as mch as 1/8-inch of
chlorite material

Tuff, dark gray, maseive; partislly de-

i

Sendstone, tuflacecus, light gray,
fine-grained, vell sorted, friasble;
interval 450 to 434 feet not vecoveredeo--

Tuff, dark gray, pertislly decomposedecccwe

Basslt, dark gray to Wlack, sphanitic to
porphyritic with phenocrysts as much gs
3/16 tach. 1Intervel 442 to 473 asppears
to be decomposed flow brececia; interval
473 to 490 vesiculer grading to maseive---

Depth
(feet)
Fres Te
[} 171
mm 201
201 04
204 36
236 252
252 263
269 225
225 441.3
&&1.3 430
430 460
460 462
462 608.5

Depth
{feet)

Haserisl Trom

Te

Basalt, black, ephanitic te porphyritie,
Fractures rehealed by secondary miner~
sl{zation; 0.5 foot of flow dreccia from

$08.3 to 609 608.3

Basalt, dark gray to black, finely crys-
talline. Flow breccia ia the sone

663.3 vo 867 $63.3

Soll, gray ns

Basslt, dlack to gray, vesicular 718 te
735 and 787 to 79%. Reirline fractures
are filled with a black mineralececccccess s

Tulf, or tulfaceous sandstons, dark gray
to tan, with msny engulfed particles.
Some o1t and clay intermined vith sand-
size pacticles 9%

Basalt, black, fine crystelline, freshecees 903

Clay--ao cera ¢ y 925

* Baealt - 131

sandot (1]

Tuff, or tulf

Basalt, gray; percentage of phenocrysts
ranges from 20 to 30 percent of the rock.
Abundant fractures are healed by chlorite~ %0

Basalt, black, vesicular. The vesicles
contain secondery mineral sseemblages of
at least tvo zeolites: eone amorphous and
the other is gray crystalline (ecspolitel)
csleite (crystale up to 2 mm acroes).
Secondary pyrite crystals are 174 sm, but
still show stristions, Very little frac~
turing

1,039
1,115.3

Tulf, lapills, gray

Basalt, vesicular, gray. Veaicles £illed

with zeolitee similar te intarval 1,059 to

1.115.5. Last fev feet of interval f»

highly weathered 1,122.3

$6).5

ns

1%

903
s
s
39
960

1,059

1,115.9
1,122.8

1,165 (1D)
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respectively. The tentative stratigraphié correlation of the rocks in well
ARH-DC-1 and hole DDH-1 are indicated in figuréz and reflect the southward dip
of the rocks off the flank of Gable Mountain anticline.

On the geophysical logs, competent dense basalt shows high electrical
reststivit&, high density, and high sonic velocity. Sedimentéry rocks show
different characteristics arfsing from their low electrical resistivity, low
density, and iow sonic velocity. éamma-ray activity of rocks is a function
of their radioisotope concentration and density. Cemented or compacted sedi-
ments, vesicular basalt, flow breccia, and palagonite may show various inter-
mediate characteristics. Thick zones of basalt, such as those from 325 to 480
feet and from 2,966 to 3,166 feet are readily identified on the geophysical
logs, as are the sedimentary sections at depths of about 500 and 900 feet.
Zones in which one or more geophysical characteristics are different from
those for competent basalt or soft sediments are more difficult and less cer-
tain of interpretation. In such insfances, the authors made a judgment about
the types of rocks likely to have such logging characteristics. For instance,
the rocks in the zone from 1,090 to 1,120 feet have a low resistivity, a den-
sity and sonic velocity somewhat less than dense basalt, and a gamma-ray
activity similar fo the overlying competent ,asalt. The caliper log shows a
tough, eroded well bore, which indicates that the rock is not competent. The
gamma log is interpreted as indicating the rock is basaltic, but the low resis-
tivity indicates that it contains wéter-filled openings. The rock may, there-
fore, Se a weathered basalt or & flow breccia, |

It can be‘e#pected that the authors' lithologic log will be revised as
more information is developed on the geophysical properties of the rocks-under-
lying the Reservation. Eér purposes of this répo;t, the lithologic 16g is sig-

nificant for identifying units that have distinctive physical and hydraulic
properties.
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Ground-Water Head

The water level in an unpumped well is a composite of the heads in the

‘varioés water-bearing openings penetrated by the well. The position of the

water level is, in part, affected by movement of water through the well from
zones with higher hgad to zones with lower head. The water level approaches
an equilibrium that depends on the relative heads and the transmissivity of
the various water-bearing zones. Direct measurements can be made of the head
in dis;rete water-bearing zones penetrated by the well by isolating hydrauli-
cally the zone of interest in the well. This i{s done with packers operated by
a tool éarried on a string of tubing that extends to the surface. The tubing
can be connected hydraulically to the isolated zone-after setting the packers,
and the head in the zone can be measured as a depth to water in the tubing.
The measurements of ground-water head in well ARH-DC-1 through use of
such & packer tool are shown in figure 3. These data are not precise repre-
sentations of the undisturbed heads in the rocks, because of several factors.
Drilling the well had considerable influence on the heads. Circulation of air
mist and, dufing subsequent stage of drilling, aerated water removed ground
water from the rocks and in some cases caused the rocks to be invaded by air.

Pumping or blowing the well to cleap out drilling fluid and facilitate collect-

L4
H

ing water samples caused a lowering of head, particularly in the more permeable
zones., Other effects were caused by circulation of water between zones through
the well during geophysical logging and hydraulic testing. This caused a reduc-

tion of head in zones contributing water and an increase in head in zones receiv-

. ing water. Recovery of water levels from these various effects doubtless was

occurring to some gegree at the times most zones would be isolated by packers.
The method of hydraulic testing also produced an effect on the head in

the isolated zone. To both conduct injection tests and check functioning of
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the packer tool, it was necessary to begin a test with the tubing filled with

water, so that a decline in water level signaled that the tool had opened to

. the test zone. The water in the tubing created an increase in head in the
.test zone, and measurements of the rate at which this head decayed provided

information on the hydraulic properties of the rock. However, to obtain a

measurement of the undistufbed head it would be necessary to wait for complete
decay of the additonal head imposed by the water in the eubing. In general,
this was 1mpract£cal because of the time involved, and measurement§ were con-
tinued only until the rate of change of water levels was small. Most zones
were tested also by swabbing, a technique which withdraws water from the tubing
and lowers the head on the test zone, Recovery of Qater level was measured
until the rate of change was small, In general, then, it ?as assumed that the
undisturbed head would be between the lowest water level measured following
injection and the highest waFer level following swabbing. A value for undis-
turbed head Qas picked by extending the trends of graphs of the water-level
recoveries, or, where the rate of change was very slow, by taking the median

value between the lowest recovery level following injection and the highest

recovery level following swabbing. 1In general, these values were within 3 feet b///

of one another. These values for undisturbed heads were satisfactory for com-
puting hydraulic constants of the roéis as will be explained later. However,
there was no definite method by which antecedent effects on undisturbed head
due to influences from drilling or circulation throﬁgh the well could be

evaluated. The original plan was to complete the well with severzl piezometers

" finished in representative water-bearing zones. Measurements of water level

or pressure over several months would then have shown if the heads in these
zones were recovering from such disturbances and eventually would have provided

true values of undisturbed heads for comparison with the data obtained from

20




hydraulic tests. The well bore at depth, unfortunately, was lost following a
cementing operation and could not be relocated within the limitationé of the
funds that .were available.

The differences among the heads in different zones shown in figure 3 are
probably'significant only;with regard to major chafacteriscics of the head
distribution, Smail differences between adjacent zones may be due only to
effects of particular antecedent conditions or measuring errors, The distri-
bution of head with depth does éhow some significant characteristics, however,
in different parts of the well, From 362 feet (the depth of casing during the
hydraulic testing) to about 2,700.feet, the water level generally ranges from
165 to 170 feet below land surface. 2Zones from 540-620 feet and 1,760-1,950
feet in this depth interQal have slightly higher measured heads: and zones
fron 820-1,190 and 2,600-2,780 feet have slightly lower heads. In the depth
{nterval from about 2,800 to 4,280 feet, the heads in the zones tested range
widely. The relatively high heads measured in the zones, 2,730-2,910 feet,
3,146-3,236 feet, and 3,166-3,196 feet are at variance with the lower heads in
adjacent zones, The heads in the depth interval from 2,800 to 3,450 feet may
well be relatively high and between 160 and 165 feet below land surface. It
should be noted that the higher heads measured were uniikely to be caused by
any factor other than entrapment of drilling air. However, the hydraulic-teét
data did not indicate the presence qf #ir in the rocks. The relatively low
heads in the test zones ln the depth interval 2,800 to 3,600 feet may be indi-
cating drawdowns resulting from the production of water during drilling.. The
rocks in these zones have very low permeability, and because they were tested
for the most part within one day after drillihg was suspended, the heads may
not have recovered:from ﬁfoduction of-water dufing dfilling. Winogr;h (1570,

P. 20-21) points out that in low-permeability rocks at the Nevada Test Site,

recovery of water levels in wells usually requires a few days.
21
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The relatively low water levels measured in the interval from 3,800 to

4,280 feet represent a real difference in head with respect to the heads

_higher up the hole. Temperature logs and radiocactive tracer logs of the well

both indicated downward movement of water from upper zones with higher heads
to about the depth of 4,000 feet. The head measured in the zone 3,910 to
4,070 feet may be higher than the undisturbed head because of the recharge

the zone received by the downward flow of water through the well.

