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I. INTRODUCTION

A study of the hydrology of the Pasco Basin near Richland, Washington,
was initiated by Lawrence Berkeley Laboratory for Rockwell Hanford Operations
(Rockwell) during Fiscal Year 1978. This work was part of a long-term
feasibility study conducted by Rockwell’s Basalt Waste Isolation Program for
the Nationai Waste Terminal Storage Program of the Department of Energy on

the-feasibility'of nuclear waste disposal in the Columbia Rivef Basalt

‘underlying the Hanford Reservation.

The Hanford Reservation lies within the Pasco Basin near the center of
the GColumbia River fl§od bésalt»physiographic province, which spans parts of
Washingtoh, Oregon, an& Idahol(Figure 1)« The overall feasibility .study has
been directed to the concept of a mined repository at a depth of about 3000
feet, possibly in the Umtanum Unit, a demnse 200 foot thick basalt flow. The
feasibility of this concept largely depends on the degree of hydrologic
isolation afforded by the basaifé;;’Hydrologic isolation can be determined
oﬁly by actual field testing and subsequent'modeliﬁg. |

In October 1977 a work plan was formulated which included three hydro-
logic sub tasks: Physical Testing, Geochemical Sampling, and Numerical Model-
ing. Progress on these three subtasks through September 1978 is reported in
this section. In addition to these subtasks an anélysis of existing geo-
physical data is sﬁmméfized here. Hydrolégic work By LBL ceaséd at the end
of FY 1978. ' |

A physical teétiﬁg program designed to provide hydrologic information
for mathematical mbdeling of the deep basalts in the Pasco Basin wés-initi—
ated in FY 1978. iLBL performéd hydrologic'testing on several deep drill
holes on thezReservation'and obtained and analyzed water samples from drill
holes and surface water. A technical approach was devéloped for obtaining
and integratiﬁg the hydrological, geophysical, and geochemiéal data required
for modeling. A field program oriented toward the collection of needed data
was‘then initiated. A full hydfology testing program was planned for imple-
mentation over a“period of several years. Included in this program were:
pressure measurements to determine hydréulic potential gradients; tracer.
tests to determine flow direction and velocity; borehole fracture logging to
quantify the geometric parameters of the fracture systems; hydraulic frac-

turing to determine in-situ stress conditions; a wide variety of permeability

-1 -
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tests on,both‘multiple andfsingle'fractures; and a modular-type long-term
monitoring system was recommendedforhdeyelopment.and installation in selected

wells.

II. FY 1978 ACCOMPLISHMENTS

A. ' Hydrology Field Program ‘

- 1. . Equipment Development

During FY 1978 LBL designed down—hole 1nstrumentat10n and packer sys tems
..for'pressure, temperature and permeability,testing- Pressure measurements at
depths lessvthan-3000 feetzwere'made with a packer-mOunted'probe containing a
1_sing1e pressure'and-temperature sensornwith'no downhole packer-release; A
second tool was designed-to operate,at:greater depths'and,do'injection tests
as well as pressure measurements. ~ This tool ‘included downhole_‘solenoid
" valves to,deflate packers and to»bleed'thetteStlcavity of pressure pulse due
to packerdinflation,_and-an extra‘pressureutransducer for monitoring packer

. pressure.

2. Field Test Results

Pressure testing was performed. in Wells DC-2, DC-6, and DC-8 and perme-
abilities were estimated from artesian flow in DC=6. Figure 2. shows the

'location of. these wells within the Hanford reservation.

a. Well-DC-

Well DC-Z is a 3300 foot deep hole drilled about 40 feet from Well DC -1,
a 5661 foot hole. . Five standpipe pilezometers were installed in DC- 1 in 1972
and water levels have ‘since been measured periodically. 7

Pressure measurements were made in 1l zones in DC-2 between depths 2269
feet and 3273 feet. The LBL test data, shown on Figure 3, appear to indicate
1 that the vertical component of hydraulic gradient is sharply downward over
the interval tested. Comparison with open hole data, however, showed that a
close correlation exists between the falling open hole héad and the test zone
~ measurements. This influence is thought to result frOm'either vertical eir-
culation of water. through the formationhor from residual effects of formation

prepressurization which oecurred when*the well waS‘filled-for cleaning prior

to testing. The tests were continued until the effects of ‘the’ packer infla—
tion pulse was.essentially dissipated. However, time constraints’ did not

permit the longer-term testing periods that would have been required for
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complete dissipation of the. overpressure induced by packer inflation and
by -well cleaning in the lower permeability test zones. .Increaséd testing
times and _increased sophistication of test .eQuipment: will be required to
determine the}degree to which reSidual:effects of~wellbore preésurization and
the influence of wertical'permeability affect test'reSUlts in Well DC-2.
_ The open hole water level in DC-2 fell throughout the test period and
was at an elevation of about 360 feet when the tests were concluded.» This
'1ndicates that: (1) the minimum natural formation head_within the .open part
‘of DC-2 is equal to or less than_360:feet elevation; and (2) this mininumv
.head probably occurs. below the Umtanum Unit-‘aPressure measurements made by‘
La Sala and Doty'in Well DC-1 before the piezometers were installed (1971),
"and piezometer levels in DC- llat the time of testing in DC'2 are‘aiso shown
on Figure 3. Based upon these data and upon observed dvnamic changes in DC 1
‘,due to swabbing ‘in DC-2, it may be concluded that: _

09) Piezometer 2 and 3 readings are erroneously high because of ver-
tical flow_through leaks in ‘the cement seals in Well DC-1 from a
high pressure zone deeper than piezometer 20 | |

(2) The true formation pressure head - elevation at the depth of piezo-
meters 2 and 3 is on the order of 360. feet.

(3) Piezometers 4 and 5 appear to be. adequately isolated from the
rest of the well. ' _ '

(4. A downward pressure gradient apparently exists from at least
the depth of piezometer 5»(2000 feet) through piezometers 4 and 3
to at least the depth of piezometer 2 (4000 feet), passing through

_the Umtanum Unit. '
(5) An upward .pressure gradient apparently exists from at 1east the'
.bdepth of piezometer 1 (4800 feet) to approximately the depth of

_ piezometer 2 (4000 feet).

. (6) The Umtanum Unit appears to be acting as a partial barrier to

vertical flow.

b. Well DC-8 v

Pressure testing was performed in Well DC 8 at nine zones between ‘depths
1710 feet and 2700 feet with a constant packer interval of 30 feet. Open
hole measurements were made immediateiy prior to pacher inflation and subse-
‘quent to packer deflation. Filling of,the wellbbre during testing resulted

in considerable'variatidns in open hole water level during the early part of

-6 -
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the testing period. The lowest water elevation recorded during the test
period was an ‘open hole head elevation:ofj413'feet.' This measurement indi-
cates that_the'formation pressure head within some part‘of'the open portion

‘of the well is at least as low as 413 feet, Data collected-in DC-8 1is shown

in Figure 5.

The tests generally appear to be less 1nf1uenced by open hole pressure

.than in DC-2, perhaps indicating a lower vertical permeability at Well
' DC-8. A downward gradient was ‘measured within the depth range 1500 - 2100

feet. Based upon extrapolation'of,this gradient, the minimum pressure headofv

413 feet would occur at a depth of about 2300 feet.

ce Well DC-6

Well DC~ 6 is artesian and at the time of testing was flowing at a rate

.of about 17 gallons per,minute.: The-first-artesian zone was encountered

during drilling'in March.1978 between 2300-and 2710 feet, and additional
artesian flows were encountered as the hole was deepened. ' ..h
Water pressures were measured in 15 zones between 2240 and 4336 feet
of depth. Artesian discharge from the well was measured in 12 zones between
2483 and 4336 feet; and permeabilities-were‘computed for these zones. The
groundwater pressure; flow, and- permeability data are shmn1‘in Figure 4.

All pressure measurements indicate artesian heads above the elevation’

of the hole collar, hence all test zones are contributing to' the flow from

the hole. Between depths of 2240 and 3055 feet the pressure heads average

about 450 feet. The scatter in the data does not allow reliable definition

of either an upward or a downward gradient- Below 3055 feet heads decline_

reaching a local minimum elevation of" approthately 430 feet in 'a water.
producing. zone at about 3700 feet of depth. An .increase in head below 3700

feet is shown by.the head of 466 feet recorded for the zone between 3802 and

4336 feet. There is generally good agreement between the.heads measured by.

Lynesvand We K. Summers Associlates in March, 1978 and the values detérminéd
by LBL (see Figure 4A). .

The most prolific flowing zone yielded about 70/ of the total flow and
occurs between depths of 3692 feet and 3769 feet as shown on Figure 4B. This

zone was logged as a highly altered flow»breccia. Flows on the order of one

‘gallon per minute were also measured from similar breccia zones between 3650

feet and 3692. feet.

Permeabilities were estimated using the assumption of. steady radial

-7 -
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flow. The results are shown in Figure 4C and represent the average for the
zZone tested..The_largest perneabilities were on the order.of 10~4 cm/sec,
measured in.the zone between 3650 and 3800 feet. This zone is about‘400 feet
ibelow the Umtanum Unit. The lowest average permeabilities were on the order

of 10~7 cm/sec, measured in and above the Umtanum Unit.

d.' Comparison of Pressure Results _ 7

The results of pressure measurements in Wells DC 1/DC—2 DC~6,and DC-8
~are shown in relation to stratigraphy.on-Figure-S. These data show a down-
ward gradient between the Vantage interbed and the Umtanum-Unit in DC~1/DC-2.
- The gradient is‘poorly defined, however, id‘the same zone in DC-6. -~ DC-8
" shows a downward gradient hetween.the Mabton and the Vantage.interbeds. vHead
elevations reach a.local minimum in DC-1/DC-2 and DC~6 about 300 feet below
" the bottom of the Umtanum and there is evidence that . gradients may be upward
below that. depth.; The low pressure zone encountered below the Umtanum would
act ‘as a drain for any vertical flow converging upon 1t, thus the recharge
and discharge areas’ of this zone are of great interest.5

. Pressure data for the zone immediately beldw the Umtanum is presently

available only for Wells DC—1/DC-2 and DC-6.- Wells DC-l/DC-Z are in the
nor thern flank of Cold Creek Valley syncline, formed between Cable Mountain
anticline to the north and Rattlesnake Hills anticline to the southwest (see
- Figure 2). The water level. elevations measured in and below the Untanum ‘in
~‘DC—1/DC—2'range from 395.to 362 feet. The only part ofvthe Pasco Basin with
'1ower4elevationSVWhich would serve as a discharge area is the Colunbia River
bed and adjacent lands from the Tri-Cities area to Wallula Gan. ‘The‘most
likely flow path from DC~ l/DC-2 to this- discharge area is through Cold’ Creekr
Valley. . _ ) _ o .

Pressure head elevations measured in DC-6 in and below the Unmtanum
range from 421 to 466 feet. The- relatively low pressures measured in the
deep'basalts in Cold Creek Valley and the higher pressures measured in DC=6
suggest higher water tables to the north and east of Ddfo. The most likely
source’ofgrecharge for these high heads'is_the Columbia_River from Sentinel -
Gap to Priest Rapids Reservoir. The basalt units beneath the Umtanum‘are at
or near the ground surface in this area,'and the river 1s a source of abun-
.dant volumes .of water. ' The most likely flowpath ‘to Well DC-6 from this
potential recharge area would be along the Wahluke syncline, a structural and

topographic valley between the Gable Mountain-Umtanum Ridge anticline and the

—..10 _



Saddle Mountain anticline. . Other potential recharge.'areas, such as the
Saddle Mountains or the Eagle'Lakes-Scooteney Reservoir area to the northeast
of DC-6, are ‘either relatively dry or do not have outcrops of the Umtanum and
’underlylng units. They are therefore less likely to be primary recharge
areas. ' ' . o ' v .
| The pressure ‘data and recharge hypotheses for the deep basalts at DC-6
vimply that water pressures throughout the Wahluke syncline are substantially
higher than those measured in Cold Creek Valley at Well DC- 2. Such_a differ-
ence would suggest the existence of a barrier to groundwater flow in the
' general vicinity of the Gable Mountain-Umtanum Ridge anticline. This hypo-
thesis 1s supported by a lack of likely.recharge_areas.for the Umtanum and
- underlying units in the vicinity of Cold'Creek Valley. Gable Mountain on the
north side of the’ valley 1s low and provides essentially no recharge. The
Yakima Ridge area to the east of the valley and the Rattlesnake Hills to the
.south rise to elevations of several .thousand feet, but like the Saddle Moun-
‘tains, are relatively dry. Further,‘the_Umtanum Unit 1s at least 1000 feet
deep in all of these areas. Some underflow in the deep basalts may be occur-
ring through structural -valleys paralleling Yakima Ridge, but as noted by
Newc omb and others (1972 p- 32), the high heads found in a number of deep
artesian wells near the western»boundary of the Hanford:ReserVation suggest
the presence of‘a second flow barrier cutting acroSs'these structural'valleys.
The presence of relatively_highnheads at Juniper Springs and Rattlesnake
Spring versus the relatively low heads measured in~DC-1/DC—2_supports the
'assumption of an additional flow barrier. The possible existence'of these
flow barriers 'is of significant interest in repository siting and should be

fur ther investigated.

e. Comparison of Flow Data .

Radioactive tracer and temperature 1ogs in Well DC-1 have indicated three
zones of relatively high permeability at depths of 3228 - 3234 feet, 3972
- 3980 feet, and 4824 - 4854 feet. The ‘average permeability of these zones
is 9.4 % 10'4 cm/sec{ The first ‘two of these zones are 50 feet and 794
feet below the bottom of the Umtanum Unit. '

In Well DC~6 the major flowing zone was determined to have a permeability
greater than 10'4 cm/sec and occurs between depths of '3650 and 3700 feet,
which is 442 feet below the Umtanum.‘ There are likely to be, in additionm,

other zones with permeabilities greater than 10-6 cm/sec between the bottom



of the Umtanum and the high‘permeability zone at 3650 feet, but the large
spacing between packer settings in the LBL flow tests did not allow better
definition of the exact location of these higher permeability zones.

' Comparing the data for the two wells, it is clear that the most permeable
zones encountered are below the Umtanum, but these zones do not appear to
occur at the same stratigraphic levels relative to the Umtanum Unit in the
. two wells. The similarity of geochemical stratigraphy for the two holes
suggests that these permeable zones may be occurring at different basalt flow
contacts. The extent to which these zones ~may be: hydraulically interconnec—
| ted through a continuous weathered horizon, through faults, or through prﬁmary
fracturesuwill-be important to radionuclide migration from a repository and
" should be the subject of-furtherestudies. a

' B. Pasco Basin Modeling

- The Pasco Basin_hydrology,modeling_effort had three_products.'_The first
was a literature"survey._ The second was a. recomendation for a well drilling
and testing program. . The third was a series of numerical solutions for use
in the design of hydrologic field tests such as pump tests and leaky aquifer

‘tests where wellbore.storage is significant..

1. Literature Survey for’R gional Flow System

The 11terature survey was undertaken to help define such flow model
“inputs as boundary conditions, initial conditions, geometry as defined by
structural geology, and ‘material properties.u The system boundariesfvare
apparently.complek and irregular. The groundwater flow,systmn is further.
-complicated by numerous folds and_faultspand basalt'flows of yariable con-
tinuity.  Although primary porosity_may,be'of importance locally, by and
large the flow paths are governed by fractures of uidely variable pattern
'(horizontal, columnar,»etc.)'and spacing. The-system is'probably character-
ized by time dependent boundary conditions and. a variable, three dimensional
distribution of. fluid potentials. _

Such input data will always be accompanied by uncertainty and hence the
simulation results will also be accompanied by significant uncertainties. A
-limitation of the current LBL models is that they:all are intrinsically
deterministic; Since the flow system -parameters .cannot be known with cer~

tainty, confidence limits on'the“potential range,of system response must be

-12 -



provided for the decision-making‘process. - An important capability which
would improve'thevLBL models would therefore be the accomodation of statis-
istically expressed input parameters and the statistical expression of output
parameters indicating the distribution of possible system responses. Further
work on the development of such models is recowmended to permit adequate risk

assessment of repository safety.

2. Recommended Well Drilling and Testing Program

‘Based on the results of the field work, the literature survey,'and the
input requirements, a well drilling and.testing program.Was developed'for
-further study of the Pasco Basin. 1In order to achieve the immediate objec-
“tive 'of providing an overview of the regional. flow system, six first stage
wells, DC-~12 through DC- 17, were proposed (Figure 6). These wells, when
._combined with existing wells, are designed to provide. sufficient information
to indicate on a gross scale the origin, flow paths, velocities, and disposi--
tion of groundwater within the basin. ‘ , _

Well .DC-12 1is in the center of the basin. This well would provide data
for determining gradients in several directions within*the'baSin. Well DC-13
is in the "horn" of.the’Columbia River. This-well would help to determine
the hydrologic Significance of the Saddle Mountains boundary and the influ-
ence of ‘the Columbia River on the deep flow systema Itvwould‘also provide an-
important data point in the Wahluke'SYncline. ‘The role of the Rattlesnake
Hills as a'recnarge zone . in the basin needs to be investigated-i Well DC-14
'would provide 1nformation ‘on the extent of this recharge and the possible
- existence of perched waters. The southwestern boundary of the basin can also
be examined. ' : ‘ _ o

Well DC-15 examines the extent of recharge from ‘the Sentinel Gap area.
The area 1is hmportant because basalt flows which lie deep under the center of
the Basin crop out at Sentinel Gap: This well in conjunction with DC-4 will
also help to determine the direction of deep groundwater flow between Cold
Creek Valley and the Columbia River Valley. In conJunction with DC—13, this .
well will enable an examination of deep flow systems along the Wahluke :
Syncline. _ ,

If the rough analysis. of groundwater flow patterns seems favorable for
siting a repository, these wells will provide a Basis for locating second
stage wells which may_ be necessary for a nore detailed analysis of the flow

system.

—;13 _
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3.V Wellbore Storage Effects

: Pumping tests were planned for several wells on the Reservation and"
analyses were made of two anticipated wellbore storage problems. The first
problem was to describe the_response_of an observation.well in a pumping test
Where wellbore storage'was significant. ‘The second problem was. to see how
wellbore storage would affect the datavcollected in a leaky aquifer test.

‘The LBL groundwater flow program TERZAGHI was used for both problems.

a. Observation well response with wellbore storage | _
Dimensionless drawdown curves were obtained for valueslof'dimensionless
lstorage parameter, ¢, Of 1'()"1,v10“"'2 10"3 10~4, and 10"'5 A sample is shown
in Figure 7. .The curves approach the Theis solution with decreases in
-radius .of the well and increase in o» The time necessary to obtain a
‘response in the observation well increases with an increase in wellbore

storage effect.

b, Leaky aquifer response with wellbore storage _

‘ Fifteen different cases were analyzed for times up to 100 days, com-
prising three different pumping well radii (.05, .09 and .1125m) and five
different.values ofld(IO‘l, 10—2,' 10-3, l0*4,.and 10—5). A sample-of
resultsiis plotted in Figure 8 showing>the ratio of drawdown in the-aquitardA
'(s’) to'drawdown in the_aquifer (s):asla function of wellbore'radius.
Observation well drawdown with wellbore storage can be -as little as half the .
drawdown predicted mithout_wellbore'storage. : o

Figure.9 shows the time it would take to get a drawdown, s’, in an adui— .
tard 9. Oﬁmeters'from a-pumping uell and 0.5 meters from'an aquifer. The
parameters and geometry used are typical of what might bé found in the Pasco
Basins At least:15 days of pumping would be required to get any measurable

,response in the aquitard for these conditions. This model could be used for-
well test analysis by developing a set of type curves for any'specific well

radius and distance to an observation Well.,

;'15v_
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C;.'Groundwater.Chemistry’Program

l. Introduction

The sampling and analysis of groundwaters for the Pasco Basin was initi-
ated as part of the LBL Hanford.Waste Isolation'Project.. It was planned to
perform comprehensive chemical and isotopic analyses of 36 deep well samples,
20 spring samples and 9 duplicates samples. The chemical analyses were to
prOV1de information that would permit determination of ‘the source, history,
“and age of the waters of the "Pasco Basin. This information, when:used in
conjunction with hydrologic data and regional hydrologic simulations "of
'groundwater movement in the Pasco Basin, was expected to provide the basis -
for predicting the rate and type of chemical evolution of the groundwaters
~during flow. Such an evaluation 1is-a necessary prerequisite for quantitative
predictions of radionuclide migration in the same environment.

" 2. Previous Groundwater Chemistry Studies

Earlier drilling activities in the Pasco Basin’by Fenix and Scisson Inc.
indicated a ‘minimum of three zones between 12888 feet and 3392 feet ‘that
appeared to justify further 1nvestigation as locations for mined caverns.
Aquifers adjacent to these zones were therefore considered as the prime tar-
get for,investigation._' Previous studies of" groundwater chemistry_in,the
Pasco Basin were few in number. Ihefevidenceigiven by these studies and sup-
ported by the chemical analyses'is that sampling deep‘well waters without con-

_tamination from extraneous sources would be both difficult and time consuming.‘
3. 1978 Activities

The chemical analyses planned for the groundwater samples included all
~ major cationic and anionic species as well as “trace elements, gas analyses,
and on-site measurements of those species or properties’ that were likely to -
change during transport. The purpose of these analyses was ‘to allow compari—
son with the compositions ‘and theromdynamic stabilites of coexisting altera-
tion products, to make internal checks on ‘the validity of the .analyses, and
to permit/estimation of the sources and the relative ages of the,groundwaters.
Trace elements were to be tested“for their value as tracers for giyen aquifer
waters or horizons. . T ' o |
A number of stable and radioisotopic analyses were also planned includ-
ing those for D/H, 180/160, 13c/12c, 345/32s, 3, ldc, 36c1, 222y, 226Ra,
and 234U/233U.A Each of these isotopic analyses contributes to an interpreta—u

tion of the source, temperature, history,'or age of the groundwater.' The
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measurement of the age of groundwater is difficult to accomplish or interpret.
Consequently, part of the study was directed towards elucidation or clarifica-
tion of the problem associated with the utilization of 36c1 and 234U/238U as

tools for dating groundwaters. v _ _

. LBL staff recognized the need for adequate 1aboratory services readily
.accessible from the sampling site, in order to perform analyses for fugitive
'components, separation procedures for 1sotopic analyses, and the filtration
"of samples. A mobile field laboratory_was therefore designed and constructed
tobperform all.necessary onlsite analyses and:sample preparation. An 8x20
foot box trailer was leased for this.purpose‘and'adequate facilities for two
“chemists were provided. The mobile'laboratory proved'to'be very satisfactory

from the functional standpoint, but the need for a - tow truck to move it ‘and
.,lack of 1ntrin31c strength were disadvantages.

- The complex sampling requirements for each of the several analytical and
isotopic techniques involved in the study necessitated_standard operating
procedures for Quality Assurance documentation. These procedures became the
focal point of organizing ‘and finding the latest and: most desirable methods
for the sampling, treatment, and packaging of groundwater. Several meetings
were held with leading isotope and chemical analysts in order to bridge the
“gap between analytical expertise and field sampling methodology. TheSe meet—-
ings, combined with an exhaustive literature survey of groundwater sampling,
resulted in the drafting of Field Operating Procedures for the‘groundwater
4chemistry part of the Hanford Waste Isolation Project. This document-in—
- cludes procedures for both well and spring sampling. Improvements were incor-
porated as field experience was gained. '

On January 30, 1978 a meeting was held between the staff of Rockwell
Hanford Operations, LBL, and other interested-parties, to develop the field
program. 'Between then and June 14, 1978, when swabbing of DC-2 started, iso-
tope and analytical chemists were committed to provide support for the pro-
ject, Quality Assurance documentation was prepared and the mobile field
laboratory was- designed, constructed and equipped. . Sampling and refinement :
of field procedures continued with. occasional interruptions until August 16,
1978, when field work was terminated. '

- Groundwater samples from deep wells were obtained'bv swabbing, as'no
other technique had beengdeveloped»that'would permit recovery of large

samples from the depths specified in the narrow diameterdwells available for
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sampling. Only Well DC—Z was sampled from the zone between.3243 and 3273
feet. In the short time available for sampling, it was not possible to pump
sufficient water to obtain a sample free of contamination. _

Springs were’ identified from topographic maps, and chosen following
discussion with Rockwell geologists. Only,those springs mere-Sampled that
_1ssued directly from geologic formations. A~total of four springs were sam-
' pled in the time available. Access to the spring sites was difficult and

required 4-wheel drive vehicles.A Three flowing artesian wells (DC-6, Ford
and McGee)vand the Columbia River were'also sampled usingisimilar techniques
to those developeddfor spring samples. -Chemical and isotopic analyses were
" performed on thebnine samples collected. Thelchemical_analyses covered most
of the elements and aqueous species‘originally specified. Analyses-of some
h'minor components were not performed, primarily because the project was termi-
nated before the work could be completed. However, all major components were
analyzed.' In many cases different analytical methods were used to measure
~ the same component, thus providing checks on the accuracy of the values ob-
tained. Cation/anion balances were performed on major components of the so-
lutions using thesresults of a given analytical'method for each ‘element that
gave the greatest accuracy for that-element. In all cases ekcept one, the
discrepancy between total cation:and anion equivalentslwas’less than 5% of
the sum. A » ' | ' o
v The major components and some important minor components in solution
"were used as input to the distribution of species stage of the FASTPATH code,
and checks made on the internal consistency of pH, alkalinity,_Eh, sulfide/
sulfate and CO32 /HCO3 pairs. - With minor exceptions, results were good.
Isotopic analyses for D/H, 130/12C, 189/160, and . 3y were also determined.
However,‘14C'analyses were not performedlowing to initial problems with the
procedure used to separate carbonate from solutions.

Analytical development of isotope measurement techniques using - the 88—
inch cyclotron at LBL demonstrated the feasibility of’ measuring L4 4n GOy
evolved from one liter samples. The detection of’ 36Cl was also attempted
and a lim1t of 10'12 for 36Cl/3SCl was achieved With possibilities of improve-
ment using a new ion source. Measurement of the 234U/238U ratios on the-
~water samples iS'continuing using a 5 foot radius high-precision mass spec-
trometer. A precision of about 2% is adequate for the- 234U/238U ratio

and can be achieved.
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b Conclusidns and Recommendations

An evaluation of the‘chemical analyses in terms of tneir origin, his-
tory, and age are not possible owing to the small number of samples taken,
the incomplete isntopic analyses, and the diversity of regimes from'which the

fsamples were obtained. No spatial relations between samples can betworked'

- out until more samples have been obtained and -analyzecl, over more horizoms,

and-over a greater areal extent of the Pasco Basin. However, the work done

- to date leads to the follewing recommendations,

| 1. Because of the low concentration'of many important components in
-the deep waters of the Pasco Basin, great care should be taken in
avoiding contamination beth during and after sampling. .

23 Drilling methods that minimize contamination oflaqnifers‘should be

used. . ..' ‘ 4 '

3. On—site(contaminationumonitoring_should be developed‘using tracers
incorporated in the drillingrfluids.

4. All sources of contamination should be identified. |

5. Downhole sampling devices should be designed ‘and constructed that

A eliminate contamination from that source. '

6. Collection procedures for carbonate samples for 14C analysis
should be improved. ' v _ _l_

7. Improved isotopic technidues requiring smaller samples'shbnld con-
‘tinue to be developed' " this applies particularly to 14C 36cy,
81Kr and 234U/238U »

8. Discrepancies in species distribution based on alkalinity measure-_
ments and chemical analyses ‘should be resolved.

9. _ More accurate methods of determining oxidation potential in ground—
waters, from Hanford should be developed. v

. 10. _A more sensitive technique for analyz1ng aluminum in solution
should be developed, particularly in the presence of ‘large amounts
of fluoride ion. o v o -

ll.. vSoluble organic components, andkLi, B, NH4+, and Pp0s should be:
analyzed to determine their significance. | v |
12.  More sensitive gas detection and analytical techniques should be

" developed.
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D.  Review of Hanford Well Logs

The work performed in 1978 consisted of a review of pre—existing well
log data and data obtained during the year by other Rockwell subcontractors.
The well logs at Hanford can be. used in several ways to aid the hydrology
program:

- (1) to examine rock properties, such as porosity, density, and
' fracture character, on a continuous. coverage basis;

(2) to delineate zones of fluid flow;

(3) to correlate geologic units between wells..
'Figure 10 demonstrates the response of. four standard 1ogs to the basalt in
the 2800 3400—foot interval in Well DC- 1. As porosity increases, all
1quantit1es measured by the four sondes deflect to the left. For example, the
large deflection from 2950 to 3000 feet is an interbed of much higher poros-
" ity than the dense basalt below, from 3000 to 3180 feet. Currently, it is
not possible to accurately quantify the porosity because all the sondes are
callbrated for sedtmentary sequences. Further work with the available logs
‘and core could soon overcome this problem. - _
' Figure 11 shows temperature logs and flow profiles from the entire
5000—foot length of hole DC-1. . Breaks in the temperature gradient: occur
where fluid has left the wellbore and entered the formation, thereby cooling
the rock below the temperature dictated by the geothermal gradient.-_These‘
_temperature breaks are confirmed by the flow profiles, which_were_obtained
with the radioactive tracer technique. With this method the'downward veloc-
ity of ‘the borehole fluid -1s measured by . injecting a tracer into the water
. column and detecting its transit ‘tﬁne past detectors in the sonde. 3Theb
abrupt drops in velocity occur where fluid leaves the wellbore and:enters the
formation. The obvious zones in Figure 11 were detected on several logs runA
at different times, confirming the validity of the methods.