Hydraulic Properties of the Basaléic Rock Sequence

The capacity of rocks to transmit and store water is described by the
magnitudés of hydraulic conductivity and storage coefficient, respectively.
The hydraulic conductivity is a measure of the rate at which a rock will trans-
mit water under field conditions and can be given with the dimensioas of (1)
units of length per unit of time for a unit head loss or, equivalently, (2)
as a volume rate of flow per unit cross-sectional area at a right angle to the
direction of flow under a unit hydraulic gradient. The storage coefficient
describes the characteristics of a rock in storing and releasing water. It is
a dimensionless number representing the volume of water released from or taken
into storage per unit surface area of the aquifer per unit change in head. In
cohfined aquifers, such as occur in the basaltic rocks, the storage coefficient
is determined principally by the elasiic properties of the aquifer and the con-
fining beds and by tﬁe compressibility of water. In making field tests in
wells, the h;draulic conductivity cannot be determined directly. Instead, the

parameter "transmissivity" is determined. Transmissivity is equal to the aver-

" age hydraulic conductivity multiplied by the thickness of the water-bearing

zone. It is defined as the rate at which water i{s transmitted through s unit

width of the aquifer under a unit hydraulic gradient.
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In well ARH-DC-1, tests were made to detefmine values of transmissivity
of the rocks by (1) isolating zones between packers, using the tool mentioned
previously in the section on ground-water head, and injecting water from the
filled Eubing-or withdrawing water from the tubing with a swab; and (2) by

pumping from the well itself using a submersible pump. The most relisble data

" on transmissivities of isolated water-bearing zones were provided by the injec-

tion tests on zones isolated by packers. Swabbing of isolated zones and pump-
ing f¥o§ the section open to the well were done primarily to obtain water sam-
ples, and the hydraulic effects produced by these operations could, in most
tests, be used 6n1y for order-of-magniﬁude estimates of transmissivity. Meas-
urements of hydraulic conductivity also were made in the laboratory on samples
of basalt obtained from cores cut in well ARH-DC-1,
Values of Transmissivity and Storage Coefficient
from Tests of Isolated Zones
The transmissivity values of test zones computed from the water-level
data obtained during injection and swabbing tests are summarized in table 4.
These computations were done by the method of Cooﬁer, Bredehoeft, and
Papadopulos (1967), who present a solution for the change in water level in a
well of finite diameter after a known quantity of water is instantaneously in-
jected or withdrawn. ‘These authors present : set of typé curveé computed from
this solution, which permits a determination of the transmissivity of an arte-
sian aqpifer through a cufve-matching technique. The aquifer is homogeneous,
of uniform thickness, and bounded toﬁ and bottom by impermeable rocks. Thié
solution 1is developed for a model in which a nonflowing well is cased to the
top of the artesian aquife; and is sc;eened or open throughout the entite
thickness of tﬁe aquifer...When # well is instantaneously charged with a quan-

tity of water (as was done in the injection tests on well ARH-DC-1) or a
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Table &,=Susaary of results for snalysis of hydcaulie data

collected for zones tnolated by packers in well ARN-DCol

Intesval

Teot

Apparent undisturbed
water level

Cosputed l.nnnnlulvliy:l

78]

(dapth in feet) nusberd/ {feet below land surface) {gpd/te) (fet/day)
362-416 m N Y169.9 12,0 Vg \“a
173 comae 13.2 1.8 7/
s12 165.0 ceaee aoen
430-530 113 ceane 500 ) ~7 /
sT3 4/3¢43.4 A e
540-620 1% 143.2 nighe”
€30-712 115 166.2 . —eae .
820-1,190 118 120.3 ceeee esee
230-970 1T >113 Righ /s
1,130,130 4 $N160.3 Bigh
1,330-1,520 1715 2168.1 1.6 A .0-
s 162.1 Pt 8.7~/
1,560-1,750 e N Low:
sT13 186.8 - Lov
1,76c-1,950 ) cvenn Lov
sTI2 164.7 Low;
1,970-2,160 1 63,8 2285.7 2 - .
1712 "..-.. 264 M 35.3 -~
. $T10 2718s.3 cosan cove
2,100-2,280 :;:D e o i -
2,170-2,225 sT1L 165.0 Lew.
2,240-2,420 1120
¢ . nzo ~ *eeoaw m
2,430-2,610 ™y 169.2 cenee onee
sT19 s Lov
2,600-2,780 s 170.16 170 TR
2,230-2,910 117 LT o, Uea -
7 ceaon 1.2 0.2y -
“l‘ l‘o. ’ seves oeese
2,920-3,10 sT7. >185.1 Lov
3,164-3,238 1723 62,0 5184 e
1723 159.8 Y] Ny -
3,168-3,198 1 gs3.08 U3 Yeo.1r~
1726 . 0.66 ~
$TI4 cnane canns
3,206-3,2%6 $T28 ceeee coeme
3,320-3,451 126 S 8.3 .58
$T6 164.3 conee eneee
3,60-3,397 s >180.¢ (Lov
3,516-3,674 s132 cemena Low
3,330-3,597 5127 1. Lo I\ 4
. -, e
3,774<3,9% o 110 - 3.3 = a5 ,0030¥n LI}
st - 1934 A 0.53 o)
3,910-4,020 1729 Ao 206.3 ~300 TR S BN (7Y -
a6t
4,080-4,283 sT30 206.2 seves cesee

{

1/ The prefix IT fndicates an i{jntln test; ST a swabbing test,

2 Values of transaissivity givan as “high" er “lov" Lndicate that the wveter-level data could not be
Por those test results indicated as "lov," the transalssivity prode

used to obdbtain s nuserical valwe
ably §» less than 10 gpd/It {1.)

exceeds 500 gpd/ft (67 £e2/day) 2.3 Ky
3/ These values are odtained
&7 The value of water level given is the average obtained from tecovery during injection snd evabbing

teste.

41

computer program,
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'quantity of water {s withdrawn Iinstantaneously (a procedure approximated by a

singlg-pass swab test), the water level in the well instantaneously moves to
a new level and.then begins to return to its original level. The solution
ignores ;nly inertial forces on the column of water in the well, which are
small, and therefore is virtually exact. -

In tﬁgse authors' method for computing transmissivity, a semi-log plot of
the quotient of the head; H, divided by the initial head, H,, versus the time,

t, at which H occurs, is matched to a family of type curves of H/H, versus the

expression 1%' in which T is transmissivity and r. is the radius of the casing

T
c
or pipe to which the slug of water is added or removed. Each curve of the
' 2
: T
family corresponds to a value of o = —% S, in which rg i{s the radius of the
. r . .
c .

open well bore and S is the storage coefficient. The transmissivity can then

be computed by substituting the values for any match point in the relation-

ship
2
XT
T = —2=
. y
where
3 Tt
x = the value of ;E at the match point,

c
y = the value of t at the match point.

This method of computation is illustrated using the data for injection
test 2, which are shown in figﬁre 411. These data are used to prepare the
plot of H/Ho versus t, which 1s then matched to the family of type curves as

11lustrated in figure 5. A match point is then selected and the appropriate

values are used to compute the transmissivity as is done in figure 5. As can

1/ Water-level measuring instruments used in fleld studies were calibrated
in meters. Actual field measurements are given in meters throughout this report.
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FIGURE 4, Water-Level Change with Respect to Time for Injection Test No. 2, After Instantaneous

Injection of Water in Test Zone at Depth of 362 to 416 feet in Well ARH-DC-1

WATER LEVEL BELOW TOP OF TUBING, IN FEET




L C I

L3

HIH°

TIME SINCE TUBING OPENED TO TESY ZONE, minutes

0.1 1 . 10 : 100
100‘ -
4 et IR ] LI ] lll[l] L i T~| I1HF A I 1 T1TI—W
09 computaTioNs s ‘} :\ '
- ' t = .
0.8 I ‘e 2 i 2 ' 824 minutes
T » £ : Q-J.z.s ‘ { Tt/r." = 1.0
0.7 y Te
WHERE T = TRANSMISSIVITY :
006 - Tt - lo.s
X = VALUE OF ~y AT MATCH POINT a
- .
0.5 ¢ I\ N\ -« 107"
¥ = VALUE OF t AT MATCH POINT .
0.4 | t = TIME SINCE INJECTION a=10
re = RADIUS OF WELL IN TEST ZONE 10-2 | .
0.3 - r. » RADIUS OF TUBING @« ",,/”
S = STORAGE COEFFICIENT a= 10" | DATA POINT
0.2 | 7 » £1:0)(0.0103 ft?)(1440) r2 l H/H, VERSUS TIME, t
' 8.4 minutes o=y S
0.1 - T = 1.8 ft2/day c | N
T = 13.2 gpd/ft |
0.0 vt laanl RS RERTY AN RRET] g1t 11y
1073 1072 107! 100 10! 102
Tt/rc2

FIGURE 5. Plot of H/Hy Versus Time for Injection Test No. 2,
matched to Type Curves of Cooper and others (1967),
and Computation of Transmissivity




be seen in figure 4, {t is.necessaty to determine the heads required for plot-
ting H/H, in figure 5 from the water levels measured in the tubing and the un-
disturbe§ water level in the test zone. For an injection test, the initial
héad is the difference in height between the water level in the completely

filled tubing and the undisturbed waterllevel in the test zone. At time, t,

after the tool was opened, the corresponding head, H, is the difference' in

height between the w;ter level in the tubing and the undisturbed water level.
The data curve in figure 5 matches the type curve only in the central
region. This observation is generally true for the injection test data on the
well and may be explained as resulting from (1) antecedent effects on the water
level from drilling or within-hole circulation, as was explained in the section
on ground-water head; (2) lack of precision in determining the undisfurbed head
because recovery measurements following injection and swabbiné could not be
continued long enough; (3) significant departure of the physical situation dur-
ing a test from the model of Cooper and others (1967); or (4) malfunction of
the packer tool, Wigh respect to these four explanations, only malfunction of
the packer tool could be directly investigated by means of pressure charts pro-
vided by the contractor operating the tool. The physical situation existing
during a test could be controlled only to the extent of setting the packers
against apparently dense rock, in zones bf high electrical resistivity which
were presumed to be of low permeability, so that vertical movement of water out
of the test zone would be at a minimum. Recovery of water levels from ante-
cedent conditions could in some tests be recognized from a plot of the water
levels during injection Qersus time, but the magnitﬁde of the effect could not
be determined. If water levels were recovering from some antecedent coéditions
during an injection test, then the actual heads existing during an injection

test would be greater than the heads indicated from the water level measured
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several hours later at the end of recovery Eoliowing a swabbing test. This
condition is shown diagrammatically in figure 6.

Because of ché uncertainty as to the exact heads existing duriag the hy-
draulic-tests; a computer program was developed to optimize the field data and
to obtain aﬁ optimal fit tb the type curves of Cooper and others (1967). Pro-

gramming was done by Computer Sciences Corporation, and computationé were made
on that fi;m's computer aﬁ the Richland Federal Building, under a contract

with the Atomic Energy Commission. Cooper and others (1967) give a table of
values for particular solutions of the theoretical equation, which were used

to plot the type curves. These values were used to generate a‘surface to which
it was attempted to fit the injection-test data, through an iterative procedure
by allowing transmissivity, alpha, and i{nitial head to vary freely. Varying
initial head in the progrém also had the effect of varying each measured head
by the same increment, Thus, the optimum solution for an injection test gave.
an Hy (numerically equivalent to the undisturbed water level in the test zoﬁe)
that was arrived at by a procedure that averaged the effect of any change in
Head in the test zone.that occurred as a result of conditions antecedent to

the test. A graduated correction to account for a water-level trend could have
been applied to the heads measured during a test but would have been impracti-
cable from the standpoint of the computing tiée required.A As the program was
written, solutions generally required about 20 seconds of machine time. To
facilitate computations, values of transmissivity, alpha, and initfal head are
estimated from a data plot and are used in the initial iteration. In running
the program, iterations usually produced values that were beyond the bounds of

the type surface. However, solutions could be obtained by changing the initial

values of the three parameters.
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The results of the computer analysis of injection test data{are given in
table & and figure 7. fn order to test the solutions obtained, the optimum
values'pf transmissivity, alpha, and H, were used to compute theoretical water
levels. The measured water levels and.computed water levels agree closely,
as shown in'figure 7. The optimum values of initial head computed fté& the
data also.agtee closely with the undisturbed water levels determined from re-
covery following injection and swabbing, with the exception of injection tests
17 and 24, It can also be seen that the transmissivity obtained by graphic

analysis of injection test 2 in figure 5 is of the same order of magnitude as

that obtained from the digital computer analysis as shown in figure 7. Graphic

analysis and computer analysis did, in all six tests of figure 7, give trans-
missivity values that were in reasonable agreement (ﬁable 4). The ;omputed
optimum water levels are somewhat lower than the measured levels and may indi-
cate that (1) -there was generally an upward trend in water level in the test
zones due to recovery from an antecedent drawdown, or (2) the test situations
deviated somewhat from the model of Cooper and others (1967). Vert}cal leak-
age, for example, would have caused the test zones to take in water at a some-
what faster rate than {f flow were entirely lateral and it would appear that
the heads were someﬁhat greater than those actually existing. In injection
tests 17 and 24 in which the computed initial head is much greater than that
indicated by the field data, vertical leakage may have been considerable. It
is also possible that the computer program provided a local fit ;n these two
cases. | .
Storage coeffiéienis for the tests solved with the computer program are
;iven in table 5 from the optimum values 95 alpha. ﬁydraul{c tests utilizing

only one well, as did these, generally are not considered suitable for deter-

mining the storage coefficient. Cooper and others (1967) state that their
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Table 5.--Storage coefficients computed from hydraulic test data

{Radius of tubing, r, = 1.22 inches]

Depth
interval
(feet)

362-416
1,330-1,520
1,760-1,950
3,146-3,236

Injection Optimum
test alpha

IT 2 0.001198
IT 15 .03206
IT 12 .01059

IT 23 ~.000029

Radius of

well, rs

(inches)

5.2
5.1
5.1

5'5

Storage
coefficient,
S

0.000066
1/ o018
.00063

.0000014

1/ This comparatively high-storage coefficient @ay reflect largely the char-

acteristics of two sections of sand interlayered with the basaltic rocks in

this zone. The storage coefficients of basaltic rocks generally should be

smaller and, for the most dense, most competent rocks, should approach the val-

ue for the compressibility of water.
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graphical method of solution is relatively insensitive to variations in the
value of the storage coefficient. However, because a high degree of ﬁathe-
matical precision was oﬁtained with the digital computer, the sensitivity with
respect to the storage coefficient was improved somewhat over the graphical-
solution m;thods. The storage coefficients are, therefore, p;esented as order
of magﬂitude values, which would certainly be revised if suitable pumping-test
data were available. . |

Swabbing tests in which only one swab run was made can be analyzed ;n the
same ménner as an injection test, except that the initial head is the initial
drawdown created by the swab., This initial head\is computed indirectly, and
with low precision, from the quantity of water withdrawn by the swab and from
the undisturbed water level. The quantitf of water withdrawn by the sw#b
could not be measured exactly because some water was always séilled and be-
cause the calibrated tank in which the water was collected and measured was

large and had a low sensitivity. Swabbing also produced some uncertain effects

by (1) creating a suction head on the test zone as the swab was lifted clear

~of the water, and (2) creating an extraneous head by water leaking around the

swab and back down the tubing. It was possible then for the water-bearing
zone to receive three pulses, consisting of (1) the intended negative pulse
from withdrawing water from the tubing, €2) a positive pulse due to Suct;on,
and (3) a later positive pulse from leakage. For the foregoing reasons, the
swabbing-test data were analyzed only to determine if they gave results of the
same order of magnitude as those obtained for corresponding injection tests,
Swabbing tests in which multiple swabbing runs were made could be }nalyzed
to determine ﬁransmissivity only by the method of Skibitzké (Ferris and others,

1962, p. 103-104). The'assumption‘on which Skibitzke's model is based, that a

well is a line sink, dées not allow an exact solution, If the number of swab
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runs is very great, and the time between runs and the quantity withdrawn on
each run vary, the computations are long and tedious. Therefore, computations
were stmplifiéd by treating blocks of swab runs as being uniformly spaced in
time and as producing 2 uniform quantity of water. The valges of transmissiv-
ity obtained were considered only from the standpoint of their orders-of-magni-
tude and to investigate the pdssibility that swabbing caused significant in~
crease in the transmissivity of the test zone by removal of cuttings or en-
trapped air.
Values of Transmissivity from Pumping Tests

Four pumping tests were run during ;esting sequences when well ARH-DC-1
was variously at depths of 712, 1,190, and 2,242 feet. As‘no nearby wells were
available, measurements of drawdown and recovery could be made only in well
ARH-DC-1. These tests were run in connection with pumping to clean the well
of drilling fluid, to sample the ground water, and to develop the water-bear-
ing zones, and not primarily to obtain hydraulic data. Because of this, and
because some difficulties were encountergd in maintaining constant pumping
rates, the pumping~-test data do not lend themselves‘wéll to analysis. Further-
more, in each time interval between pumping tests, cementing repairs were made
to the well. Tﬁe cement did not stop the flow of water from the cemented zones
into the well during drilling or pumping, bit undoubtedly had some effect in
reducing the flow, Despite the obvious difficulties with the pumping tests,

the dats were analyzed so that some approximate values of transmissivity

could be obtained for permeable zones above 1,200 feet that could not be ade-
R ?

© quately tested by injection.

During the pumping tests when drawdowns became relatively stable, a radio-
active tracer log was made of the well. In this procedure, a small quantity

of {odine-131 is ejected from a logging tool into the water in the well, and
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its movement is followed by means of a detector in the tool. Approximate flow
rates of the water in the well can be computed from the data obtained, and the
relative contributions of different zones of rock can be estimated. The re-
sults of the tracer-ejector surveys obtained during pumping tests sre summa-
rized in figure 8. Because the flow rat;s measured in the tracer-ejector sur-
veys are not precise,.onlj large percentage differences in flow are significant.
The zones that were rep#ired by cementing are also sho&n, and it is obvious from
the data that cementing did not entirely stop the flow of water from the perme-
able zones.

The trénsmissivity values obtained from the pumping tests apply mainly to
relatively permeable zones at depths of about 480-515, 596-700, 740-754, 830-936,
and 1,100-1,200 feet. Logarithmic plots of water level during pumping versus
time of pumping most closely match type curves developed for leaky artesian con-
ditions, as described by Hantush (1956). As an example, the determination of
transmissivity for pumping test 4 by a graphical method given by Walton (1962)
and based on Hantush's solution (1956) is shown in figure 9. Data of a lesser
quality are available for pumping tests 1, 2, and 3. The curve fits obtained
may be fortuitous. As is recommended later in the report, more closely con-

" trolled pumping tests using two or more observation wells would be necessary
L4 .

to evaluate the hydraulic conditions of the aquifers i{n this rock section. The
estimated values of transmissivity from the pumping-test data are summarized

below and also are given in figure 8.

Estimated

Pumping test Depth of well transmissivity
number (feet) (gpd/ft)
S oy, T2 1,600
2 , 1,190 3,100
3 1,190 5,200
& '2,242 3,700

1/ Hole filled by caving material from 8§90-1,190.
s '
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It can be seen from figure 8 that the permeable zones centering at 500
and 900 feet were recemented between the running of pumping tests 3 and 4.
This récemenéing caused a decline of 1,500 gpd/ft (gallons per day per foot)
in transmissivity for the near;y identical sections to which the transmissivity
values apply. It should be npted from the trace-ejector survey that during
pumping test 4 the section of the well below 1,200 feet contributed little
water to the discﬂgrge from the well. By apprOpriatelf summing or subtract-
ing the transmissivity values determined from the pumping tests, the trans-
missivities of different zones of rock open to the well can be determined, as
is shown in figure 8.

Hydraulic Conductivity of the Rock Units

The values of transmissivity determined from injection tests ;n isolated
zones and from pumping tests were used to estimate the average values of hy-
draulic conductivity of the rocks in the units identified in the lithologic

log of figure 3. The estimated values of hydraulic conductivity are shown in

figure 10 for the rocks to a depth of 4,280 feet, for which hydraulic tests

and geophysical logs are available.

The analysis by which the hydraulic conductivity values were estimated is
based on the follo&ing considerations. For a‘section of rock composed of multi-
pie units, the transmissivity can be defined as

Kjm + Kymp + Kamg + === + Km, ; T
where

K3, Ky, K3, =-- K, are the hydraulic conductivity values of
the rock units,

ny, @y, Wy, === @, are the thicknesses corresponding to
Kl’ Kz, K3, - Kn, and .

T is the ttansmissivity.
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FIGURE 10. (contd)
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In the equation stated above, the terms Koy, Komy, === Knmh each refer to

a discrete unit of rock. If in a well, geébhysical logs and core samples allow
¢
classification of the ifndividual rock units into lithologic types having simi-

lar ﬁermeabilitiés, class terms can be substituted for Kiml, Komp, === K m,.

In well AﬁH-DC-l the following classes of rock could be identified:

Densevbasélt

Basalt Having healed fractures and joints

Vesicular basalt

Flow breccia

Basalt with open fractures

Gravel

Sedimentary interbeds :

For each hydraulic test, ah equation could be written in the form of the

equation above but containing class terms., As multiple‘tests were performed,
a family of simultaneous equations results, which can be solved for the values
of hydraulic conductivity of the commonly occurring. individual rock.units.
Data were insufficient for computing the hydraulic conductivity of each rock
unit., Where the hydraulic condﬁctivity could not be computed, it was estimated
by comparing the geophysical logging charac;eristics of that unit with the char-
acterisfics of units for which the hydraulic conductivity values were computed.
In using the values of hydraulic conductivity in figure 10, it should be re-
called that all these values are based on interpretive felatiqnships developed
between the geophysical logging characteristics of the rocks and the'tranqmis-
sivity values determined in hydraulic tests. When more information is obtained
on the geophysical properties and transmissivity of the rocks, the hyéraulic
conductivity values given in figure 10 wiil probébly be changed through reinter-

pretation.
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Phyéicel Tests on Core Samples
Laboratory tests were made by the Hydrologic Laboratory, U.S. Geological
Survey, on five cores of basalt obtained from well ARH-DC-l. The numbers of
the cores are 6, 7, 8, 13, and 28, and their descriptions are given in table 2.
The characteristics measured are hydraulic conductivity, porosity, compressive

strength, and tensile strength, which are reported in table 6. Measurements
of sonic ;elocity, not reported here, were also made and were used in comput-
ing Poisson's ratio, Young's modulus, shear modulus, and bulk modulus of the
core specimens, |

Values of hydraulic conductivity of the core specimens were small, rang-
ing from about 1.4x10"% gpd/fr2 (1.9x10°3 ft/day) to 4.5x10°% gpd/fr?