In the course of the review it became clear that the hydrology program
-would be assisted by a greater effort in well log interpretation and a coor-'
dinated program in acquiring,new logs.y Among the recommendations are:

o routinely obtain flow profiles in all new holes, with the spinner
. tool appearing to be the preferred method;

o establish a reliable method of quantifying the porosity in the

basalty .

o ‘composite the existing well 1ogs and auxiliary data onto basef
sheets}

o continue to pursue those logs, such as spectral'gamma and'magnetic
susceptibility, which promise correlative geological data among

holes.
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SUMMARY

A field testing program designed to prov1de data for mathematical model-
ing of groundwater flow in the deep basalts of the Pasco Basin near Richland
Washington, was initiated in FY 1978. This study is part of a larger Depart—
ment of Energy program to evaluate the feasibility of nuclear waste storage
in deep mined caverns on the,Hanford Reservation. A technical approach for
obtaining the required field information_Was developed based upon tbe

integration of hydrological, geophysical, and'geochemical data‘gathered from

a number of deep wells scattered througnout the basin..- A full hydrology

‘testing program was .planned for-_implemEntation over a]-period- of several

years. Included in this program were: pressure measurements to detérmine

hydraulic potential gradientSjntracer'tests to determine flon direction and

~ veloeity; borehole;fracture“logging to quantify the geometric parameters of

the fracture systems; hydraulic fracturing to determine in-situ stress

conditions, and a wide variety of permeability tests on both multiple and

' single fractures. Finally, a modular~type long -term monitoring system was

recommended for development and installation in selected wells.
Implementation'of-the testing program began with'thekdesign‘and fabrica-
tion of 'a test probe capable Ofnmeasuring pressnre and permeabilities at
depths up to 5000 feet. As. an interim measure to expeditelinitiation of
field work, a single—function preSSUre test'probe originally designed by LBL

for another project was fabricated and equipped for use in wellAbC-Z.to

‘depths of 3300 feet. An'ambitious field program:for performing testsiin

eleven deep wells was laid out in March. 1978 based upon’ drilling schedules
provided by Rockwell Hanford Operations earlier in the year.

Delays in the drilling schedule,‘a delay in the arrival of the support
rig and field test equipment, and inadequate funds to provide a second
support rig required a curtailment'of the planned program. _Hydro10gical‘
tests were performed in wells DC-2, DC-6, and DC—8 between May and October,
geochemical_ sampling was performed .in _DC—Z and DC—6; and’ bydrofracturing
tests were performed’in DC-11. In'addition, earlier hydrological and geo-

physical tests performed by others were revieved and évaluated in interpre-

tation of'test.reSults.

Tests performed in DC-2 and observations of_water level response in

neighboring DC?1'suggest'tbe possibility of leakage between the .three lower.
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piezometers in DC-1. The conclusions are generally supported by earlier work

performed by others in DC-1 and indicate the presence of a downward gradient
in the upper basalt layers extending toia depth of about 4000'feet, beneath
which there 15 evidence for an upward'gradient. A sharp steepening of the
downward gradient in the Vic1nity of the Umtanum Unit suggest that the
Untanum may be acting as a barrier to vertical flow. Ambiguities in avail—
able data immediately below the Umtanum vsuggest_ the need for additional
testing.

Drilling was suspended for about one week to permit pressure testing
in well DC-8, in the basalts above the Vantage sandstone: These tests were

performed between 1700 and 2700 feet of depth and indlcate a downward

gradlent w1thin that interval. Water level elevations were found to be.

higher and downward gradients steeper than in. comparatlve 1ithologic units
in wells DC-1/DC=- 2. ,

~Well DC-6 was found to be artesian, with a steady-state openhole pro-
ductlon rate of about 17 gallons per minute. Single-packer tests showed that
about 75 percent. of this'flow was coming.from the depth- interval 365043800
feet. Pressure testé'were performed. between 2200 and 4300 feet of depth, and

indicate artesian conditions in every zone tested with total heads ranging

from 20 to 60 feet above grodnd'surface. Water level elevations measuredvin

the Grand,Roﬁde basalts in DC-6 were'higher than water levels_measured'in the‘

same stratigraphic zones in DC-1/DC~2. As in DC'1/D0424 there appears to be
a local head minimum within 600 feet below the bottom of the Umtanum with
higher heads at greater depth. ' '
Comparlson of data from the three ‘wells tested Lndicates that . the Gable
Mountain antleline may be acting as a flew barrier separating’ Cold Creek
Valleydfrom the Columbia River Valley to the north and east. Recharge to the
deep basalts in Celd Creek Valley appears to be small, with drainage probably

occurrlng to the southeast, roughly parallel to the trend of the Cold Creek

syncline. The lowest pressure head elevation measured in DC 2 ‘'was about 360

feet, which_supports earlier contentions by La Sala and Doty (1971) that the
deep flow systems in this vicinity may be discharging to the Columbia River,
probably at or below the Tri-Cities area. Additional driiling and testing
will be required to verify these hypotheses.‘ | o ‘ '

The groundwater chemistry program has provided.data on four springs, the

Columbia River and three flowing artesian.'Wellsf ATheﬁ limited number of-



samples taken in FY 1978 does not allow any reglonal 1nterpretation. Data is
also presented for DC-2: but the presence of tritium at 20  percent of the
Columbia River value-indicates contamination of the packed-off zone by drill—
ing fluids. This ‘level of contamination was still presentlafter swabbing .
approx1mately 64,000 gallons of water from the packed—off zone over an 8-day
perlod. o _ _ _

A literature-reviewvand evaluation of previous groundwater studies at
Hanford is presented. The scarc1ty and uncertainty of this data, comb ined
w1th the experlence of the FY 1978 LBL study, emphasizes that contamination
problems must ‘be overcome in deepfdrilled-wells before representative infor-

mation can be reliably obtained-_ Procedures'and techniques "are recommended

" for development to' aid in the sampling, analysis, and:'interpretation' of

'groundwaters in this report. .-

A summary of. recommendations is presented for a continued well drilling

h and testlng program at Hanford. Specific drilling and testlng schedules for

FY 1979, based on- completion of a rough model of the deep flow systems by
1980 were presented in Long and Wilson (1978) , The _program recommends
continuation. of a ,bas1n—wide approach ' to hydrological studies to permit
identification”of»hydrologically;optimum repository sites. -Subsequent
second-stage studies are also recommended forvrefinementvof available‘data.

Recommendations are given for“refinement of hydrology testing eouipment'
and procedures based upon experience gained in FY 1978 field operations. The

need for the multiple-packer test probe which had been planned for FY l979

‘was made evident by FY 1978 field results. Such equipment Will allow control

of _pressure’ pulses due to packer inflation, and will provide ‘additional
checks on the effectiveneSS'of the packer seals. EXperience_has also indi-
cated that.considerably longer testing'times, on the‘order of days or perhaps
weeks in tight formations, will be_requiredvto-obtain accurate pressure datae

lFinally, recommendations are made regarding a comprehensive technical'
approach to the collection andjinterpretation of data from a deep fractured
reservoir. These recommendations include the development of specialized.
equipment and techniques for in-situ pulse testing of single fractures, for
injection and tracer testing of multiple fractures, for downhole identifica-

tion of the statistical parameters governing fracture system geometry, and

~ for long-term pressure and . geochemical monitoring.
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I.. ~INTRODUCTION

A study of the hydrology'of:the,Pasco‘Basin near Richland, Washington,v
was initiated by Lawrence.Berkeley Laboratory for‘Rockwell Hanford Operations
(Rockwell) “during Fiscal fear 1978 *  This work was part of a Iong—term'
feasibility study conducted: by Rockwell’ s Basalt Waste Isolation Program for -

'the National Waste Terminal Storage Program of the Department. of Energy on

the feasibility of nuclear waste disposal in the Columbia River Basalt

_underlying the Hanford Reservation.

The Hanford Reservation lies within - the Pasco Basin near the center of

" the Columbia River flood basalt physiographic province, which spans -parts :of

Washington, Oregon,'and'Idaho‘(Figure'I-l) The generalized basalt strati-
graphy within the Pasco Basin is shown on Figure I-2. The overall feasiblity

“study has ‘been directed to. ‘the concept of a mined repository at a depth of

about 3000 feet, possibly in the Umtanum. Unit, dense, 200-f oot thick" basalt
flow. The feasibility of this concept largely depends Onfthe,degree'of
hydrologic isolation afforded by the basalts. Hydrologic isolation can be
determined only by actual field testlng and subsequent modeling. ‘

In October 1977 a- work plan was formulated which included threeAhydro-
logic'subtaskS' ‘Physical Testing, Geochemical ‘Sampling, and Numerical

Modeling. LBL performed hydrologic testing on several deep drill holes’
" on the Reservation and obtained and analyzed water samples,from drill holes

~and surface water. Progress on ‘these three subtasks through September 1978

is presentedfin this section-, In.addition to these subtasks an - analysis of
existing geophysical data and a recommended well drilling and testing program}
for Hanford are summarized here. Recommendations for further field tests and
hydrologic investigations are presented in Appendix A.; Hydrologic work by
LBL in the project was terminated at the end of FY 1978. B

*0ther FY 1978 work by LBL on waste isolation for Rockwell is reported in
separate volumes. Benson et al., (1979) and DuBois, et al., (1979)
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" II. PHYSICAL TESTING

A. TECHNICAL APPROACH

1. Hydrology Equipment Development:

Wurlng FY 1978 LBL des1gned down-hole instrumentatlon and packer systems'

‘for pressure, temperature and permeabillty testlng. The systems assembled

include: ,

' a) Packer systems with indepehdent inflation lines.

b) A_sihgle pressure transducer formationvpressure instrument.

c) A double pressure transducer instrument w1th downhole valves
for packer and test zone pressure relief for use in both in~ -
jector tests and formation pressure measuremeuts. '

~d) A pressure tank.fbr constant head injection tests.

a. Packer System~ _

. The packer system cousisted of two inflatable packers with an inflation
line separate from- the testing rod. This separate‘infiation line allows the
packers to be reset without remov1ng them from the hole thus saving consider-
able workover rig time. The original packer choice was the Lynes 2 5/8 inch-,

element modified for use with separate inflation lines. The Lynes’ element

was chosen for its proven durability, its differential inflation pressure

in excess of 4000 .psi,. and its long packer seal length. Tigre‘Terra NX

- packers, which are also a steel reinforced inflatable type, were used prior

to deliver of the the Lynes packers but- they could only’withstand a 600 psi
pressure differential. 1In four inch holes, LBL found that NX packers were

unusable after approximately four infiations,

b.'.Pressure Probe 1

A schematic drawing of Pressure Probe 1 is shown on Figure II-l. The.

downhole electronics consisted of a C.J. Enterprises pressure transducer and -

a thermistor. A four conductor cable from the probe to the suface allowed

continuous monitoring of temperature and pressure. The surface electronics

‘consisted of a power supply for the transducer, a data 1ogger capable of

recording all.channels at programable time intervals, and a single pen strip

chart recorder. A schematic -drawing of the entire test setup'is_shown in
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Figure II-2. Pressure Probe 1 lacks a downhole packer release, therefore its
use is limited to water depths where air can be used for packer inflation.

A typical test consisted of lowering”the system to the test zonme, iﬁfla—
ting the packers, and recording the shut in pressure until itfeached astable
value. Since the pressure equilibration depends only on flow into or out of
the rock due to the compressibility of water; equilibration is more rapid
than in test systeme that rely on measurement of a water level in a stand-
pipe. » , _ |

Figure II-3 shows the tYpical shape of a pressure test record using
Pressure Probe 1. A major factor in the length of time requiredbfor the test
is the packer inflation pressure pulse. The magnitude of the pressure pulse

is a function of rock permeability. * This pulse may be avoided by a valve

downhole which bleeds the test cavity. This feature Was incorporated in the

Injection-Pressure Probe discussed below.

c. InJectlon-Pressure Probe

This probe was de31gned to perform 1nJect10n tests as well as pressure
tests and is shown schematically on Figure II—4,. The major features of the
Injection-Pressure Probe are: ' » »

(a) - A downhole solenoid'valve_to deflate'water'iuflaﬁed packers.

(b) A downhole solenoid Valvelto bleed the test cavity. ‘ .

(c) An extra pressUre'trahsducer for monitoring packer pfessure,

e331ly adaptable for both pressure measurement and inJect1on

permeability tests with a simple change of parts.
The two solenoid valves are manufactured by Circle Seal Corporation of
Anaﬁeim, California, and.their 1 1/2-inch diameter.uakes,them suitable for
use in slim Hole_probes. The solenoid Valye used to deflate the packers
downhole is backed up By a Lynes circulating valve which opens: at a pressure _
determined By the strength of a shear pin. Should the solenoidavalve'fail,
the packers can be released by iucreasingfthe packer.preaeure.until the pin
shears and this Lynes valve opens. With'this‘dowhhole packer release, the
probe can be used with water inflation and is therefore operational to

greater depths than Pressure Probe 1. When 0perated for constant head

injection tests, the lines for the pressure bleed are removed.

The electronlc control system is designed . to supply constant voltage to
the pressure transducers and solenoid valves in the probe.A The probe also -

contains a temperature sensitive diode which is read in degrees Kelvin on the
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Figure II-2. Schematic drawing of pressuregtest setup,v

CII-4



-

Pressure

Figure I1I-3.

~Time

XBL788-2628

Typical shape of pfessure test record
a) running into hole '

"b) reach test zone

c) inflate packers

d) reach stable pressure
e) deflate packers

f) running out of hole

II-5



9-I1

Packer relief line
To injection zone-

* Blockoff fitting  Sensing line
to injection zone—&

injecﬁon line
Air bleed line (cap off)
Y Electronics |

~ Watertight housing 7

A

v ' . — Lz E : ‘
el L e e
‘ ‘L ” Packer pressuré | ZInjection zone relief | \
- To packer

Packer fill line

L solenoid valve
Cable connector -

- transducer ..