(6.0x10"3 ft/day). The very vesicular basalt of core 8 has a hydraulic con-
ductivity about the same as less vesicular samples from cores 6§ and 28 and only
about 60 percent greater than the dense specimen from core 13 (table 6). Appar~
' ently, vesicles in the basalt samples were not interconnected to an extent that
would cause a significant increase in hydraulic conductivity witg increasing'
vesicularity.

The cores have hydraulic conductivity values about two orders of magﬁitude
smaller than the aveiage values determined :from injection tests on basalt, which
range from 1.2x10°2 gpd/£t2 (1.6x10™> fr/day) to 2.3x10°2 gpd/ft? (3.1x1073
ft/day). These differences in values of hydraulic conductivity result, because
these two types of tests measure different characteristics of the rocks. The
field values of hydraulic conductivity were determined on a large volume of
in-place rocks. The basalt, as can be seen in outcrops, is cut by shrinkage
cracks and sther fractu;és which aré.capable of transmitting'water. The field

hydraulic conductivities therefore, apply noc.only to the ability of the basalt

flows to transmit water through intergranular pore spaces, but also through
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Table 6,~~Summary of laboratory analyses of rock cores from test well ARH-DC-1

Compressive strength

Tenatle strength

© 3.97x10°3 fe/day

2.98x107% gpa/ee?

(unconfined) (Reichmuth test)
Depth Molstura Holsture
Coce (feet) Hydraulie -2  content Sample -2  tontent Savple
nuzber From To conductivity Porosity K&m cm (vol. diametey [KB® cM (vol, .  diapeter
(percent) percent) = (em) percent) (cm)
Goemees 2,381.6  2,385.6  1.3x10°0 cn/sec 9.8 ) EP%Y 6.2 5.38 28 6.2 .38
3.68x10™> £t/day
2.76x10"% gpd/ee? HASTS 2.7 2.52
Jeeowee 2,779.0  2,779.8  2.1x10"% cm/sec 10.5 1892 3.8 2.52 300 . 3.6 2.53
$5.96x10"3 ft/day
4.46x10°% gpd/ g2 26425 4.0 2,52 339 2.53
Beeomven 2,946,8  2,950.1  1.1x10°3 em/sec 25,4 260 28.6 5.37 60 28.5 5.38
3.12x10°% fe/day
 2.3x10™" gpasee?
13aeewes 3,127.1  3,128,0  6.7x10°7 ca/sec 2.1 1006 2.0 2,52 150 1.9 2.52
1.9x10"  fe/day
1.42x10"% gpa/ee? 3219 1.9 2.53 229 1.5 2.53
28ecenen 4,285.0  4,285.5 1.6x10"8 cm/aec 10.9 cnse ccoa cwee e oce -cae

1/ Ssmple failed along a partially penatrating fracture surfaca

not visible in the origihal specimen.

2/ Value uudwbéedly too high as the rasult of using valua of compressiye strength from first epecimen in calculation of tensile

strength for second specimen,

3/ Porosity determined on small specimen apparently more dense than those used for other physical tasts on Core 8.
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fractures. The laboratory tests were made on small cylinders of rock that

vere selected to be free of open fractures and, therefore, indicate the hy-
draulic condﬁctivity dependent on moveaent through intergranular pore spaces.
The results of the tests indicate that the hydraulic conductivity of basalt
flows results mainly fr;m fractures. .

Chemical and Isotopic Characteristics of the Ground Water

-

Ground-water samples were collected from well ARH-DC-1 both by pumping

from the entire well bore using a submersible pump and by swabbing from se-
lected isolated zones. The samples were analyzed for dissolved chemical con-
stituents, tritium content, deuterium-hydrogen ratio, and 9xygen-18—oxygen-i6 _
ratio. A carbon-1l4 age determination was also made on one sample. The dats
obtained from analyses are given in table 7. The interpretations ;f the ana-
lytical results given in the following sections were made mainly by
F. J. Pearson, U.S, Geological Survey.

Reliability of Samples

Tritium is useful in this investigation as an indicator of the quantity

of drilling water present in a sample. Meteoric and surface waters are high

in tritium. The Columbia River, for instance, during 1969 had a tritium con-
tent that generally ranged from 300 to 600 TU: (tritium units; 1 TU = 10'18
tritium atoms per hydrogen atom). Ground water of recent origin is also high
in tritium. However, as ground-water movement generally is very slow and
tritium decays rapidly, having a half-life of about 12.3 years, and there are
no natural sources of tritium underground, ground water is ordinérily low in
tritium. Considering these facts, the ground-water samples obtained from well

ARH-DC-1 were analyzed for tritium to détermine if they were representative of

the formation water.
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Table T.o-Chemical sod L pic analysss of water samples from well m-nc-ll’

[Concentraticns tu milligrsns per liter, wg/1) -

Diseclved Hard-

. Sella” mu ¥ §F
¢ & § 3& ;%8 8 %8 g Fido, $ifi;l
3 : -~ ”~~ 3 I' ..‘ . c ~ A o s~ .. g - - g &9 o -
« 2% 18 48 V1 i f; ooy i ssigiiisti 3 , "
Depth L - - - - « W . e 9w 3 4 Wh - -~
et - 33 5 g 1 0P 02 & 0z 53 § 4 = % %8 P g3 3gziofo¢ § 34 33 o o Trivim ‘O ‘Oma dogey
(Leet) aY - 4 %2 & & 2 & & " o = 1] ~ = & E¥ 2" 3 < 2% m X % untterlo (o/00)(o/o0)(e/00)
Collected from discharge of submsrsible pump
362-712  S/10/6% 33 0;05 0.7 0.06 2,2 0.3. 79 0.0 208 7 04 3.9 1,0 0.2 0,25 0,25 239 257 7 O 0,01 IS1 8,3 =cece cevemcens 2l4,0 coe  mve-
362890 $720/6% 13 L0%3 .3 .56 2.0 LA )26 9.6 133 35 .0 68 10 W2 L1614 389 389 7T O .03 S2O 9.2 9.62 1Ll .2 2.9 oece  eoces
362-1190 3/26/69 19 .00 .0 3¢ 2.4 L1 182 1O 9 54 1.8 8 13 0 06 07 451 436 ) O 00 664 9.4 9,58 L0+ I 420 evs  ecee
362-2242 &/12/¢9 81 00 .8 .58 2.5 L1 141 1 7 6 s5.é 8 13 d .06 .08 438 A81 7 O .00 707 9.3 9.6l eccccnenas wmee sue  cwse
Collectad by swebbing from goses tsolated by packers
V62416 378769 23 0.2% 0.1 0.06 4.7 1,2 60 8.8 148 019 1 0.5 0.5 0.01 0.0 208 202 17 0 0.)6 34 13,3 <143 -17.2
4350-330 5/8/69 37 03 .1 L0 2,2 .3 77 84 167 W 12 7.7 8 2 08 L07 240 242 7 O ,12 353 o14,2 coe  sees
SL0-620 S$/8/69 46 L10 .3 .06 2, .3 79 1.8 199 10 O 4,2 1.0 L1 L1l L2 252 249 6 O .05 Db 14,3 =134 -18.)
636-726  3/19/69 S5 1.4 Jd 0 10 1,7 & 90 9.9 208 1 0 13 1.7 2 A7 .16 293 289 & O .04 402 + 10,5 ~130 ~12,7
720-810 S/19/6% 37 .87 A4 A5 1.7 4 116 14 13 43 1.6 49 7.5 3 L1 .21 366 356 6 O .18 832 + 4.0 142 -16,9
980-1120 '5/27/69 8% .03 .0 .% .9 .4 16 10 5§ 6 2,0 120 16 Jd .05 08 318 49¢ & O .00 773 9.3 1O 6.2¢ 4 15,4 138 13,8
3/1090-1200 6711769 90 .00 1.k ) 5.8 .1 177 12 ees 92 10 120 20 2 01 ,0) 554 338 15 O .02 904 10.2 10.48 1.3 .3 #4132 -136 -15.¢
yl”b-l”ﬂ 6710769 81 ,20 1.1 eees 5,0 L1 163 1S 32 8 12 110 20 3 L0 .05 3516 303 13 O 11 839 9,7 9.9% 108 +1.4 =139 -15.9
2600-2780 6/22/69 48 1.0 d .00 1.2 ,2 87 8.0 181 19 34 1) 2.0 3 07 .09 276 270 4 O .92 408 8.9 9.10 9.6+ .6 <=12,6 ~-131 -1).8
3146-3236 6€/28/69 116 .10 1.1 .72 .8 .0 182 3,3 49 1ol 1) " ) 2 01 06 365 339 2 0 .03 067 9.6 10.12 0 % .,3 7.0 =138 -1.0
§/3166-3196¢ €/29/69 120 .15 1.0 .63 .7 .1 181 3,9 - 125 12 *% 20 2 00 ,04 366 358 2 O ,10 850 9.9 9.78 2.0b .3 -~7.6 148 -13.9
3206-3266 6/29/69 103 .65 1,1 .17 & .1 126 5.9 2 120 10 9 20 2 01 02 542 S37 2 0 L3S 852 9.9 9.72 A4k A 1.3 <130 -15.9
3320-3481 7/2/89 ¢ 1.8 9 L6862 L1 166 4.7 68 75 16 L[] 18 3 01 L0l 476 464 ) O .39 800 9.7 9.70 17.8+ A4 2.0 138 e=e-
§/4080-4283 7/18/869 67 2.1 1.3 38 2 L0 1MW 30 16 16 21 [1} 1 b 03 L0 410 402 1 O .I2 630 8.9 9.10 sccrcecns  wase  ces  weee
1/ Raogavess (Mn) and chreatum (Cr) were dotermined for all sesples end were sdeent, .
2/ Sssple 9 costasineted with drilling flutd,
)/ Myéroxide (OH) ts 11 wg/l.
4/ Semple 1s contemtnated vith water snd drilling fluid that lesked sround wpper futlateble packer,
Sasple 18 contemtnated vith drilliag Cluld and weter origimating ta shallover recks thet Lsveded the teet peme through tha bera of tha well.

!Z; Hydronide (OH) Lo 1 mg/i,

P ke e ca et - + - . e . v W wew e v eemmy omme . e
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The water used to make up the drilling fluia was obtained from the Reser-
vation water gupply, the source of which is the Columbia River. One analysis
made oﬁ the drilling fluid showed a tritium content of 418 TU: The analyses
for the ground-water samples from the intervals 362-890, 362-1,190, 1,090-
1,280, and 3,146-3,236 1ndicate that normally the tritium content of the
ground water is at no more than about the level of detection, 1 TU. The trit-
fum determinations, therefore, indicafe the extent of contamination of the
samples with drilling fluid left in the well when drilling was stopped. 1In
general, based on 2 mass balance, the samples contain 0.25 to 1 percent drill-
ing fluid. Those samples that are high in tritium were collected (1) presum-
ably before the test zone was swabbed sufficiently, as with the samples from
362-416 feet, 450-530 feet, and 3,206-3,246 feet; or (2) during a test when
leakage is suspected to have occurred around the.packer tool, as inferred from
hydraulic data or pressure records, as with the samples from 980-1,120,

1,330-1,520, and 2,600-2,780 feet. The samples from 1,330-1,520, and

2,600-2,780 feet are grossly contaminated with nonformation water and should

- not be used for geochemical interpretations. The chemical constituents in the

sample from 2,600-2,780 feet indicate that the zone probably was fnvaded by
water moving through the well from shallow depth. This zone has a lower hy-
draulic head than the zone at shallow depth.

Detergents, which were added to the drilling fluid in latge conéentra-
tions, are useful in determining the extent of contamination of the samples
with drilling fluid, but to a lessef extent than tritium, The amount of deter-
gent added to the fluid varied, and the detergent analysis is less sensitive
than that for tritium, ,

The portland cement ﬁéed in emplacing the casing and repairing the well

is another possible source for contaminating the ground-water samples.
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"Hydrolysis of portland cement produces a solution with a high pH and a high

carbonate content, and the ground-water samples do exhibit both of these chemi-

cal characteristics. A possibility is that all water samples from the well

_are contahinated with the hydrolysis products of portland cement. However,

this is unlikély because the cement was in place only above depths of 1,000
feet in the well during the periods oé sample collection and the waters were
sampled from tubing that was isolated from the upper parts of the well by a
packer, A summary of cement repairs to the well is sho&n in figure 8 and the
dates of sample collection are given in table 7. Cement was also emplaced
around the casing, whose bottom is at 362 feet, prior to the collection of
any samples. The pH and carbonate content of the samples generally increased
with depth. Furthermore, the samples collected below 2,200 feet in depth
were from rocks not yet penetrated by the well when the last of the cement was
emplaced.
Source of the Water

Stable isotope var;ations are reported in delta units (§), defined as
follows: if Rg,p is the isotopic ratio (D/H, 0-18/0-16, C;13/C-12, etc,) in a
sample and Ry 4 is the ratio in some standard material, then

R
é -( sm —9 x 1000,
Rstd 3

The § values are expressed in parts per thousand, or per mil (o/o0o). The

standard used for hydrogen and oxygen in natural waters 1s a standard mean
ocean water, SMOW (Craig, 196la). The carbon standard is a Cretaceous belem-
nite, FDB, with isotopic composition ciose to that of normal marine limestone
(Craig, 1953). Samﬁles with the same isotopic compositions as the standard
have § values of 0; those depleted in the heavier isotope have négative § val-

ves. The analyses reported here were made in the U.S. Geological Survey.
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Chenizal and Carbon Isotope Characteristics
Ground waaters fr.m basalt typically are characterized by (1) high ratios
of calcium to . sodium and of magnesium to calcium, (2) relatively high silica

conteht, and (I3) relatively low fluoride content (White, Eem, and Waring, 1963)..

. The samples frzom well ARH-DC-1 are abnormal for ground water from basalt in

that they are ccharacterized by low ratios of calcium to sodium and of magnesium
to calcium, anad-high fluoride. The deeper waters from the well are also high
in carbonate annd chloride.

The grounad water is of the sodium bicarbonate type at shallow depth and
of the sodium-*bicarboc.cte-chloride type below 980 feet. The samples from the
zones of 636-7226 and 720-810 feet are the result of simﬁle mixing between the
upper sodium biicarbona e water and the lower sodium-bicarbonate-chloride water.
This is demonst:rated byr mass balances based on the change in chloride and the
C~13/C-12 ratims throu.ch these zones to determine the mixing ratios. Both
balances gi;e'about thes same.mixing ratios; the zone 636-726 feet contains
10-15 percent and the :-one 720-810 feet contains 30-40 percent of the sodiuam-
bicarbonate-chZoride wzater.

Waters from the ziones between 980 and 1,280 feet are different from the
deeper waters cf the scadium-bicarbonate-chloride type in some characteristics.
Mainly, they are highly- enriched in C-13 ;ut also have a lower total carbonate
content (about 70 perce:ant of the deeper water) and a slightly higher chloride
content, .

_ The data from the : chemical aﬁalyses were analyzed by means of & computer
program being developed 3 by Blair F. Jones and A. ‘Iruesdeli of the U.S. G.eological

Survey. This program c-compares the activity products of the ions in solution

with the equilibrium ce:onstants of rock-forming minerals in order to {nvestigate

the mineralogic control:ls of the water chemistry. Conclusions drawn from the
results of this analysi:is are included in the discussion which follows.,
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Silica.--The silica content indicates near equilibrium with a silica

e o6 2340 S AR

phase having properties similar to those of chalcedony -or cristobalite. If

only uncontaminated samples are considered, the silica content can be seen to

increase with dépth. ‘This increase is an effect of the increasing temperature

of the rock with depth. (See Fenix and Scisson, 1969, for temperature logs.)

The silica probably comes into solution from feldspars and other silicate min-

erals but at a concentration hfgher than that which would be in equilibrium
with quattz.. Because the silica goes out of solution slowiy and forms, at
first, chalcedony rather than quartz, the solution appears to be in equilibrium
with this phase. Chalcedony is present in some of the core samples (table 2).

Cations.--Sodium is the predominant cation ;n the samples and presumably
is derived from the solution of sodic feidspars in the basalt. Aluminum is
present in low concentrations only but is significant from the standpoint of
determining chemical equilibrium between the water and feldspars. It is, how-
ever, an extremely difficult constituent to measure in low concentrations.
The accuracy of the measurements is not sufficient to determine the equilibrium
involving aluminum in the upper part of the well. 1In the three samples from
3,146-3,246 feet the water appears to be in equilibrium with a feldspar of
about equal calcium and sodium content. However, despite the abundance of
calcium feldspar in the basalt, the calcium inssolution ié low, and roughly
what it should be when in equilibrium with the mineral calcite. This doubtless
occurs because the high bicarbonate content of the water drives calcite out of
solution and lowers the calcium content of the water.

The potassium content is somewhat higher than expected for equilibrium
with a potassium feldspar or potassium mica. Magnesluw is low or absent,
though magnesium is presentbin the dark minerals of the basalt. The concen- '

trations of potassium and magnesium may, as supposed for calcium, be affected
by their relative solubilities in the presence of bicarbonate and carbonate.
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Chloride.--The uppermost ground water contains chloride in the concen-
trations generally present in meteoric waters. The ground water in the zones
from 980-1,280 feet contains 120 mg/l (milligrams per liter) and below this to
3,246 feet the water contains less than 100 mg/l. These chloride concentra-
tions aré ;ather high for a basaltic terrane. No explanation can be offered
at this time ‘either as to a source or a possible mechanism for concentrating
the chloride.,

Fluoride.--Fluoride increases in concentration in the ground water with
depth in the hole from about 1 mg/l to 20 mg/l in the 1,090-1,280-foot zone
and then is more or less constant to 3,246 feet, These fluoride concentra-
tions are high for ground water and particularly so for waters from basaltic
rock. The source of the fluoride is unknown. The samples are undersaturated
in fluoride with respect to the mineral fluorite, so that if a considerable
amount of fluorite is present in the rocks it would be actively dissolving.

Sulfate.--Sulfate occurs in low concentrations in the samples, 1Its con-
centration generally is less than 13 mg/l, but shows a tendency'to increase
with depth. The sample from the zone at 4,080-4,283 feet is not entirely rep-

resentative of water from that zone because of invasion by water that moved

‘down the hole from shallower zones. However, the relatively high concentra-

tion of 21 mg/l in that sample indicates that the’ zone contains water of higher
sulfate concentration than the upper zones.
In the interval between 540 and 1,120 feet, sulfate is extremely low or

absent. Hydrogen sulfide gas was present when these samples were collected,

" The lack of sulfate probably is explained by the reduction of sulfate %o pro-

duce hydrogen sulfide. Reducing conditions less severe than needed to reduce
sulfate commonly give rise to relatively high dissolved iron concentrations,

such as were measured in the samples from 636-810 feet.

56




1]

Carbonéte.--Bicarbonate and carbonate occur in unusually high concentra-
tions for waters from basaltic rocks. The occurrence of these two specles are
dependent on pH. The proportion of carbonate to bicarbonate increases as the
pH Increases, until at a pH of about 10, essegtially only carbonate is present.
The pH of these waters is also exceptionally ﬁigh, so that much carbonate is
present. In the sample from the zone at 1,090-1;280 feet, the pH {s 10.2 and
carbonate.is present to the exclusion of bicarbonate.

§C-13 values for carbonate in ground waters are commonly ifn the range of
-7 to -15 per mil, because dissolved carbonate tends.to be roughly a 1:1 mix-
ture of plant-derived carbon from the soil zone (§C-13'= -25 o/00) and of min-
eral carbonate (6C-13 = 0 o0/00) from the aquifer (Pearson and Hanshaw, 1970).

The samples from the well show that the ground water to a depth of.620

feet has 86C-13 of about -14 o/oo, about normal for ground water. The lower-

.most zones contain water with a less negative 8C-13 of about -7 o/co. However,

the zones from 980 to 1,280 feet contain water with the extraordinary éC-13
value of about +15 0/06.

The C-13 enrichment in the zones from 980-1,280 is not explained ade-
quately. Methane production under reducing conditions can, in some circum-
stances, selectively remove C-12 and in effect concentrate C-13 as bicarbonate
ions are reduced to methane. As the waters fn the zones 980-1,280 are other-
wise chemically similar to deeper waters in the well, it may be assumed that
éhey originally had 6C-13 of about -7 ofco. Then, 1f C-13 were concentrated
through methane production, about 25 to 30 percent of their carbonate would
have been lost. The zone from 980-1,120 is lower in total carbonate than
deeper zones by 25 to 30 percent. ﬂowéver, for methane production to proéeed,
sulfate must first be enti;ely feduced; Sulfate has concentrations of 10 mg/l

-

in the sample from 1,090-1,280 feet and 2.0 mg/l from 980-1,120 feet. Methane
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production and concentration of the C-13 could have taken place outside these
zones and the water later migrated into them, picking up sulfate on the way.
T@is is not consistent with the general character of the water in the well.
Where reducing conditions exist from 540-726 feet, the 6C-13 values are nega-
tive. Three samples of rock core obtaiﬁed from core hole DDH-1 were analyzed
by the U.S. Geological Survey fo? carbon iso;ope ratios to investigate the
rocks themselves as a source of the heavy carbon. These cores are from depths
of 457, 825, and 1,060.5 feet and are equivalent to rocks at about depths of
497, 865, and 1,100 feet in well ARH-DC-1. Relatively heavy carbon occurs in
the 825-foot(core, but the 1,060.5-foot core contained too little carbonate
for analysis, as is shown in the table following. The-small amount of carbon-
ate in these cores suggest the carbonate present was deposited from the water
itself. The results of the analyses are given in the following table.