Packer relief
solenoid valve

DOWNHOLE —>

- Injection zone —
pressure transducer

- XBL 7810- 6625

Figute 1I-4. Schématic-drawing of injection preésure_probe.



digital voltmeter mounted in the control bon The uphole'electronic controls
for'this‘instrument are. the same as thosevof‘Pressure Probe 1 with the add-
ition of switches for the solenoid valves. The schematic for this injection

test system is given in:Figure II=-5.

d. Injection Pressure Tank ‘ .
4 ‘An injection . pressure tank has been des1gned to supply water to constant
head_inJection tests. The . driving force for the water is compressed air
‘applied through the top of the tank. The.water_is supplied without  the
surges omne would'get from most'pumps,_especially at lowlflowArates. Flow
:rates can be measured in three Ways. | ’ ' _ o |
QJ By monitoring the change -in the Water 1evel in a S1de mounted_
standpipe. _
(2) Using a' differential pressure transducer ported at the top and
bottom of the tank. ‘ » ‘
(3) Using electronic flow transducers.
- Two electronic £lowf-transducers; manufactured by Flow Technology of
Phoenix,yArizona, allowAmeasurement of'flow'over'a range of 0.001 ‘to.20
gallons per minute. The relative location of the injection pressure tank

within the. inJection test system is shown on Figure II- 5.

2. FY 1978 Field Activites

Rockwell’s proposed drilling 'schedule for hthe 1978 fiscal year 'was
received by LBL in January 1978 and 1s shown  on Table II l. Wells DC-4,
DC~ 5, DC-6 DC~7, and DC-8 were to be completed during the year. Specifi—
cally, DC-7 and 'DC-5 were to be rotary drilled from October 1977 through
February 1978 and the remaining wells were to be cable tool and core drilled
from December 1977 through August 1978. To complete this drilling program,b
two core rlgs were employed for most of ' the 1978 fiscal year. Also, one
workover. rig was to be employed to facilitate the hydrology testing program
from May lst to the end of the fiscal year. '

In March 1978 LBL proposed a hydrology testing schedule based on
Rockwell’s proposed drilling schedule. This schedule. is shown: on Table I1-2
- and.consisted of pressure tests, geochemical_sampling, and/or permeability ,
tests in DH-4, DH-5, DC-2, DC-3, DG4, DC-5, DC-6, DC~7, DC-8, DC-10,- and.
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RHO-CD-132

TASK - Drilling and Coring

_” : Drilling of Core and Rotary Boreholes
. : SUBTASK at Sites 1, 2, and 3 (Figure IV-1)

. _ . © MILESTONES

FISCAL YEAR 1978

0CT | NOV DEC JAN | FEB | MAR PPR | MAY JUNE | JuLy | Aue SEP

Hwh
whp

1. ch7 completed.
2. DC-5 completed.
3. DC-6 completed.
4. .DC-8 coﬁpleted.
5. DC-4 comﬁleted.

SCHEDULE . © FYa978
ITEM S

by —

1. Rotary Hole DC-7

2. Rotary Hole DC-5 1n 4

3. Core Hole DC-6 1 b ¢yt

4. Core Hole DC-8 e, A—

5. Core Hole DC-4 1 —ca——t——1%

:__L

Cy= CORE RIG 1 " Ca = CABLE TOOL _ R * ROTARY
C,= CORE RIG 2 A B SR '

. . » v - . XBL 794-9381

Table II-1. Rockwell Hanford Operations, Januar 1978
' Draft drilling program schedule (from RHO-
CD-132, 1978, Rough Draft)

1I-9



Testing Schedule, Pasco Basin Hydrology  FY 1978 :
March April May June ' July August September October,
DH=4 ' i . clean o Ba8 o
DH=5 clean - Ral
DC-2 - - 8Pk . drill
pe-3 ; R - S ky
nc-4 - drill {2 12
C . : .5. :
. D
DC-5 ) _ R L B PL#
pC=6 - drdl > | : s LI R
: : s | p,k N
C-7 o - : o
o ' : 8 p.k
pCc-38 . - - : 2 > >
: ' ' %
DC-10 . ) B i . o ooy
. . . : . . ) X
pc-11 , ) -
Work=over rig emmseemed 8 ~ sample
- - pressurg -
Longyear 44  emwwmm——=) PP ‘ .
Other rigg  —————) k = permeability ({njection)

XBL 794- 9380

. Table II—Z; Lawrence Berkeley Laboratory March 1978 proposed hydrology
' testing program.

" II-10



oot

i

DCfll. Specifically,'DH?A and DH;S-were to'be cleaned in April and May and
pressure tested and geochemically samplednin‘July. DC~ 10.and DC~-11 were to
be permeabillty tested (by inJection) in August and September, and the
remaining wells were to be variously tested and sampled in sequence from May
through October. Three field crews were planned to do- this work, and the

work;over rig plus one other rig, on a part—time basis,iwould have been

‘needed to assist them.

The actual FY 1978 work plan was quite different from the proposed

‘FY 1978 work plan and is shown on Table II-3. " This difference was caused by
delays in the’drilling schedule,'a delay in the'arrival of the WOrk-over ‘rig,

uinsuff1c1ent funds to provide a second support rig, and delay in fabrication

of test equipment at LBL. The actual field program consisted of ‘pressure

testing DC-2, DC-8, and DC-6, geochemical sampling of DC -2 and DC-6, ‘and

'hydrofracturing of DC- 11.’

The hydrology field crew arrived in Hanford on May 15th to set up the
equipment for the. first test. From May 22nd to May 24th 'DC-2 was cleaned
using a wire brush attached to the drill pipe and by circulating the well
with fresh water. - Also during this time the pressure test apparatus was
assembled ‘and tested-_ On May 25th “the pressure probe and double packer as-
sembly was lowered downhole: to a depth of 1100 feet and tested. - At this

point a bad - electrical connection was found and the assembly was taken back

out of the well. On May 26th, the electrical connection was fixed, and the
'pressure test equipment was run down to the first test interval. During the

next week, a total of eleven zones were pressure tested. These zones were

mostly'flow tops and rubble zones.  Pressure testing'wasvcompleted'on-
June Sth. ' . ‘ | B o |

The geochemical sampling crew arrived in Hanford on June lst to set up
the geochemical laboratory trailerAfor'testing in DC~2. _On-June 13th a Lynes
production;injection packer system with a'30hfoot straddle zone,was.run'into
DC-2 on 2 1/16-inch drill pipe to the first sampling interval depth of_3243 -
3273 feet. This packer assembly had to be taken back‘out of the well when .
the circulating valve failed to open. In releasing.the'packers, the-bottomb

packer’s rubber element was torn too badly to use aga1n. “On June l4th, the

shear pins were.adJusted on the circulating valve, the packer’s rubber

element was-replaced; and the assembly returned to the sampling interval..

The swabbing3process was then started, and water samples were taken at
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‘Well _ : : , :

March | April May June | July August | September | October
DC—4, - cable toLl drilling " core dfilling : _
BC~6 _core driflling N ’ | ' ) P 5
DC—8. core driflling . tp . core drilling .
. h-
DC-11 -
Springs —S— i

" Workover rig ==—=——=3»

other rigs ————

Table II—3,v'Fina1'Lawrence

P - pressure
s - geochemical sampling
‘.h‘— hydrofracturing |
- XBL 794-9379

Berkeley Laboratory FY 1978 hydrology testing program. -
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regular intervals. These water samples had>aApH of 9.8 = 9.9 and appeared to
be‘contaminated'With diesel fuel. Water levels were monitored in DC=1
piezometer'#3 during the swabbing to obtain a qualitative estimate of the
permeability: 'of the test zone. On June 26th, lBL discontinued swabbing at
Rockwell’s direction so that Science'Applications Incorporatedg(SAI) could

begin‘ permeability testing. Ten days of swabbing. were insufficient for

- removing the apparent cutting 0il and diesel fuel contamination. Since no

time was available for further swabbing, a contaminated sample was taken. " In

‘coming out of the hole the 1ower packer became stuck possibly due to caving
. of the formation during swabbing. The tuhing broke and fishing proceeded for

-one day with no success.

On June 14th, drilling to the Vantage Member was completed in Well DC—8.
On June 15th, the hydrology field crew assembled, tested, and ran the pres-

sure test equipment into the well to: the first test interval. It Was then

discovered that there was an air line leak based on the transducer output and
the tank’s pressure regulator readings. The ~equipment was pulled out of the
hole to fix the leak but. in the process the air and electrical line slipped
along the drill tubing_and became tangled around the probe. The resulting
damage consisted of a severed electrical line? kinks in the electricalvcable,

and a few punctures in the airfline.' On June 16thg'the‘damage was - repaired,

~and the first pressure test was started. There.were nine preSsure'intervals
‘chosen, all of which were flow tops and rubble zones. - Both of the packers

'failed after testing the interval at 2235 = 2265 feet. At this'tbme the

equipment was pulled out of the well, replaced, and . then run back downhole to
test the last two intervals. - On June 20th the testing in DC-8 ended.-

From July 5th to July 9th the hydrology field crew assisted in hydro~
fracture testing in DC-11 to acquire field stress data. Dr. B. Haimson

of the University of Wisconsin supervised the testing, and Hatch Drilling

"Company provided the required cable tool rig. The first two days were spent

setting up and testing equipment. On July 7th, the double packer assembly
was sent downhole and the first two intervals were_fractured. On the third

test the packers did not deflate due to the water pressure in the inflation:
line. The packer was freed by filling the hole with water while pressurizing .
the test interval with air. 1In subsequent intervals, the problem was elimin-
ated by using two inflation lines, and driving the water out of the packers .

with air. A total of six intervals were pressuriaed_at depths of 55’,144’
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l72; 194, 200,.and 226 feet;_ Caving of the hole in the Selah bed prevented

deeper tests from being performed. Impressions of the hydrofractures were

_then made; these were oriented using a gyrecompass survey tool operated'by an

engineer from Sperry Sune.

From‘July 21st to August 13th the geochemical sampling field crew

collected spring samples from locations in and surrounding the Pasco Basin.

' Specifically these samples were collected from:

(a) DC-6 (artesian flow) on July 2lst. .
(b) The Columbia River at ‘the -"0ld Hanford Townsite" on July 25th.
(¢) Juniper Spring at Umtanum Ridge on July'23rd.

(d) Rattlesnake Springs at Dry Creek by Battelle’ s radloecology field
: station on July 3lst. v o

(e) Benson Spring at Rattlesnake Hills on August lst.
(f)‘ Bennett Spring at Rattlesnake.Ridge.on August 3rd.
(g) Ford Well (artesian flow) at Cold Creek Valleybon August  11th.
(h) ‘McGee Well (artesian flow) at:Cold Creek-Valley on August 13th.

Sample treatment'and field analysis was then done in the geochemical labor-

atory trailer. _ , o

From July 10th.to August 15th no hydrological testing-was done due to
the unavailability of the.workover'rig- On July 13 a.packeeras set at 30
feet depth in Well DC-6 and'a’fIOW'meter installedy Artesian flowhfrom DC-6

~was thus monitored until August 11th.

On August 5th the workover rig arrived at DC~ 6 and a. Wellhead was

‘installed to control flow. On August '15th the hydrology crew assembled,

tested and ran a single Lynes packer to 2240 feet. An air line leak was-then
detected by observing the Nj tank pressure drop and the air lift of water
from the,well. While bringing the equipment back out of the well, the air
line was snagged by sharp edges on the casing, and the packer broke off and
dropped to the hotton of the well. The casing was then inspected and found
to be badly worn. The next two weeks were spent replacing worn casing to a
depth of 1110 feet. On August 29th pressure testing was resumed. Test
intervals were chosen because they were either. v

(a) Flow tops.

(b) Rubble zones.

(e) Poker chip zones (disced zones of numerous closely spaced hori-
.zontal fractures). :

(d) %ones noted for lost circulation or water. outflow in the drillers'
- logse , .
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On August 29th four intervals'were pressure tested. A:fifth test was
in progress when the tool failed due to a short circuit in the cable head.
The tool was pulled out and the two transducer tool was run in to continue

the pressure tests. On August 31lst this tool also failed due to a leak. The

" cable head was'replaced and the single transducer tool rum into the hole on

September 5th and 6th. The.lower packer failed during inflation. This was‘

~replaced and pressure'tests resumed with' the single transducer tool on

September 7th. Be tween September 7th and 11th five additional pressure tests

» were run. - The lowest of these was at 3343 feet which, due to the length of

‘the electric cable, was the max imum depth attainable with the single trans-
ducer tool. ' o . o ' ' '
' On September I12th and 13th five flow tests using a single packer were

run. Pressure and flow from the artesian well were measured from the ‘zone

" below the packer. Only flow was measured from the zone above the packer.

From September 18th ‘to 20th pressure/flow tests were run using the two

transducer tool and ‘a 30-foot straddle pipe between packers. Four pressure

‘measurements were made followed by flow tests. The last test was completed

by'noon on the 20th. The tools were then pulled from DC 6 and- the service
rig released by LBL. This completed ‘the FY 1978 field testing program.

B. DATA ANALYSIS

1. Hydrologic Field'Testing

'a. Introduction

Pressure tests ‘are used to determine distribution of hydraulic potential

in a groundwater system from measurements of .groundwater pressure in isolated

zones of boreholes. The pressure test consists of lowering a double. packer,
81ngle transducer probe to a spécified depth in a Well, inflating ‘the packers
to about 300 p31 over the water pressure in the hole, and then measuring the.
pressure in the isolated interval between the two packers. When the packers:
inflate, the water in the test interval is compressed, producing a pressure

pulse which must decay hefore the pressure transducer measures the'in-Situ

 pressure. Detailed test procedures and equipment are discussed'in_Appendixes.

A and C. Pressure testing was performed in Wells DC~2 and DC-8 between
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May 15, and June 20,_1978, and in Well DC-6 betueen August 15 and September
20, 1978. Well DC~6 was found to be artesian, and in addition to pressure
tests, flow tests were ‘also run on this well. The flow tests were. run with
both single and double packers; and the average permeabilities of the zones
producing the artesian flow could be estimated by assuming steady state

conditions.

b. "Data Analysis’

In analyzing test data, it is necessary to correct for the elongation of
the drill tubing under its own weight, the_location of ‘the air-water inter-
face within the probe, transducer‘calibration shift, the effects.of temper~

ature upon the transducer, and barometric pressure changes. Artesian'flow in

. Well DC~-6 permitted some procedural variations in data analysis which are

discussed in the presentation of. results from that well. .