Results of analyses for stable carbon-isotope ratios

on core samples from hole DDH-1

Sample .
weight Volume CO, scl3
Interval (grams) evolved Cppp (o/00)

457 -  458.5 10.8025 2.7 cc (2.86 x 10™% moles) =~ -11.61
825 - 826.5 10.4281 6.4 cec (1.21 x 1074 moles) + 0.13

. :
1,060.5 - 1,062 ©10.7155 0.09 cc (4.0 x 10°% moles)  Not analyzed

CONCLUSIONS AND DISCUSSION

The hydraulic and water-quality data collected from well ARH-DC-1 allow

- some general conclusions to be dréwn about the hydrologic system, though they

are tenuous, particularly because the well was lost before hydraulic testing

and water sampling were completed. The data reasonably support the thesis that

thick sections of basaltic rocks of high density and low permeaﬁility occur
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at depths below the zone of active ground-water circulation; that is, the

zone, including the glacial deposits, through which ground water moves compara-
tively rapidly and directly toward the Columbia River. Values of hydraulic
conductiv{ty of the rock section are small below about 1,200 feet in depth,
except for fracture or interbed zones at about 1,500, 2,050, 2,600, 3,200, and

.

4,000 feet. The hydraulic conductivity of the rocks below 4,280 feet was not

determined. The data on hydraulic heads indicate that there is little or no
significant upward movement of water toward the permeable section above 1,200
féet. The heads measured at depths of 2,730-2,910 feet, 3,146-3,236 feet, and
3,166-3,196 feet are somewhat higher, by less than 5 feet, than the heads mea-
sured in shallower zones. However, these zones are interspersed with other
zones in the section from 2,800-3,450 feet having apparent lower heads. Re-
testing of the heads in these zones and the installation of piezomet;rs in two
zones in this section probably could have shown if these data are valid. The
lover head in the zones between 2,800 and 3,450 feet may be spurious, and the
higher heads may prevail generally through this interval. If so, ground-water
flow may have an'upward component in this interval. Any upward component of
flow could be expected to be extremely small, however, because of the thick
sections of dense basalt that occur between the permeable rocks above 1,200
feet and the permeable zone at 3,200 feet. The chemical and isotopic charac-
teristics of the ground water show a strong horizontal zonation of the deeper
water in the well, the water from 980 to 1,280 feet, and the shallower water.
This zopation indicates that little, if any, vertical movement of water has
occurred at the site of the well.

The carbon-14 age.of the water in the zone from 540 to 620 feet {s about
13,000 years. The relation#hip.of the stable hydrogen and oxygen ratios in

this and other samples from greater depth suggest the water may have entered

59




T

2 2 Y N

”»

the ground under relatively cool climatic conditions. These data suggest that
the deeper ground-water samples in the well may have entered the ground at
least no later than the close of the last glaciation. Presumably, these rocks
have coﬁtinued to receive ground-water recharge andAthe water is moving towards
points of discharge. The location and characteristics of the recharge and dis-
charge areas for ground water in éﬁe basaltic rocks of the Hanford Reservation
can oqu be surmised, The nature of the flow system in the basaltic rocks 1is
not knoén fr;m work done on the Reservation.- If the flow system is in approxi-
mate balance, recharge and discharge being equal as classical hydrologic theory
assumes, then the water in the basaltic rocks possibly moves from where it
enters the rocks on the ridges and plateaus fringing the Pasco Basin to the
Columbia River or the low ground south of the Reservation near Wallula Gap,
where structural features of the rock may assist its discharge. Even the low-
est ground-water head measured in well ARH-DC-1 (365 feet above mean sea level
in the zone 4,000 feet deep) is above the stage of the Columbia River, suggest-
ing that the ground water is part of a(hydrologic system discharging to the
river. However, in view of the meagerness of the data, the possibility éxists
that the head relationship with the river is fortuitous.

The ac;ual rate of water-particle movement through the rocks depends on
the hydraulic conductivity and the effective porosity of the rocks and the

hydraulic gradient. These are related by an expression which is a form of

Darcy's Law

. where

v is the average velocity of ground-water flow,
K is the hydraulic conductivity of the rock,

€6 is the effective porosity of the rock,

gh 45 the hydraulic gradient.
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Relative

Hydraulic Estimated velocity of
conductivity effective ground water
Rock type (£t/day) porosity (ft/day)
Interbed, sand 3.3 0.2 16.5 <
Fracture zone in | :
basalt 6.7 0.1 67 b
dl
Vesicular basalt 3.1 x 1073 0.05 6.2 x 1072 4t
Dense basalt 1.6 x 1073 0.01 1.6 x 107} %

te

The above tabulation shows that for a given hydraulic gradient (g%),

ground water will travel fastest through the fracture zone. The zone has a
hydraulic conductivity twice that of the interbed, but its porosity is only
half that of the interbed. As a result, water will travel four times faster
through it than through the interbed. The dense basalt, though the least per-
meable rock penetrated by thé well, does not necessarily transmit water at the
lowest velocity as can be seen by comparing the values given for it with those
for vesicular basalt. The only importance to be attached to the effective po-
rosity values, and relative.velbcities given is that they fllustrate the fela-
tionship of effective porosity to ground-water velocity computations and the
likelihood that the highest ground-water velocities are obtained in the thin
fracture zoéés of high hydraulic conducgivity.
| 7 RECOMMENDATIONS
In well ARH-DC-1, dense basalt zones 100 to 150 feet thick occur within a

predominantly basaltic rock section of low permeability lying between 1,200 and

- 4,000 feet in depth. The hydraulic heads and the chemical and isotopic charac-

teristics of the water indicate that there is little if any significant upward
movement of water at the well site. Assuming that these conditions are wide=-

spread, deep cavern storage of radiocactive wastes may be feasible from a
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hydrologic standpoint for those radionuclides that decay to innocuous levels

in 600 to 1,000 years. However, the feasibility can ultimately be determined

only i{f it can be shown with a high level of confidence that no possibility

exists for the wastes to reach man's environment by movement through the hydro- -

logic system in this period of time.

In order to assess the possible movement of wastes, hydrologic investiga-

tions should provide enough information such that (1) the hydraulic conductivi-

ties, ground-water flow patterns, and rates of flow are known within reasonable

limits in the geologic framework of the Pasco Basin; and (2) the geochemistry

of the ground-water system is known so that interactions among the rocks,

water, and radioactive waste can be predicted with some confidence.

1.

To obtain this inforéation, the following studies should be conducted:

Study the regional ground-water system, mainly using available d;ta from
Federal and State agencies, to attempt to identify the discharge areas
of dgeply circulatiné ground water and to anticipate the direction in
which'wastes escaping from storage could move.

Drill and test additional deep wells., Sites should be chosen with regard
to determining the geologic controls on hydraulic cond;ctivity and to
gbtaining head measurements to define hydraulic gradients. Ground-water
samples and anf contained gas should be collected to define the age of
the ground water and the geochemical environment. Wells should be com-
pleted with plezometers open to several different depths.

Recover well ARH-DC-1 and complete with one or more piezometers. In its
presenﬁ'condition, the well probably is an avenue of vertical circula-
tion., This is undesirable, because the circulation will disturb the
natural head relationéhip which must be determined and because it pro-

vides a means by which wastes may accidentally enter the ground-water

system.
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4. Drill test wells to the permeable interbeds above 1,200 feet andlconduct

pumping tests. The tests using well ARH-DC-1 indicate that leaky arte-

.sian conditions prevail in these rocks. Therefore, two or more observa-

‘tion wells should be used for each test in order to assess leakage fac-

tors and the possibility of vertical movement through these beds in

areas vhere wastes might be stored in subsurface chambers.
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~ measurements within the Grande Ronde Basalt. Outside of the Hanford
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(Figure III1-7). Chapter I and the section entitled Future Studies in
this chapter give an outline of ongoing efforts to gain additional head

Site, no other wells are known to penetrate the Grande Ronde Basalt in
the Pasco Basin from which head data may be obtained.

Borehole RSH-1. In June 1967, Cook Testing Company completed DST
tests and head measurements in RSH-1. The results were documented by
Raymond and Tillson (1968). Table III-24 lists the heads recorded along
with the investigator's comments on the validity of each test. Head
measurement accuracy is considered + 20 feet under excellent test
conditions. These data are plotted on Figure III-25. Qdestion marks are
adjacent to those points considered of poor quality by Raymond and
Tillson (1968). RSH-1 had been open to groundwater cross-flow within the
borehole for 10 vears following its completion in 1958; this most Tikely
created non-static heads in some test intervals which were later
reflected, to some extent, during the short testing period.

Figure III-25 shows a steep, downward hydraulic gradient of 0.6
percent over the 2,600- to 4,200-foot depth. This depth extends through
most of the lower Grande Ronde Basalt. The highest pressure of 1,954

feet was recorded at a depth of 2,614 to 2,690 feet which lies within the

Umtanum unit. Between 4,200 and 4,900 feet, the head increases 42 feet
to 4999 feet before again decreasing 144 feet upon reaching a depth of
6,000 feet; however, these head differences are most likely within the
error of measurement, since the borehole was open to groundwater cross

flow for several years and the shut-in period for the tool was only a few

hours per measurement. Thus, the head data available between the depths
of 4,100 and 6,000 feet are perhaps best interpreted as having 1ittle or
no head change. This rock zone would characterize an interval of
essentially horizontal groundwater movement. The only measurement below
6,000 feet is one highly questionable head measurement of -4,691 feet
recorced between the depths of 8,275 and 8,351 féet. No hydrologic
significance can be assigned to this value.
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[ oo © TABLE III-24. Hydraulic Heads within Basalts
5 R : ‘ Penetrated by Borehole RSH-1.

Test Interval* Head**
(feet below . (feet above - Test***
. ground level) mean sea level) Comment
1,929 - 2,005 +1,829 Poor
. Fé 2,614 - 2,690 +1,954 Fair
: ) ' 3,213 - 3,289 +1,360 Good
¢ 4,119 - 4,195 +957 Excellent
4,832 - 4,908 +999 Excellent
5,921 - 5,297 ) +855 , Goad
8,275 - 8,351 -4,691 Order of Magnitude
: Estimate

*Data from Raymond and Tillson (1968).
**Ground level elevation 2,889 feet.
***Measurement accuracy + 20 feet under excellent test conditions.
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feet. This compares o 395 to 460 feet for the same horizon in DC-1,

~and Doty (1971) suggest horizontal groundwater movement above a depth of

RHO-BWI-ST-5

It is important to note that each of the heads within the Grande
Ronde Basalt of RSH-1 is 500 to 1,600 feet higher than those in DC-1,

. DC-2, and DC-6 located 20 to 25 miles to the east (heads in these

boreholes are addressed in the following text). For example, the head in
the interflow of the UmEEEEm_uaiE:ﬂ£~§§H-l is at an elevation 1,954

DC-2, and DC-6. The difference may be accounted for by either: (a) a -
uniform]y!steep hydraulic gradient (20 to 80 feet per mile) separating
RSH-1 and the other boreholes; or (b) a major interrubtion in the

regional hydraulic gradient created by the Rattlesnake Hills anticline

and associated faulting. The second interpretation is believed to be the
most plausible.

Borehole DC-1. Table III-25 lists those heads reported by LaSala and
Doty (1971) across the Grande Ronde Basalt in borehole DC-1. The
straddled intervals varied between about 30 and 200 feet a1though most
packers were separated by 90 or 180 feet. Because of these long ES*
spacings, more than one interflow was normally straddled during each

measurement. As previously ment1oned these head
permeability testing and groundwater sampling.
acknowledged that these activities disturbed stati ads; 5 th
reported values must be used cautiously; however,'the general hydraulic
gradient is probably realistic. _ﬂgad measurements were made using
down-hole mech -

Two features are revealed by plotting Table III-25 data onto Figure
III-26. These are:

—

a. The highest heads (402 to 411 feet) are recorded above the depth of

3,451 feet--This suggests an interval of essentially vertical
equipotential; —_—

/\__/_\
b. Below the Umtanum unit, head decreases reaching a low of 366 feet at
a depth of 4,000 feet--This suggests a zone of apparent downward
hydrologic gradient,

Thus, the DC-1 head measurements in the Grande Ronde Basalt by LaSala

3,450 feet and downward movement below this depth.
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Test Interval*
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TABLE I1I-?5. Hydraulic Heads within the

(feet below

ground level)

1,970

2,170
2,430
2,600
12,730
3,146
3,166
3,206
3,320
3,774
3,910
4,080

2,160

2,225
2,610
2,780
2,910
3,236
3,196
3,246
3,451
3,934
4,070
4,283

Grande Ronde Basalt of Borehole DC-1.

Head
(feet above
mean sea level) Comment**

407 Straddles bottom of
Wanapum Basalt and top
of Grande Rornde Basalt

406

403

402

411

411

409

403

408

379

366

368

*Data from LaSala and Doty, (1971). Ground level elevation 572 feet.
**Head measurement accuracy + 20 feet.
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FIGURE I11-26. Hydraulic Heads within the Grande Ronde Basa'l_t
of Borehole DC-1. ‘ '
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History of the DC-1 Piezometers. Rotary drilling of exploratory well
DC-1 was completed at 5,661 feet in September 1969. Three years later in
- April 1972, 5 piezometer tubes were installed (Figure III-27).
Piezometers 1 through 4 had 2-1/16-inch outside diameters and were
positioned across specific interflows in the Grande Ronde Basalt.
Piezometer 5 is 2-7/8 inches in outside diameter and was left open to
about 825 feet of Wanapum Basalt plus the upper 100 feet of Grande Ronde
Basalt. Piezometers 1 through 4 were set in sand and gravel packs
separated by cement plugs. Each tube was completed using 10-foot-long,
2-inch-diameter Johnson well screens reinforced with 1.9-inch-diameter
stainless steel, perforated pipe. Pipe perforations were 3/8 inch in
diameter, 4 per round, 1 round per vertical inch. Piezometer 5 has no
well screen and is an open-ended pipe.

Hydraulic heads have been monitored in these piezometers since June
1972. Figure I11-28 shows hydrographs of the piezometers over the
monitoring period. A1l head measurements taken in each piezometer since
June 1972 are given in Table III-26.

From 1972 to the summer of 1977, the DC-1 site remained undisturbed
except for three periods of groundwater development and sampling in each {
piezometer. These occurred in April 1972 (following piezometer
installation), September 1973, and the spring of 1974. Any head [
disturbance this development may have had on individual piezometers or
between piezometers was apparently not recorded, since no water levels Q&’ {

L L

were collected in the spring of 1972, 1973, or most of 1974. /I'
Since installation, piezometers 1, 2, and 3 have responded in uniso

to head changes. Hydraulic heads have varied no more than about 2 feet fé;;b 2/
from each other with the highest head in piezometer 1 and progressively

lower readings in piezometers 2 and 3. This difference has reduced to
approximately 1 foot since late 1976. At the same time, piezometers 4 W 1]“&‘
and 5 have behaved independently from the lower 3 piezometers. For the 3k,\b’

years following installation, the water levels in piezometer 4 were as
much as 20 feet higher than piezometer 5, as piezometer 4 equilibrated.
By April 1975, the piezometer 4 water level dropped below that in '
piezometer 5 and this separation continued to increase until 1977.
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PIEZOMETERS
5 4 3 2 |
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FIGURE III-27. - Piezometer Placements in Borehole DC-1.
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TABLE III-26.

.Measurement
Date

6/29/72
7/06/72
113/72
1120772
8/10/72
8/17/72
8/24/72
8/30/72 °
9/07/72
9/21/72
9/28/72
10/05/72
1213778
4/18/75
9/03/75
12/06/75
7)75
12(76
1/i7/77
21147
317
a/15/77
5/13(77
6/15/77
10/11/77
11/4/g7
12/27(78
3/21/78
6/11/78
10/2/?8
11/6/78
2/13/19
3/19/;9
4/3/7J
5/11/7§

RHO-BWI-ST-5

Water Level Elevations
Reported for the DC-1 Piezometers.*

———————

*Heads in feet above mean sea level.

=*Anomalous reading.
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Piezometer
1 2 3 4 .8
418.07 415.89  415.84 | 431.62  409.98
418.35  416.21  416.13  430.66  410.16
418.38  416.29  416.23  429.59  410.04
418.49  416.42  416.33  428.75  409.98
418.33  415.92  415.85  426.57  410.20
418.06  415.71  415.65  425.81  410.10
418.13  415.92  415.81  425.24  410.16
07.95 41575 41571 42871 410.68
a18.15  416.04  415.97 424,18 410.17
418.43 416.35 515.29 " 42330 410.15
w788 a16.17 41606 422,70 " a09.92
418.04  416.04  415.98  422.19  409.76
419.67  417.66 °© 417.56  414.09  410.42
420.12  418.32 - 417.88  409.29  410.74
420.01 418.23  417.79  408.91  410.68
419.81  418.45  417.73  408.03  409.61
421,58+  416.9¢  416.35  406.51  410.11
. 817.32  417.01  416.28  406.29  410.30
417.40 416.91  416.19  406.59  410.10
417.27  417.01  416.20  404.71
al7.65  417.38  416.56  404.39  410.57
417.73  417.45  416.67  404.44  410.55
a17.76  417.49  416.67  404.72  410.61'
417.69  4l7.46  416.58  404.74 410;si
417.68  417.38  416.50  404.89  412.03
Us.05  MITIS 4169 Agesy  AlLs
a17.72  417.5¢  416.69  404.80  410.88
M8.03 4177 4168 ads.ds  410.98
418.08 41775  416.90 435.55 410.83
A17.65 41735 416.69  406.22  410.37
417.67 702 416,39 406.32 41111
a417.76  417.30  416.89  409.89  410.61
417.16 416.74  416.25  410.02  410.12
a7.15 41673 41629  410.01  410.06
416.99  416.63  416.03  410.91  409.78
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It is important to note that between May and September 1977 borehole
DC-2 was cored into the basalt about 60 feet to the southwest of DC-1.

~ Since the completion of DC-2, &he borehole has remained open (uncased)

{ ‘
from approximately 2,200 to 3,§00 feet below ground level. This uncased

hole crosses the open intervals of piezometers 3 and 4 and is within 100

feet of piezometer 5.

——BegTARIng 10 late 1977, the\head in piezometer 4 has been
equilibrating to that in piezome$er 5 (Figure II1I-28). In October 1977}
7 feet separated the 2 water levgls. Since March 1979, the water levels
in both piezometers have remained: about 0.10 foot or less apart. The
reasons for this equilibration is unknown. During fiscal year 1980,
tests are scheduled at the DC-1 and DC-2 site to address perssible
cross-hole interference. Other expianations may include structural
deterioration of the DC-1 piezompter§ or natural cyclic down-hole
pressure changes.

At present, piézometers 1, 2, and‘? indicate a slight upward
hydraulic gradient of 0.001, or about 1 foot per thousand feet. The
average head elevation for these 3 p1ezometers is about 417 feet. Thus,
the head ‘F piezometer 3 compares favorably with the 403 to 409
(+ 20)-foot head reported by LaSala and Doty (1971) along the same
interval of Grande Ronde Basalt. However, LaSala and Doty (1971)
reported a 366-foot head for the interval now monitored by piezometer 2.
This large difference in head cannot be reconciled at th1s time and must
await future test1cg. LaSala and Doty did not record head measurements
near the 4,760 to 4%§4Q-foot depth of piezometer 1.

The head e1evatio@ of about 410 feet in piezometers ? and 5 compare
well with the heads of, 402 to 411 (+ 20) feet for the same zone reported.
by LaSala and Doty (1971). | g

The possibility exists that piezometers 1, 2, and 3 are hydraulically
interconnected within DC-1. | Water leakage could result from incomplete
or deteriorated cement sea]s‘along the cement/borehole wa]l and/or thread
leakage. The eviderce for such leakage is two-fold. F1rst as noted
earlier, these three piezometers have responded in unison since
installatior and their heads are close, although their stratigraphic
separation spans 1,600 feet. Secondly, and most importént, water-level

111-116 -
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s were noted in piezometers 1, 2, and 3 during swabbing of the DC-2

ibtellval of 3,243 to 3,273 feet during groundwater sampling by Apps and
- ke (1979). This interval is immediately beneath the piezometer 3
setting. During swabbing, water levels were lowered several feet in
piezometer 3 and a few inches in piezometers 1 and 2. Thus, the
~ representativeness of water levels within each of the DC-1 piezometers is
in question. It is not yet resolved whether the uncertainty lies within
4&\)» [’the structural integrity of the DC-1 borehole or was created by the |

{ .///, emplacement of DC-2, or a combination of both. Future hydrologic testing

l’y will address these questions.

Borehole DC-2. Table III-27 lists the hydraulic heads recorded by
Apps and Others (1979) and Science Applications Inc. (1978) taken across
[; ' selected intervals of Grande Ronde Basalt in DC-2. These data are
| plotted on Figure 111-29. Packer spacing varied between 30 and 5{ feet,
although most were 30 feet apart. These short straddles made it possible
to isolate single, low-density interflows for head measurements.

l Measurement accuracy was given at + 2.5 feet by Apps and Others (1979).

The same accuracy is assumed to apply to the Science Applications Inc.
. data; however, based upon testing results by Science Applications Inc.
{ﬁ’ and Rockwell Hanford Operations during 1979 and early 1580, the
measurement is probably about + 5 feet.