The depth of the probe was initially estimated by measuring the length

of tubing as it lay on the ground to an accuracy of T 0.01 feet.. These

depth data were then- corrected for buoyant elastic stretching under the

weight of the tublng in water. Hydril tubing with a 1.315 inch outside

diameter, an 0.179 inch wall thickuess, and a unit weight of 2.25 pounds‘per

-foot was used in all pressure‘tests. The steellis specified aslNSO, which

has a modulus of elasticity of approkﬁmately 30 x 10 psi. For the range

of depths covered in these tests, the correction for elastic stretching

. ranges from 0.12 feet to 0.42 feet. The magnitude of this correction becomes

large enough to be significant only in those tests made with water-filled
drill tubihg. This correction uas therefore only applied to certeinftests in
Wells DC=-6 and DC-8. - | .
‘The packer mandrel and lines 1eading to the pressure transducer from the
test zone are unvented above the uppermost perforation in the straddle pipe,
resulting‘in a volume of air being trapped below the:transducer'when.the

probe is lowered into the well. Assuming that the trapped air behaves as an

ideal gas, it is possible to solve for the location of the air-water inter-:

face knowing the initial pressure and temperature, the geometry of the
conduit leading to the transducer, the downhole pressure, and the downhole
temperature- The magnitude of this correction ranges. from 0.66 feet to 0.91
feet.
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A correction for transducer calibration shift was required in the
reduction of DC-2 data. Testing was performed,as a single trip operation in
this hole, and calibrations could only. be performed at the start at the
end of the test series. The calibrations were separated in time by 12 days
and varied in slope by 3 psi per“volt. This slope variation correSponds_to
t 7 psi at 1000 psi and T psi at some of the higher pressures encountered.

' This means that water levels computed using both calibrations may vary by as
much as 40 feet in extreme cases. For the analysis  of tne DC-2 data, a
- linear variation in time between the two calibrations was ‘used. vOnly one
callbratlon was made during the testing of DC-8, and this calibration was
i used on all the DC-8 data. Calibrations for DC-6 were nade by measuring
the constant open-hole pressure prior to each- test. _ o

The effect of temperature changes on the,transducer calibration-was
" investigated in the field. Temperatures in the range of 25° C to 650 ¢
.were imposed on the transducer, producing a seemingly random variation in
transducer output which corresponded to £ 1 psi at both zero and full
‘scale pressure. Thls,».in turn, corresponds to a variation of . about
+2,31 feet of water;‘ Because of the random nature of the variation, no
temperature corrections, except for determination of the air-water interface,3
were made. ' . ' : o

“The effects of barometric"pressure changes were relatiyeiy'minor;

Barometric pressures measured daily at 12:00.noon, Pacific'Standard Time,
 were obtained from Battelle Nor thwest Laboratory in Richland, Washington.
Barometric pressure change for the period in question was typically_O.I4 in-
ches of mercury and the extreme change was 0.45 inches. 'These correspond to
changes of 0.16 feet_of water and 0.51 feet of water, respectively, and were
not included in the data analysis because‘insufficient data‘mere available to
determine barometric ‘efficiency. _ ' ‘ |
A summary of the various corrections considered in analysis of pressure
data is presented below. From these data an overall-accuracy of about t 3

feet of water may be inferred.
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'SUMMARY OF CONSIDERATlONS IN DATA ANALYSIS

~ Cause . ' Effects on Water Levels ;.
Transducer Calibration:" Changes water level bv 0 to 40 feet
- Drill String Stretch : ‘Lowers water 1eve1 by 0.12 to 0. 42 feet
Air Pocket - . 1 Lowers water level by 0.66 to 0.91 feet
~ Temperature : Random.variatlon of £ 2.31 feet (no correction)

Barometric Changes =~ : =~ Randam variatipn-of t 0.25 feet‘(nolcorrection)

c. Discussion of Results for Well DCfZ

Well DC-2 is a 3300-foot deep NX borehole located in the NE 1/4 sec 35

TI3N R26E. The reference surface elevation of the wellhead is 572 feet.
The well is cased to a depth of 2260 feet and is open for the remainder of
the hole. Well DC-1 is a 5661 foot deep hole drilled about 40 feet northeast
of the site of DC~- 2., Stratigraphic correlation between the two wells is
. good, and much of the geophysical information for DC-1 has been directly
applied to DC=2. . Well DC-2 has not been'surveyed_as of this writing and the
distance between the two wells at depth is not knownx Five standpipe
pilezometers were installed in DC~1 in 1972 and water levels have since been
measured periodically. ' _ o

‘The basic data for pressure test results in Well DC~2 are presented in
Table II-4. Testing was perferned during the peried from May 25, 1978
through June 5, 1978 at 11 zones between depths 2269 feet and 3273 feet. The

tests were performed sequentially from uppermost zone to lowermost zone with

 a constant interval of 30 feet. Test durations ranged from 1.88. to 93.45

hours, depending upon the rate at whicﬁ equilibrium conditions were reached.

In three of the zones tested (2306‘- 2336, 2745 - 2775, and 2860 - 2890)

decay of the pressure pulse was very slow and pressure readings were still

-anomalously high when the tests were terminated because -of time constraints.
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TABLE II-4
DC-2 PRESSURE DATA

Depth : (1) Permeability Estimated
Interval . " Water Elevation ~ Relative to % of
of Test Test Test Open-HoTe ‘Open-Hole 80% Pulse Other Test Permeable
Zone Starting Duration Before Test Test Zone After Test Decay Time Zones Zn Rock in (4) Zone
(feet)(z) Date (Hours) (feet) "~ (feet) (feet) {Minutes) well {3)  Test Zone Litho]ogy(4)
2269 - 2299 5/25/78 14.51 " 456 470 453 2 High ' 50% - Vertical Fracturing.
2306 - 2336 5/26/18 93.45 453 505(5) 453 ~ >5600 Low - 33% Flow top; highly vesicular.
2340 - 2370 5/30/78 - 1.88 441 443 441 E 1 High 704 - Flow top; highly vesicular.
2625 - 2655 5/30/78 19.78 434 438 433 - s 1_ High 67% “Flow top; highly vesicular.
2745 - 2775 5/31/78 23.63 426 1116(5) 416 1400 . Low 50  Highly vesicular. '
2795 -2825 6/1/78 14.98 - 416 V3] . 415 k' Medium . 67%" 3 highly vesicular zones;
" _ A - B - . vertical fracturing.
2798 - 2828  6/2/78 4.95 413 (6) 414 (6) - (8) R 741 . 3 highly vesicular zones;
; . : . ) C : o ) - vertical fracturing.
2860 - 2890 6/2/78 - 63.40 409 525 410 © - >3800 Low C 67 Flow top; highly vesicular.
2960 -2990 6/5/78 2.13 .. 393 395 391 2 High 100% ~ Rubble zone.
3160 - 3190 6/5/78 - 2.28 375 377 . 373 6 High 551 Rubble zone.
3243 -3273(7)  6/5/78 15.28 366 362 360 1 High 100% Flow top; highly vesicular.

(Lsurface reference elevation is 572 feet aone mean seé level.

(2)a 30 foot interval was used.in a]lvtests.

(3)As inferred from pressure pulse decay times.

(4)As inferred from core photograbhs. _

,(S)Anomously high reading; equilibrium pressure not established. _

(6)Test terminated early; results essentially same as for zone 2795 - 2825.

(7)Zone swabbed for geochemical sample upon conclusion of pressure testing.



Data.from these zones were not.used in the analysis of this wells

" The test in zome 2795 - 2825 was partially repeated in zone 2798 - 2828
because it was felt that vertical fractures observed in'corevphotographs may
have'been'causing leakage around the top packer. AWhen-the assembly was moved
down 3 feet, essentially the same pulse, rate of decay,'and~transducer

outputs were observed as had been recorded in the higher ‘zone, and the lower

.test ‘was terminated before equilibrium pressure was established.

Open hole and test zome water heads. for zones in which tests were not
terminated early are shown on Figure II- 6. The open hole pressures are the

pressures before packer inflation and after packer deflation, any difference

_between the two is caused by a change in water level in the well during the

test. The test zone measurement is the stable pressure-reached while the

- packers were inflated.

The test zomne data, shown as solid bars on Figure II- 6, appear to
indicate that the’ vertlcal component of hydraulic gradient is, downward ‘over
the interval tested. Comparison with open hole data, however, shows that a
close correlation exists ‘between open hole and the test zorne measurements.
The.entire wellbore'was filled - to ground surface for'cleaning operations
prior to pressure testing and - 1n 80. doing, the formation pressures immedi—

ately surrounding the wellbore were increased. UpOn’completion of ‘cleaning,

‘no further water was added to or ‘pumped from the well, and'the open hole

water 1evel steadily declined during testing to as low as 360 feet elevation

‘as water flowed from wellbore storage into the formations.

The close correlation observed between open hole pressure and test zome
pressure in every zone 1in which’ equilibrimn is thought to have been  reached -
indicates a strong influence of open hole pressure upon the test results.
Such an influence can result from vertical circulation of water around

the packers, either through the.formation or through an incomplete packer

‘seal, or from residual effects of formation prepressurization when the well

was filled for cleaning.

Packer seals were checked following each test’ by increa31ng the diff—

‘erential packer inflation pressure by 100 psi and noting any changes in

equilibrium water pressure within the zone. Other indications of a good seal

are a clear pressure pulse in the zone when the packers are inflated,,and-

long term maintenance of a differential pressure between the zone and the

open hole.. A lack of open communication between the test zone and open hole
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may be demonstrated by these checking procedires, and a good packer seal was
indicated in v1rtually every‘test. An :alternative method ‘of checking for a
poor seal, at least for the upper packer, is to fill the hole with water and
watch for. pressure changes in the test zone.. This method was not used in
DC 2 because any unnecessary disturbance ‘of the wellbore pressure was felt
to be undesirable. ’ .

In view of the foregoing evidence that systematic packer leakage was not
occuring,.vertical circulatiOn of water ardund the packers through the
.formation must be considered as a possibility in at least some of the tests.
All of the test intervals straddle either rubble zones, highly vesicular flow
' tops, or zones in which vertical fracturing is evident in the drill core.

. The packers, however, were always carefully positioned-in unfractured mater-

~ dals outside of . these zones where vertical circulation of water would be

.mlnimized._ Such vertical movement of water hmplies that vertical permeabili-
ties in the v1cinity of ‘the zones tested may be significant. The magnitude
'_of such permeabilitles should be carefully analyzedjjlfuturetestingprograms
Residual effects of formation prepressurization may also be responsible
for the close correlation observed between open hole pressure and test zone
pressure, expecially in the less permeable zones tested. ‘The tests were

generally “continued until"the. effects of the packer inflation pulse were

essentially dissipated, however time constraints did not permit the_longer—‘

term testing periods that_would have been_required for complete dissipation
of the'overpreSSure induced by well cleaning in the lower permeability test

zones. - Significantly increased testing times andsincreased sophistication of

 test equipment will be required to resolve the degree to which residual.

effects of wellbore pressurization and the influence of vertical permeability
affect test results in Well DC- 2.

The rate at -which the pressure pulse induced by packer inflation decays

. is indicative, in a qualitative manner, of the relative permeabilities of the.

various zones. The decay time for 80 percent of the pressure pulse is shown

on Table II-4 and may be seen to fall into three distinct categories: six

.tests:had.decay times of 6 minutes or less, and are considered to indicate

high permeabilities relative to the other zomes tested; one test had a decay

time of 38 minutes and is considered to indicate an intermediate perme-
_ability; and three tests had decay times in excess of 1000 minutes and are

considered to indicate relatively low permeabilities..'Only those test zones
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with low or medium permeabilities ‘came to equilibrium within allowable time
constraints. » - .

A number of interesting conolusionS'may be drawn from analysis of.DC—2
data and from comparison with piezometric data‘from Well DC-1. The observa-
tion that the open hole water level in DC-2 fell throughout the test period

and was at an elevation of about 360 feet'when the tests were concluded

_indicate that: = (1) the minimum natural formation head within the open part

of DC 2 is equal to or less than 360 . feet elevation, and (2) this minimum

'head probably occurs below the Umtanum Unit.

- Water level elevations for the five piezometers in Well DC-1 were ob-

;talned from the files of the Basalt ‘Waste Isolation Program Library, Rich=~
_ land; Washington, and are shown on. Figure II;7. These.data were ‘taken on

 March 27, 1978 and represent. conditions before cleaning and testing began in

Well DC-2. Only piezometers 3 and 4 fall within the range of depths tested_
in DC-2. Prior to June 1978 the piezometric readings are reasonably stable
w1th time, as shown on Figure I1I-8, and are compared with equivalent zones in
DC~ 2 in the following tabulation°

COMPARISON OF WATER HEAD ELEVATIONS

- Well pC-1  Well Dc-2

~ (March 27, 1978) ' - ' - (June 5, 1978)
‘ _ Test . -  Water Head . Test Zone  Water Head
Piezometer @~ - Zone Depth "Elevation : Depth ' Elevation
__Number , (feet) (feet) ' (feet) (feet)
3 3177-3242 417 ~ 3160-3190 377"
' : : : 3243-3273. -~ - . 362

4 2913-2987 405 2960-2990 . 395

Water heads at the depth of piezometer 4 are within- about ten feet of

one another in the two wells, while those at the depth of piezometer 3 differ.

by 40 to 50 feet. The tests in DC-2 thus tend to substantiate piezometer 4
readings, but cast significant doubt on piezometer 3 ‘readings. o '

Well DC-1 piezometer water elevations are plotted as a function of time |
on Figure II-8. Water levels may be seen to be reasonably stable with time

until June and July, 1978, during which ‘water levels in the three lower

_-piezometers, 1-' 2, and 3, changed relatively abruptly. This time periodi

coincides with initiation of swabbing “in the zone 3243 - 3273 in Well DC-2
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for the purpose of obtalning geochemical samples. A'total.of'about 64,000
gallons is estimated to have been swabbed from this zone. ' The swabbed zone
corresponds closely with the depth of piezometer 3 in Well DC-l, and the
water level in that piezometer was observed by LBL to rapidly rise and fall
about 45 feet with each swab in Well DC-2. Although changes in water level
in piéZometers 2 and 4, which bracket piezometer 3, were not observed by'LBL
when DC-2 was swabbed measurements in all piezometers made by Rockwell on

. July 31 1978 showed that water levels in piezometers 2 and 3 had changed
vh signlficantly from the March measurement, that piezometer 1 had been slightly

o affected, and thatp1ezometers4 and 5 had not been affected.

This evidence . 1ndicates that there is hydraulic continuity between
<p1ezometers 2 and 3, and possibly between all three lower piezometers.
Indeed, a . review of earlier data‘indicate that these three piezometers have
behaved essentially as a unit since they ‘were first installed in 1972, while
' piezometers . 4 and 5 have behaved much more independently (Atlantic Richfield
Hanford Company, 1976, P 92)« '

These conclusions’ are. generally supported by pressure measurements made

by La Sala and Doty in Well DC-1 before the piezometers were installed

(1971). Their data indicates that a‘general downward gradient exists from
3300 feet, which is the bottom of DC-2, to at 1east‘4000 feet where a

pressure head elevation of 365 feet was measured. Considering that;minor'

pressure fluctuations should be expected with - time, this 'value‘ compares

" favorably with the elevation of 362 feet measured at the 3243 - 3273 foot

. depth interval ‘in DC 2. These conclusions are further supported by tracer
tests made in DC-1 in July 1969 which indicate significant natural downward
hydraulic gradients and water losses at depth intervals 3228_7 3234 (within
the test aone of-piezometer 3) and 3972 -3980 (within the test zone of

piezometer 2) e Logs of these tests_are'shown:on Figure“IIelGQv

Pressure data from La Sala and Doty, from.DC-l plezometers, and from_'v

. LBL’s testing program may be compared on- Figure II—9y"The LBL data, as
- previously mentioned, may have been influenced by open hole water levels and
is at variance with the other data above the UmtanumlUnit. Measurements by
La Sala and Doty are largely in agreement with piezometer data'above the
Umtanum and these results are considered to be generally accurate. Below the

fUmtanum, both LBL and La Sala and Doty measurements shdw a similar pressure

drops, although there is a disagreement as to the depth at which the drop.
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oecurs. Water levels in piezometers 2 and 3 are higher than those derived
from pressure measurements at corresponding -depths, and indicate gradients
opposite to those demonstrated_'by the-'trecer tests. The indications of
leskage between the three lower piezometetrs- suggests that pilezometers 2
and 3 readings are erroneously high end are being influenced by s higher
pressure zone intersecting DC~1 at some point deeper than plezometer 2« The
dashed line drawn on'Figure ITI~9 indicates a subsurface pressure’distrihutibn
wh1ch max1mizes conformance with all available 1nformation. A shars decline
in head is ev1dent in the vicinity of the Umtanum, 1ndicating thatsthe
unit may be acting as a part1a1 barrier to vertical flow. Further testing
:Will be required to mere precisely-identify’the distribution of pressure'in
this vicinity. ' - ' ) o

In summarizing the foregoing data, it is concluded that:

(1) Piezometer 2 and 3 readings are erroneously high because bf ver-
tical flow through leaks in the cement. seals in Well DC- 1 from a high pres-
sure zone deeper than piezometer 2. _ '

(2) The true formation pressure head elevation at ‘the depth of piezo-
meters 2 and 3 is on the order of 360 feet.

(3) The seal between piezometers 3 and 4 1is apparently tight.

(4) The seal between' piezometers 4 and 5 is ‘apparently tight.

(5)  The accuracy of piezometer 4 measurements is generally ' gubs tan-
tiated. , o

(6) A dounward pressure gradient apparently exists from at least the
depth of piezometer 5 (2000 feet) through piezometers 4 and 3 to at least .the
depth of piezometer 2 (4000 feet), passing through the Umtanum Unit.

' (7) An upward pressure gradient apparently exists from at least the

depth of piezometerl.(4800 feet) to approximately the elevation of piezometer
2 (4000 feet). '

- (8) The Umtanum Unit appears to be act1ng as a partial barrier to

vertical £low.

d. Discussion of Results for Well DC-8
Well DC-8 is an NC oversize corehole located in the SEl/4 sec 36 T1IN

R27E. The reference surface elevation of the wellhead is 545 feet. At the

 time of pressure testing the well had been drilled to. a depth of 2734 feet,

which is about the depth of the Vantage Sandstone. Well DC~=7 had been
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previously drilled about 40 feet south of DC-8, to a total depth of about
4100 feet. At the time of testing, DC—8 had. not been extensively surveyed,
and the distance between the two. wells at. depth is not known. i geophysical

survey of DC-7 was performed during pressure testing in DC 8, but that well

was not otherwise disturbed.

"The basic data for pressure test results in Well DC-8 are presented in

‘Table II-5. Testing-waS'performed during the period from 16 to 20 June 1978

at nine zones between depths 1710 feet and'2700 feet. 'The tests were per-
formed sequentially from . uppermost to- lowermost zone, although variations

in this sequence did occur within individual days. A constant packer inter-~

:val of 30 feet was maintained throughout the test program.

It was necessary to suspend drilling during the testing program, and an

- effort was made to test only the most permeable zones to keep testing times

short and interrupt the drilling program for as short a time as possible.

~ With the exeeption of one 63-hour test, the maximum test duration is 2.6
"hours. Two tests (zones 2630»- 2660 -and 2670 - 2700) were: terminated early

because insufficient time was available to reach equilibrium. Data from
three additional tests (1900 F 1930, 2235 - 2265, ‘and 2290 - 2320) were
unstable due to. packer seal and/or air leakage and could not be used.

Open hole water heads and test zone water'heads for zones which were not

terminated early are shown on Figure II-lO. The open hole measurements were‘

-'made immediately prior to packer inflation and subsequent to packer defla—
.tion. The wellbore was filled with water twice during the series of tests,

once on June 14, 1978 before testing commenced and again on June 16, 1978

immediately:prior to testing in zone 1810 ~ 1840. This filling has resulted
in:considerable variations in open hole water level during the early part of
the testing period, and was done.tO'checkiinstrument calibration. The lowest
water elevation recorded during the test period was an open hole head elewa-
tion of 413 feet. This measurement indicates.that thevformation‘pressure
head within some part of the open portion of the well ‘is at least as lov as
413 feet. o o _ | - |

The test aone measurements were made after packers has been inflated and .
equilibrium was reached. Zone 1710 - 1740 is considered to be of medium per-
meability relative to the ‘other - zones in the well, based -upon the pressure
pulse decay. rate, and was allowed to run over a weekend to assess the long

term stability of the test system. In that test the pressure reached - what is
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TABLE 1I-5
DC-8 PRESSURE DATA

Depth ’ Pérmeabi]ity Estimated

. Interval - : ' Water E]evation(l) : o Relative to = .- % of
- of Test . = Test . Test Open-Hole _ Open-Hole - 80% Pulse Other .Test Permeable »
Zone ~ Starting Duration Before Test Test Zone After Test Decay Time Zones Zn Rock in (4) Zone
(feet){(2) . pate (Hours) - (feet) (feet)  (feet) {Minutes) - Well Test Zone'™ Lithology{4)
1710 - 1740 o 6/16/78 63.30 447 433 430 . . 10 Med1um " 55% " Flow top; highly vesicular.
1810 - ;840 6/16/78 0.35 543 431 483 - o(7) High ~100% . - Flow breccia..
1900 - 1930 6/16/78 0.50 - 469 - 653(8) 459 ©»30 . Low - 10% Fractured zone.
1990 - 2020 6/19/78 2.60 429 435 427 52 . Medium 502 . . Ash interbed.
2033 - 2063 6/19/78  0.50 428 422 428 6 High - 60% Flow breccia.
2235 - 2265  6/19/78 .57 s . (8 - g s (8) 67% “Flow top; highly vesicular.
2290 - 2320 - 6/19/78 . 1.67 a3 (6) 433 6) () 87% . Flow top; highly vesicular
2630 - 2660  6/20/78 - 2.0 - . 413 724(5) 413 - D126 “tow  20%  Poker chip (disced) core.

. 2670 - 2700' 6/20/78 1.65 - 413 584(5) 412 299 Low . 8% . Vantage: Lithic tuff

' (1)SUrface_referencevelevatjon is 545 feet above mean_sea.]ével.
A{2)p 30’f¢oﬁ interval'Was:uséd in all tests.

(3)as inferred from pressure puisé decay times. -

(4)As'inferred from‘drill core photograpﬁs. .

(5)Aﬁomous1y:high reading; equi]ibriﬁm-pressu;e not established.

(6)Test terminated due to packer air leak. No data av$i1ab1e' »

'(7)H§1e filled with water 1ﬁeediaté1y prior to test. .Negafive pressure pu1se.observed.wheﬁ_patkers iﬁf]atéd.

- (8)pressure data'unstable. Suspectéd packer sea]land/or air 1e9k.
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considered the final equilibrium value after 29 hours and thereafter trans-

ducer output drifted'over,a range of aboutlf 1.2 millivolts for the balance

of the test'period. This range:is equivalent to about t 0.5 feet of water.

By the end of the testbperiod the open‘hole‘pressure had become'less_than the

equilibrium pressure of the test- zone and less than the minimum pressure

recorded during the test. These results indicate‘both a good packerbseal and
“low vertical permeability. ' ' ' : S

An indication of low vertical permeability was also obtained from the

'test in zone 1810 - 1840. The wellbore was filled with;water immediately

prior to packer inflation to a'head_of about 548 feet. . Upon inflation the
. pressure head dropped and stablized at a value of 431 feet. vAlthough this

testvwas quite'short, the‘achievement of an equilibrium:value conSiderably
" lower than the open hole head indicates no substantial vertical hydraulic

communication through either the packer seal . or the formation.

_ " Zone 1990 - 2020 appears to be of medium permeability, relative to the
other zones in the well, and the test had to be terminated before full

equilibrimn conditions were established. The measured zone pressure head
of 434 feet may, therefore, be slightly high. The ‘measured pressure in zone
2033 -~ 2063 was less than the open hole pressure recorded both before and

af ter the test. This test result may therefore be given a’ relatively high‘,

. degree of confidence.
' In summary, it may be concluded that: - ‘
(1) A downward gradient appears to occur within the depth range 1500 -
2100 feet. ‘

(2) The. minimum formation pressure head elevation in the open part of

the well at the time of testing 1s equal to or less than 413 feet,

and based upon extrapolation of ‘the downward gradient, this forma-

tion pressure probably occurs at or below a depth_of 2300 feet.

¢. Discussion of Results for Well DC-6

Well DC-6. is located off the east end of Gable Mountain near the old )
Hanford townsite in NE 1/4 Sec 26 _TlSN R27E. . *'The reference surface
elevation of the wellhead is 402‘feet.' The total depth of the well at the
‘time of testing was 4336 feet. Artesian flow was encountered while drilling
©in March 1978 between.2300 and 2710 feet of depth. That zone was cemented by -

the drillers when it was feared the well might cave. Pressure measurements

and permeability tests were ‘run by Lynes Tool Company ‘and W. K. Summers
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Associates before cementing was done. At that time the.flow was thought to
be due to pressurization_ from the drilling; however, additional artesian
flows were encountered as the hole was'deepened. Af ter completionlof'the
hole LBL, using a single packer at the top of~the well, measured a flow at
the surface of 10.3 gpm. at 12.5 psi with a water temperature of-42°C- This

flow was somewhat lower than that coming from’ the open hole due to pressure

losses in the packer "and flowmeter.

Nine zones between depths of 2240 and 3373 feet were pressure tested by

LBL with the 51ng1e transducer Pressure Probe 1 using packer spacings of 30 -

feet. Four tests were run using only a single packer set at depths between

l334l and 3802 feet to isolate the zones producing water. For each -test the

flow rates from above and beneath ‘the set packer were recorded,_and-the well

“was shut in to obtain a pressure measurement. These readings were recorded

at the surface with a Paroscientific pressure transducer.

"Five pressure tests were done using 30-foot straddle zones set between
3620 and 3799 feet to further isolate the main zone of outflow. The Inject-
ion~Pressure Probe was used for these tests in its injection test configur-
ation with pressure readings obtained both uphole and downhole using pressure
transducers. Packers were inflated with nitrogen over water, and the packers

were deflated using the downhole soienoid valve. ~As in the previous test,

flow rates from above the packers and between the packers Werevrecordedf

The groundwater pressure'data>expressed as head above meanvsea level are
shown in Table II-6 and in Figure II-11A. All measurements indicate heads

above the elevation of the hole collar, hence all test zones are contributing

to the artesian flow from the hole.. Whereas the open'hole is lower in

pressure than any of - the individual zones, all flow is essentially radial to
the hole and no significant cross flow. should be occurring through the hole
between lithologic units. Between depths 2240 and 3055 feet the pressure
heads'average about 450 feet. The scatter in the data does not allow reli—'
able definition of either an upward or a downward gradient. Below 3055 feet
heads decline reaching a local minimum of approximately 430 feet in a water
producing zone at about 3700 feet of depth. An increase in head below 3700 :
feet is shown by the value of 466 feet recorded for the zone between 3802 and

4336 feet. There is'generally good agreement between the heads measured by

: Lynes and Summers and the values determined by LBL (Figure I1-114).

Flow data were recorded whenever possible both - for the zone above the
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TABLE II-6
DC~6 PRESSURE DATA

_ - Water Elevation(l)
‘Depth Interval ~ Test Test Open  Test

of Test Zone(l) Starting Duration -  Hole Zone ‘ : =
(feet) ' Date (minutes) (feet) (feet) - Type of Equipment
2240 - 2270 - 8/29/78 74 402 450 Pressure Probe 1
2400 - 2430 §/29/78 - 37 - 402 447 m w oW
2454 - 2484 8/29/78 32 402 456 Mmoo
2483 -~ 2513 8/29/78 -~ 15 . 402 _ (25 ‘ ': A _f " '.’ﬂ:
2538 - 2568 '8/29/78 1128 402 @ oo neoow
2708 - 2738 9/8/78 48 402 423 oM. wmow
2896 - 2926 - 9/8/78 .. 16 402 454 " m om
3025 - 3055 9/8/78. - 26 %02 460 . v omoom
3343 - 3373 9/8/78 24 402 443 M omoomo
3620 - 3650 ~  9/14/78 32 402 . 421 Injection-Pressure Probe
3650 - 3680  9/19/78  © 33 402 432 v om w
3683 - 3713 9/20/78 © 88 402 429 .. .. m  wow
3692 - 3722 . 9/14/78 - 976 . 402 432 v
3769 - 3799 9/18/78 = 205 402 @ o om mo
3341 - 4336 9/12/78 180 402 426 Transducer at surface
3477 - 4336 9/12/78 1020 - 402 437 N
3601 - 4336 9/13/78 180 402 43 - M oo W

3802 - 4336 9/13/78 1020 402 . 466 L

(1) Reference surface elevatibn“is 402 feet above mean sea level.