Since DC-2 was open opposite the Grande Ronde Basalt for about 9
months preceding testing, the heads listed for high-density zones (zones
having the Towest permeabilities) did not have sufficient time to
establish a static value during the test period. Therefore, only those

G e

z . g
\ 3

heads taken from low-density irterflows were plotted in Figure III-29 for
- comparison of head values. It is assumed that testing time was
N -sufficiently long for these low-density zones to reasonably establish a
L_ static head. |
From Table III-27, it is noted that 2 separate heads of 419 and 395
feet were recorded across the Umtanum interflow lying between the depths
of 2,945 and 3,000 feet. The first value was reported by Science
Applications Inc. (1978) and the second by Apps and Others (1979). At
present, it is uncertain as to which is representative of the true static

I1I-117
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TABLE III-27. Hydraulic Heads Reported for the
Grande Ronde Basalt in Borehole DC-2.

Test Interval Head®
(feet below Rock (feet above

ground level)¢ Densitxd mean sea level)
32,269 - 2,299 High 470
2,340 - 2,370 Low 443
2,625 - 2,655 Low 438
2,795 - 2,825 Low 421
2,960 - 2,990 Low 395
3,160 - 3,190 ' Low 377
3,243 - 3,273 Low 362
by,344 - 2,376 Low 444
2,376 - 2,409 High 423
2,955 - 3,007 Low 419
3,019 - 3,071 High 421
3,069 - 3,122 ' High 446
3,116 - 3,170  High 423

aApps and Others (1979).

bpata from Science Applications Inc. (1978).

CGround level elevation 572 feet. '

dow density--Test straddied at least one zone of 10w-dens1ty
(¢2.4-2.6 grams/cubic centimeter) basalt. High Density--Test

- straddled only high-density (=2.7-2.8 grams/cubic centimeter)
basalt. Densities were determined by geophysical log
interpretation.

€Head accuracy of + 2.5 feet reported by Apps and Others (1979).
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FIGURE 1II-29. Hydraulic Heads for the Grande Ronde Basalt in DC-2

Plotted as a Function of Depth.
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head. Piezometer 4 of DC-1 is also open within this interval and its
. static head is 411 feet, closely approximating the larger of the 2 head
~-values. ‘

. Comparison of Hydraulic Heads in Boreholes DC-1 and DC-2. Figure
II1-30 is a complete diagram of the Saddle Mountains, Wanapum, and Grande
Ronde Basalt heads for DC-1 and DC-2 reported by LaSala and Doty (1971},
Science Applications Inc. (1978), Apps and Others (1979), and the DC-1
piezometers. These boreholes are located at the same site about 60 feet
apart. As can be seen, there is general disagreement between the heads

. indicated in the DC-1 piezometer tubes versus both those reported

previously for DC-1 and those determined in DC-2. These differences may
result from: ‘

a. Non-static heads reported by LaSala and Doty (1971)--This possib]ity
was noted in the LaSala and Doty report because head determinations
were made during permeability testing and groundwater sampling;

b. Non-representative heads within the 5 piezometer tubes of DC-1--As
noted earlier, it appears that tubes 1 through 3 are hydraulically
interconnected within the DC-1 borehole because of inadequate zone
isolation perhaps resulting from a separation of the borehole cement
and the rock wall bond; this problem would also have influenced the
heads later measured in DC-2 because of the proximity of the’2
boreholes; and,

¢c. A composite or average head becoming established in DC-2 during the
9 months separating borehole completion and head measurements--The
borehole remained hydraulically open to any groundwater cross flow;
those interflows contributing water would be recorded with an
artificially low head, while those accepting water would have
abnormally high heads.

Based upon available information, it is the authors' opinion that, of
the 3 head distributions given in Figure III-30, the DC-1 values given by
LaSala and Doty should be used, for the time being, as representing site
conditions (although none are ideal). This choice is based upon the
rationale that: ' '

a. DC-1 heads within the Saddle Mountain Basalt are in general agreement
with the head distribution known for the area from other DB wells;

b. Water levels in piezometer’tubes 4 and 5 of DC-1 are in close
agreement with the heads recorded 10 years earlier by LaSala and Doty;

I11-120
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0
FORMATION
A\ DC-1 Measurements during drilling.
Head accuracy t 20 feet
E DC-1 Piezometer measurements June, 1879.
500 SADDLE Head accurscy t 0.1 feet
ImounTAINS Numbers identify piezometer tube.
@ DC-2 Measurements after coring.
Head accuracy ¥ 2.5 feet
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FIGURE III-30. Comparison of Hydraulic Heads Reported for Boreholes
DC-1 and DC-2.
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c. DC-1 was not open to groundwater cross flow for any length of time
between hole drilling and head measurement; and,

d.” The hydraulic head record in DC-1 is the most extensive encompassing
the Saddle Mountains, Wanapum, and Grande Ronde Basalts; thus, it is
the most complete of the 3 data sources.

Borehole DC-6. In August 1978, Apps and Others (1979) began head
measurements within the Grande Ronde Basalt of DC-6. A standard 30-foot -
packer spacing was used to straddle selected, low-density interflows
between the depths of 2,240 and 3,722 feet. Testing was completed using
a single packer set at 4 locations between depths of 3,341 and 3,802
feet. Thus, these last measurements recorded a composite head for the
rock interval between the packer and the total depth of 4,331 feet for
the borehole. Head measurement accuracy was reported as + 2.5 feet.

The heads reported are given in Table III-28. Figure III-31 is a
plot of the same data. An average depth was used in plotting the last 4 -
heads. The largest head of 460 feet was recorded at a depth of 3,025 to
3,055 feet. This is within the Umtanum interflow. Three hundred feet
above the Umtanum unit, the head reaches a low of 423 feet above mean sea
level; thereafter, it rises to between 447 and 456 feet. The uppermost 3
measurement points on Figure III-31 suggest that static head condition
(indicating horizontal groundwater flow) are established above the depth
of 2,500 feet. Such conditions may extend to atop the Umtanum unit if
the 423-foot head elevation reported at the depth of 2,708 to 2,738 feet
is too low. (In relation to the surrounding data points, this head
measurement of 423 is anomalous and subject to question.) This would

~ result in essentially vertical equipotentials in the Grande Ronde Basalt

above the Umtanum unit as suggested by the LaSala and Doty (1971) data
for DC-1. Below the Umtanum unit, the head decreases to a 421-foot
minimum at the depth of 3,620 to 3,650 feet. Farther down the hole, the
heads vary between 426 and 437 feet, except for a final measurement of
466 feet. As noted in Table II1I-28, this last measurement is a composite
head over a 534-foot section of open hole. This indicates that some
interval below the 3,802-foot depfh has a head elevation of at least 466
feet.
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RHO-BWI-ST-5

Hydraulic Heads Reported for the

Grande Ronde Basalt in Borehole DC-6.2

Test Interval
(feet below

ground level)b
*2,240 - 2,270
2,400 - 2,430
2,454 - 2,484
2,708 - 2,738
2,896 - 2,936
3,025 - 3,055
3,343 - 3,373
3,620 - 3,650
3,650 - 3,680
3,683 - 3,713
3,692 - 3,722
3,341 - 4,336
3,477 - 4,336
3,601 - 4,336

3,802 - 4,336

Rock
DensityC

Low

Low

Low

Low

Low

Low

Low

Low

Low

Low

Low
Several high and Tow
Several high and low
Several high and low
Several high and low

aapps and Others (1979).

bGround level elevation 402 feet.

CLow density--Test interval includes at least one zone of
low-density basalt which normally corresponds to an interflow

High density--Test interval in

high-density basalt which normally corresponds to a section of

zone,

columnar basalt.
‘dHead accuracy + 2.5 feet as reported by Apps and Others (1979).
Head elevations are above ground level.

111-123

Headd
(feet above
mean sea level)

450
447
456
423
454
460
443
421
432
429
432
426
437
434
466

Artesian flow is ~10 gpm.
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FIGURE III-31. Hydraulic Heads for the Grande Ronde

Basalt in DC-6 Plotted as a Function of Depth.

. | 111-124

M

T ™

L.



RHO-BWI-ST-5

- Summary. Figure III-32 shows a comparison of hydraulic heads for
boreholes DC-1, DC-6, and DC-8. Data from these 3 sites represent the

éf EE o i,majority of the head information available for the Wanapum and Grande

: i Ronde Basalts. This figure is a composite of the information previously
. E; given (Table III-21 and Figures I11-23, III-24, II1-26, and III-31) and

; e is»centered upon a single stratigraphic horizon, the Umtanum unit. This
= [; permits easier correlations between comparable stratigraphic units

without the limiting influences of intervening geologic structures and

- differences in land surface elevations. The data points represent the
i mid-point of a straddled interflow zone. As previously noted, the DC-1
; heads were chosen as most representative of the DC-1/DC-2 site.
5 k% . The scarcity of available data limits the conclusions that can be

) drawn about the distribution of heads in the deep basalts beneath the
lﬁ Hanford Site. However the following trends are suggested:
t

a. Hydraulic equilibrium apparently exists across the entire Wanapum
Basalt in DC-1 and in the upper Wanapum Basalt in DC-8. A zone of
sligthly lTower head occurs in DC-8 along the Roza-Frenchman Springs
contact, but the areal extent and significance of this must await
further study.

b. Hydraulic heads within the Wanapum Basalt of DC-8 appear to be
several feet higher than those in DC-1. This does not imply
I_ northward groundwater. flow between the 2 sites, since the overall
- potentiometric surface of the Wanapum Basalt is not known. However,
the outline of this surface (at least in the upper Wanapum Basalt) is
l_ expected to approximate that shown in Figure III-22 for the Saddle
Mountains Basalt.

c. With the exception of one low head elevation in DC-6, a hydraulic
equilibrium appears to exist in the Grande Ronde Basalt above the
Umtanum unit. Below the Umtanum unit in both DC-6 and DC-1, there is

ENE generally a head decrease of perhaps 40 feet, reaching its lowest

[; value 500 to 1,000 feet below the Umtanum flow top.

d. Generally higher hydraulic heads are apparent in the Grande Ronde
5 Basalt in DC-6 compared to DC-1. A possible explanation for this is
K that the Umtanum-Gable Mountain anticline separating the two sites is
forming a structural impediment to groundwater flow from the north.
L This barrier might result from tight basalt folding, faulting, or a
combination of both. This anticline may interrupt groundwater flow
moving southward from Sentinel Gap and the Saddle Mountains, perhaps
diverting it to the southeast away from the Cold Creek syncline. If
B this does occur, then the Umtanum-Gable Mountain anticline would have
L a significant effect on the deep basalt hydrology beneath the Hanford
Site. .
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. |FormaTION Borehole
+2,000 0C8
Borehole DC-1
+1,500—
WANAPUM
+1,0000— _
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+500}
o -
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-1,500}— .
1 | | i | ] :
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HEAD ELEVATION (FEET)*

% HEAD ACCURACY IN BOREHOLE DC-1 IS £ 20 FEET
HEAD ACCURACY IN BOREHOLE OC6 AND DC8 1S £ 2.5 FEET RCP 8001.301
ELEVATION ABOVE MEAN SEA LEVEL ..

FIGURE 111-32. Comparison of Hydraulic Heads in Boreholes DE-1,
DC-6, and DC-8.

111-126