(2) Anomalously high reading; equilibrium pressure not established. | , -
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packers and the zones beneath'or between the packers. Pressure losses in the
1 3/8 inch tubing appeared to inhibit flow from beneath or between the
packers, hence the flow rates given in Table II-7 and Figure II-11B are based

only on the flow from above the packers except for the deepest zone. The

flowrate for each zone 1is equal to the incremental increase in total flow

above the top packer for successively deeper packer settings. Tne zone
‘between depths of 3692 and 3769 feet produced 70% of the total flow. Core
from this zone was logged as a highly altered flow brec01a. Significant
‘flows also came from similar breccia zones between 3650 and 3692 feet.

Hydraullc conductxvities were estimated using the following equation for

~radial steady flow (Zelgler, 1976)

K = .;Q_ L In Ro
© LH 2T r
where: . v . R ‘
K = hydraulic conductivity (L/T)
Q = flowrate (L3/T) |
L = test zone leng;n'(L)
H = hydraulic head (L)

Ro = radius of influence (L)
r = well radius (L)

The hydraulic head is the head in feet above mean sea level computed
from the pressure tests minus the elevation of the hole, The radius of the

well was 0.038m, and the radius of influence was taken as 30 meters, This

last term is the most uncertain;. however, the computed hydraulic conductivity .

varies with the natural log of R /r, hence the solution is relatively insen—‘

sitive to this term.
The hydraulic conductivitles are shown in Table II-7 and Figure II—llC

Note that no correction was made for frictional pressure 1osses between the

wellbore and the tubing; this correction_would ~only be significant for the

highest flow rates and would tend to raise the conductivity values slightly.

The highest values were recorded between 3650 feet and 3769 feet and are -

between 1.5 x 10'4vand 3.8 x 10~% cm/s. The 1owes; permeability was 1.l

x 10~7 measured between 2538 feet and 3341 feet. . The conductivity of the

‘entire open hdle (i.e., the Grand Ronde Formation to 4336 feet of depth)’can
be calculated from the total flow from the hole and is 1.2 x 10"'6 cm/s'for

a flowrate of 17.6 gpm and a head of 48 feet.
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TABLE II-7

DC-6 FLOW AND HYDRAULIC CONDUCTIVITY VALUE.S

Depth Interval Hydraulic

of Test Zone(l) Flowrate Héad - Conductivity -
(feet) ~ fzpm) (em) __(cm/s)
2240 - 2483 @) - .
2483 - 2538 0.53 . 1630 1.3 x 10°5
2538 - 3341 0.05 | 1260 1.1 x 1077
3341 - 3343 ' 0.08 1260 7.0 x 1075
3343 - 3472 022 1080 3.5 x 107
3472 -3601 - 0.25 . 980 4.4 x 1076
3601 - 3620 : 0.49 980 5.8 x 1075
3620 - 3650 . 0.05 930  4.0'x 1076
3650 - 3683 1.82 840 UL x 1074
3683 ~ 3692 . 0.80 v_'910: 2.1 x 1074
13692 - 3769 12.83 920 3.8 x 1074
3769 - 3802 .98 920 - 7.lx 1075
3802 - 4336 . .28 1950 ;' 2.7 x 1077

(D Reférence surface elevation is 402 feet above mean
‘ sea level. ' :

 (2) Not measurabie.
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' The zones.fOr which conductivities are calculated include both permeable
rubble zones and flow tops as well as less permeable collonade and entabla-
ture zonesg.The COnductiVity Vaiues reported above, therefore, include
neither the high nor the low extremes. lMore detailed testing.using smaller
packer spacings will be required for better definition of variation of
hydraulic conductivity in the hole.

Comparison of Pressure Results .
The results of pressure measurements in Wells DC-1/DC~2, DC-6 and DC~8
are shown in . relation to stratigraphy on Figure II-12. These data show a
downward gradient between the Vantage interbed and the Umtanum Unit in DC-1/
DC-2. . A downward gradient'was found'in DC—8~between,the.Mabt0n.and the
Vantage interheds. ‘Head elevations reach a local minimum in both DC- i/DC 2
.and DC~6 -about 300 feet below the bottom of the Umtanum and there 1is evidence
_that gradients may be upward below that depth. The low pressure zone encoun-
_tered below the Umtanum would act as a drain for any vertical flow converging
upon it, thus the rechange and discharge areas of this zone are of great
" interest. E N , _ '
Pressure-data for the zone immediately below the Umtanumﬁare presently

available only for Wells DC-1/DC-2 and DC-6. Wells DC-1/DC-2 are in the

northern'flank of Cold Creek Valley syncline, formed between Gable ﬁountain_‘

anticline to the north and Rattlesnake Hills anticline to the southwest (see
~ Figure 1I1-13). The water 1evel elevations neasured in'and below the Umtanum
iﬁ DC~1/DC~2 range from 395 to 362 feet. . The only part of the Pasco Basin
"with lower. elevations which would serve as a discharge area is the Columbia
River bed and adjacent lands from the Tri-Cities area to Wallula Gap. The
most likely flow path from DC-1/DC-2 to this discharge area is through Cold
Creek Valley. ' ' o o

Pressure head elevations measured in DC-6:in and below the~Umtanum range

from 421 to 466 feet. The relatively low pressures measured  in the deep

'lbasalts in Cold Creek Valley and the higher pressures measured 1n'DC-6
suggest higher water tables to the north and east of DC-6. The most likely
recharge areas for these high heads are the Columbia River from Sentinel Gap

to Priest Rapids Reservoir, and to a lesser extent the lakes area to the

northeast of DC-6, and Saddle Mountain. Sentinel Gap and Priest Rapids'

"Reservoir at>480 to 500 feet elevation .are sources of ahundant volumes of
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water and are in areas where the basalt units beneath the Umtanum are at or
near the ground surface. The most likely flowpath to Well DC-6 from this
potential recharge area would be along the Wahluke syncline, a structural and
topographic yalley between Gable Mountéin-Umtanum Ridge anticline and the
Saddle Mountain anticline. The Eagle Lakes—ScooteneyvReservoir area to the
ﬁortheast of DC-6 is .at about 900 feet elevation and has_relativély abundant

surface water, but is in an area where the Umtanmm Unit is about 1000 feet

beneath the surface. The Saddle Mountains are relatively dry but the Umtanum

and ‘the basalt units beneath it .either -outcrop or are near the surface.

The pressure data and recharge hypotheses for the deep basalts at DC-6

imply that water pressures throughout the Wahluke syncline are substantially

Ahigher than those measured in Cold:Creek Valley at Well DC-2. Such a diff-

erence would suggest the existence 6f a barrier to groundwater flow'in the
general vicinity of the Gablé-Mountain-Umtanum-Ridge~anticline. This hypo—
thesis is.supported by a lack of likély rechargé areas_for.the Umtanum and
Qnderlying units in the vicinity of Cold Creek Valley. Gable Mountain on the
north side of the valley is low and provides eséentially no recharge.b The
Yakima Ridge area to the east of the valley and the Rattlesnake Hills to the
south rise to elevations of séveral'thousand feet, but like the Saddle
Mountains, are relatively dry. Further, the Umtanum Unit.wasAestimated to be
at least least 1000 feet deep in all of these areas. Some underflow in the

déep basalts may be occuring through structural valleys paralleling Yakiﬁa

Ridge, but as noted by Newcomb and others (1972, p. 32),vthe high'heads found

in a number of. deep artesian wells near the western boundary of»the‘Hanford
Reservation suggest the presence of a second flow barrier cutting acroés_
these structural valleys. The presence of relatively high heads at: Juniper
Springs and Rattlesnake Spring versus the .relatively low heéds measgred in
DC-1/DC=2 supporté the.assumptioﬁ of an additional flow barrier._ |
"The possible existence of these flow barriers is of significant.interest
in repository siting and should be furthgr_investigated-.-Recomméndations for
future field programs are presehted in Section IICl of this report as well as

in AppendiX'A.'

g. Comparison of Flow Data
Radioactive tracer and temperature logs in Well DC-1 are discussed in

Section IIB2 of this report and have ihdicated'three zones of relatively high
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hydraulic conductivity at depths of 3228 —'3234 feet, 3972-3980 feet, and
4824 - 4854 feet. The average conductivity of these zones is 9.4 x 104
cm/sec. The first two of these zones are 32 feet and 812 feet below the
bottom of the Umtanum Unit.

In Well DC-6 the major flowing zone was determined to have-athydraulic
conductivity greater than 10~4 cm/sec and occurs between depths of 3650 and
-3700 feet which is 392 feet below the Umtanum. There are likely to be.other
zones with conductivities greater than 10'6 between the bottom of thevatanum
and the high.conductivity zone at 3650 feet' the large spacing between packer
settings in the LBL flow tests did not allow better definition of the exact
location of these higher conductivity zones.

Comparing the data for the two wells, it is clear that the most conductive
-zanes encountered are below .the Umtanum, but these zones do not appear: to
occur at the same stratigraphic levels'relatiVebto the Umtanum Unit in the
two wells. The similarity of gebchemical-stratigraphy’for the two holes
suggests that these conductive zones may be occuring at different basalt flow
contacts. This raises an important question -- are these zones discontinuous
and of relatively finite areal extent, or are they hydraulically intercqnn—
ected .through a continuous weathered‘ hOrizon; through fauits, or 'through
primary features such as lava tubes which cut across several flows? TFuture

hydrologic work'should be directed toward answering these questions.'vn'

2. Geophysicdl Data Analysis

a. Well Logs from DC-1

Over the four year period 1969-1972 almost 100 well logs were run
in Well DC-1. A large portion of these logs, such as temperature, caliper,
and tracer, were run repeatedly to check speeific conditions encountered

as the drilling progressed{ A list of the logs in graphieal and tabular

form, giving the depth, date, log type and supplier is given in Appendix B. .

For purposes of this discussion, these logs are divided. into three cate-

gories: '"open hole" logs; speciality logs; and logs indicating permeable

zZones. | - ‘
Most pf_the logs are commonly ruﬁ in petroleum.fields as indicators of

rock type and porosity and are often referred to as "open hole" logs. 'These
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include the electrical induction, formation density, neutron, and sonic
travel time logs._ These_loga sPan.the entire depth of the hole but were
acquired in_sections asgdrilling:progressed; .Both Birdwell and Schlumberger
logs were run in the well, but the Schlunberger_coverage is more complete, so
that a consistent suite of logs exists from 300 to 4450 feet. These'logs are
the_temperature, borehole compensated sonic, borehole eompensated density,

dual induction laterolog, gamma ray, caliper, and the sidewall neutron

'porosity logs. A composite of these logs at an approximate scale of 1 inch

per 100 feet exists in the files at Rockwell-Hanford and at LBL. .

The second - category consists of a. miscellaneous collection of DC-I

logs apparently run on an experimental basie, usually ‘over only a limited

‘portion of the well. Included*in‘this group-are the televiewer, microla-

‘ terolog, sonic waveform, and 'various computed logs. This group includes:

some of the more interesting and promising»logs from the standpoint of
designing future logging programs. at Hanford. '

Thirdly, we discuss the radioactive tracer and temperature logs Which
provide information on the location and relative magnitude of permeable zones
in  the well. The temperature'logs are run after:the.injection_of surface
waters, either from>thevdrilling‘operation or;for some other'reason; Where
the injected water enters thelformation it dis usually_at some temperature
different from the formation temperature and hence createa a tenperature'
anomaly in\the borehole which decaye slowly with time. Such applioations are
common in oilfield practice and are discussed by'Smithland Steffensen (1970),

among-others.- The radioactive tracer technique is applied within a borehole

“ (not between boreholes) as a means of measuring the flow velocity and is

often referred to as "flow profiling." -Another method of flow profiling is
the spinner tool, but it has not been applied at Hanford.»

Besides theilarge number and variety of logs which were run in DC-1,
continuous core and core photographs from thefadjacent borehole DC-Z are also
available. .As a consequence, the'DC-l data provides an ideal'starting point
for examining the usefulness of the various log types in the basalt. To the -
authors “knowleédge no extensive examination of the Hanford well 1ogs ex1sts,
although some logs are displayed as composites by Atlantic Richfield Hanford
(1976) and apparently were used in the hydrology study by La Sala and Doty

_ (1971). The observations which follow are the outcome of a first-pass exam-:

ination of the'available data. Much more could be done, both qualitatiVely
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and quantitatively, to assess the well log response and to estimate pertin-~

'ent physical parameters (see recommendations) .

Open Hole Logs in DC-1

" The four porosity logs =-- sonic, density, induction, and neutron -- are
controlled primarily by the void space of the rock, and secondarily by other
factors depending upon the method. In each case a semi~empirical equation

relates the tool response to the porosity of the rock, although in the case

of the neutron tool, the porosity is scaled directly (there are problems with

this as discussed below). Detailed discussions of the response of these
"tools can be found in any of the documents issued by the well logging service

companies; for example, see Schlumberger (1972).

Figure II-14 displays the four Schlumberger porosity logs over the 6.00-~

foot interval, 2800-3400~feet, in DC—l. The logs are plotted so porosity
increases -to the.left. A number of features are obv1ous. _

(a) The logs exhibit dramatic fluctuations in total porosity, reflect—
ing the vesicular nature of the basalt and the high porosity of the
1nterflow zones. ' ,

(b) All four logs‘respond in much the same way. ' Any one of the four
could be used to describe the porosity character of the basalt,

ertainly as far as gross features are concerned. 5
(c) The neutron and the density logs give more detail (fine structure)

than do the sonic .or electrical 1nduction logs.

(d) The electrical induction»log operates_very near to its high resis-

tivity limit (1000 ohm-m) in the dense basalt. "In fact, Many‘

- times the induction log is off-scale and hence cannot give infor-
‘mation in the high resistiv1ty zones. '

(e) In the interval 3250-3400 feet, the porosity decreases monotoni—

cally with depth. This effect is attributed to the decreasing.

vesicle population towards the bottom of the flow. The trend is

apparent to some extent in almost all the flow units.

Figure II-15 (in four parts) displays four logs over the 300-4400 )

foot interval of DC-1, with 100 feet of overlap at the top and bottom of
consecutive sheets. - The ‘sidewall neutron porosity (SNP) scale 1is taken

~directly from the log; it must be regarded as only a crude estimate because

the correction factor -applied to the data is for a limestone matrix.  Due to -
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Figure II-14. Four Schlumberger porosity logs in well DC-1 over
- the depth interval 2800-3400 feet. The Umtanum lies
in ‘the interval 3000-3180 feet. All logs deflect to
the left as porosity increases. .
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DC-1

COMMENTS

POMONA BASALT GEMBER-V/JGBY STCJLAR,
CLAY ON FRACTJRES.
PLAGIOCLASE. MICROLITES, MORE DENSE

WELL FORMED TASULAR PLAGTOCLASE IN A
PYROXENE-OLTVENE FINE GRAINED MATRIX.
MODERATELY DENSE, HIGH ANGLE FRACTURES.
50Mt INCLINED VESICLE SHEETS 0 4S
DEGREES, BROWN CLAY ON FRACTURLS.
DENSE. FINELY PHANERITIC, HIGHLY

SLLAH INTERBED-.CLAfY, BLACK GLASS  ~
BASALT CLASTS, SANDSTONE.

BASALT -HIGHLY VESTCULARC308%), CLAY
ON FRACTURE SURFACES APHYRIC, ZEOLITES
IN VESICLES, COMPETENT

SIME PYRITE, MODERATELY /ESICULAR,
FRACTURES GLASSY SLIGHILY PHA\IE.RITIC
PLAGIQCLASE PHENOCRYSTS.

DARK, UNALTERED, ALMOST APHYRIC,
COMPETENT, VESICULARCION).

COLD CREEX INTERBED-SANDSTONE.
CONGLOMERATE (BASALT COBBLES WITH -
BASALT SAND MATRIX) .
SANDSTONE. WITH BASALT 4ND OUARTZ
LITHIC FRAGMENTS.

SANDSTONE -6REEN, FINE GRATINED, WHITE
HICA, QUARTZ, CLASTS OF DARK TUFF
CONGLOMERATE-BASALT COBBLES IN

BASALT SAND MATRIX, CALCAREQUS.
LITHIC WACKE, CLAYSTONE-BRAY, VARVED
UMATILLA BASALT-HIGHLY FRACTURLD

UNALTERED WITH GLASS ON fRACTJRES,
BRECCLTA, BASALT CLAS\'S IN STLTY

HIGHLY VESICULAR, RJUBBLY CLASTS
YESTCULAR, “IGHLY FRACTURED, UNALTERED
MOSTLY IRREGULAR FRACTURES.

MABTON INTERBED -VITRIC TUFF, SILT-
STONE., MUDSTONE.

SANDSTONE WXITH LITHIC FRAGMENTS.
SILTSTONE AND CLAYSTONE.

CLAY,  SANDSTONE -f INE GRATINED,
HMICACEOUS, SILTY

SANDSTONE, FINE GRAINED

WANAPUM BASALT FORMATION

- BRECCTIA IN A TJFF MATRIX, DARK. FINELY

PHANERTTIC. COMPETENT. FEW FRACTJRES.
HIGHLY VESTCULAR, OUARTZ AND
ALTERATION MATERIAL ON FRACTURES,

FLOW BANDING UP TO S €M , POSSIBLE
COOLING STAGE FRACTIONATION.

DARK, UNALTERED, COARSELY
PHANERITIC, GLASS ON FRACTURES, -\LSO
GREEN CLAY IN #RACTURES

FINE TO HEDIUM PHANERITIC.
UNALTERED, DENSE, COMPETENT

HIGHLY FRACTURED AND ALTERED.
VESICULAR AND ALTERED, .QUARTZ ON
FRACTURES, MODERATELY TO FINELY
PHANERITIC, 20% VEsICULARITV PLAGIO-
CLASE ALTERED TO CLAY

A FEW HIGH ANGLE FRACTURES, DENSE.
CONTACT-BAKED GREEN CLAY WITH .
SCORTA CLASTS, SOME OXIDATION.
PROFUSELY PORPHYRITIC. LESS RUBBLY,
HIGHLY VESICULAR, ALTERED.
PORPHYRITIC TO APHYRIC, MODERATELY

*FRACTURED, DENSE, DARK, UNALTERED.

HIGH ANGLE FRACTURES, SLIGHTLY
ALTERED, GROUNDMASS FINE TO MEDIUM

MODERATELY 'FRACTURED., FRACTURE
PLANES MINERALIZED.

FRACTURE SURFACES FILLED WITH
CLAY" ALTERATION PRODUCTS.

"DENSE, DARK, UNALTERED, FINE GROUND-

HASS, PHENOCRYSTS OF OEVITRIFIED

6LASS. MODERATELY FRACTURED, MANY HAIR-
LINE CROSS FRACTURES.

CONTACT-CLAY, -BLACK. fUFFACEQUS.
RUBBLY, SCORIACEOUS IN A LOOSELY
COMPACTED CLAY MATRIX. HIGHLY VESICU-
LAR, FRACTURED.

AMYGDULES FILLED WITH CLAY FRAC-
TURES FILLED WITH GLASS AND ALTERED
GLASS. APHANITIC, MJcH FL,OH
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Figure II-15.

description in well DC-1.
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FRACTURES

CONTACT-CLAY, BLACK TJFFACEQUS RJNV.
SCORIACEJUS TN A LOOSELY COMPACTED

CLAY “ATRIK. HIGHLY VESTCULAR. FRACTURED
AMYGDULES FILLED WITY CLAY. FRACIURES
FILLED WITH GLASS AND ALTERED GLASS
APHANITIC, MUCH FLOW FRACTJRING
SLIGHTLY PORPHYRITIC. ACH(RIC
GROJUNDMASS :

APHYRTC, DENSE. DARK, 'UNALTERED,

FEW FRACIURES:

CONTACT -SCORTACEQUS BRECCIA WIMY CLAY
CLASTS, FLOW SILCCTA

ZONES OF SMALL vESTCLES. FLW FRACTURELS
SLIGHTLY PORPHYRITIC. SCAT-TERED ®MENO -
CRYSTS OF PLAGTOCLASE -~

HIGH ANGLE FRACTURING. 24RTTALLY TO
FULLY FILLED C(CLAY MINERALSD AMYGDULES.
SCORIACEOUS FLON RUBBLE WIMH CLAY
MATRIC. FPRACTURE ‘FTLLING (CLAYD. GLASSY
MODERATE FRACTURING, LITTLE .
ALTERATION. COMPETENT, DARK. DENSE,
SCATTERED SHENQCRYSIS OF PLAGTOCLASE .
QCCASTINAL 4QRTZONTAL VESTCLE SHEETS
HIGHLY ALTERED. OKTOIZED SCORIA,
VESTCJUL\R FLOW RUSSLE €30%) CLAY
HATRIK. ALTERED ASH \ND BLACK GLASS.
SLIGHTLY FRACTURED .

BLACK GLASS, FRACTUIED AND FISSURED.
MINERALOIDS. SCORTA. WELDLD #LOW RUB3LE.
MODERATELY VESTCULAR. YTGHLY ALTERED
TO CLAY. "SOME VUGS FTLLED WITH CLAY AND -

BLACK GLASS. HYIGHLY VESTCULAR AND
BROKEN. CLAY ON FRACTURES aND FILLING
AMYGDULES

VESICULAR RUBBLY ZONE. GLASSY,

DENSE. FRACTURED, RLAGIOCLASE
YESTCJLAR, MUCH .ALTERATION

CCLAY AND CALCITE)

- SCORTACEQUS BRECCTA WITH AN ALTERED

ASH \ND CLAY MATRIZ. HIGHLY VESICULAR,
CLAY \ND QUARTZ FILLED

MUCH SULFIDE HIVEQALIZ‘\IION N
VERTICAL FRICTURES

DENSE.  FATRLY COMPETENT. SLIGHTLY
PHANERTTIC.- .

GLASSY. CLAY FTLLINGS. COMPETENT,
OENSE. SLIGHTLY FRACTUIED. PLAGTOCLASE
CRYSTALS

SCORTACEQUS BRECCTA IN AN \LTERED

ASH CLAY MATRIX

VESICULAR, OUARTZ AND CALCTTE IN
VJGS, GLASSY & -

PLAGTOCLASE, VUGGY AND OPEN TEXTURE,
SLTIGHTLY POR?HVRITIC HIGHL f FRACTURED."
UNALTERED

BLACK APHANITIC GROQUNDMASS WITH
PHENOCRYSTS OF PLAGIOCLASE HAIRLINE
FRACTURING.

2 (M CHILL ZONE

FLOW TOP RUBBLE, CLAY MATRIX. WELL
LITHIFIED, SECONDARY MINERALIZATION
VESICLES FILLED WITH QUARTZ AND 2EO-
LITES IN FRACTURES. DENSE, MODERATELY
COMPETENT. -ALTERATTON ON FRACTURES
GROUNDMASS MODERATELY PHANERITIC
DENSE. COMPETENT, UNALTERED A -FEW

" HIGH FRACTURES.

VANTAGE SANDSTONE - GREEN, CLAYEY
€5-8 FEET)>. BELOW IS THE GRANDE RONDE
BASALT AMYGDOLOIDAL, COMPETENT. VES-
ICULAR. SQME ALTERATION-ON VUGS AND
FRACTURES .

APHYRIC, UNALTERED.. SLIGHTLY
FRACTURED.

GLASSY FLOW BOTTOM, HIGHLY. VES-"
ICULAR, CLAY MATRIX, GLASS &ND CLAY
FILLED VUGS

ALTERED, HIGHLY FRACTURED. MINJUTE VES-
ICLES FILLED WITH QUARTZ AND CLAY BE-
COMES DENSE, FINE GRAINED. COMPETENT
ALTERED VESICULAR CLASTS. SCORTA-
CEQUS, FRACTURED, DEVTIRIFTED GLASS.
FRACTURED, DARK. DENSE, VUGGY WITH
QUARTZ AND PYRITE.

APHANITIC, DARK, DENSE, HISH

ANGLE. FRACTURING

HAIRLINE FRACTURES, DENSE.

MODERATELY FRACTURED. COMPETENT
DENSE, APHANITIC, FEW FRACTURES
HIGHLY VESICULARC20%) NEAR BOTTOM
WITH FLOW RUBBLE

FRACTYRED NEAR TGP, DENSE NEAR

BOTTOM

SHARP CONTACT. VESICULAR CI5%)

Figure II-15.
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HIGHLY VESTCULAR '(20%) NEAR BOTIOH,
NITH FLOW RUBBLE.

FRACTURED NEAR TOP, DENSE NEAR
BOTTOM,

SHARP CONTACT, VESICULAR (16%),
HIBGHLY FRACTURED (TOP) TO MODERATELY
FRACTURED (BOTTOMY, BRECCTA AND FLOM
RUBBLE (TO®> TO DENSE (BOTTOM),
POSSIBLE CONTACY, VESICULAR (30%).
MIDERATELY FRACTURED (HIGH ANGLE)Y.
LOW TO MODERATELY FRACTURED. SOME
ALTERATION.

SLASS-CHILLED JONE, VESICULAR
FLOW-TQR RUBBLE.

INCREASING VESICULARITY DOWNWARD.
BOTTOM 173 OF FLOW DENSE, COMPETENT.
HIGHLY VESICULAR BASALT SCORIA,
FRACTURED, MINERALOIDS PRESENT
VESICULAR, MODERATELY FRACTURED.

1 FOOT FLOW BOTTOM.

HIGHLY VESICULAR (25%).

COMPETENT (TOP) TO MODERATELY
FRACTURED, ABUNDANT MICROVESICLES,
QUARTZ AND MINERALOIDS PRESENT
CONTACT -BLACK GLASS, VUGS AND
VESICLES FILLED WITH'QUARTZ.CLAY
HMINERALS, AND 2EOLITES.

VESICULAR (5%), FEW FRACTURES
CHISH ANGLED.

LOMPETENT RUBBLE ZONE.

GLASSY SCORIA, SOME LOW ANGLE
FRACTURES, DENSE .

INCREASING FRACTURES (HIGH ANGLED,
DARK, 6L.ASSY,

CONTACT-/ESICULAR, BRECCIA,
6LASS,FLOW RUBBLE.

HMODERATELY FRACTURED, SLIGHTLY
ALTERED,

LONG 98 DEGREE FRACTURES.
SRADATIONAL CONTACT NEAR 3250 FEET.
LON ANGLE FRACTURING, VUE6Y AND
HODERATELY COMPETENT. HI6HLY
FRACTURED NEAR 3380 FEET MITH
FILLED PORES. .

Figure II-15.
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the. eompleiity ~of matrix effects, it is not possible to apply a correct

porosity scale except by calibration with cores. (Alternatively, erOSSeplot

analysis of the existing logs could be_ddne to refine the estlmate.) It
should be noted that the. SNP log porosity value will vary by about 4 volume
percent at the 10 to 20 percent porosity level, depending upon whether the

fock'is a limestone or dolomite (Tittman, et al., 1966). Even greater

"differences can be lexpected in the basalts with their mafic mineralogy.

Another exemple of the neutron scaling problem is discussed below under the

section on correlation.

Despite the uncertainty in the SNP scale, the general porosity character

of the baselt'flow sequence is'reliably'portrayed in ‘the SNP log. Dense

‘basalt intervals are low porosity; good examples oceur at 2510 to 2630

feet, 3000 to 3160 feet (the Umtanum) and 4020 to 4110 feet. Vesicular zones

and rubble zones are high_@orosity,lindicated by the abrupt and irfeghlar

swings to. the left. Examples OCCur.throughout'the holes The comments in’

the right4hand column, taken from  the geological examination of the cere
from the adjacent hole DC—Z,Fcan be examihedvto'demonstrate the reliability
of the porosity log. . Another especially~instructivejexerciSe is to lay out
side by side the eolor photogrephs of core from DC-2 and the SNP‘(er'any
porosity log) from DC=1. ’

The caliper log in the left-hand column of Figure II-15 shows dlemetral'

excursions of up to 6 inches in several places and frequent cases of bore-

hole enlafgement of a few_inchesk With few exceptlons these‘enlargements

occur at the intervals where the porosity is high, es expected, since the

rock is less competent in the rubble zones and in the highly vesicdler_

zones. One might suspect that the'borehole enlargements have in factjcentri~
buted to .the anomalous poresity indlcations, but the‘toolS'éreldesigned to
minimize these enfors_and the neéessary'cdrrections are applied autometieally
as the log 1s run. ' ' o

In oil-field exploration the SP and gamma ray logs are regefded~ as

lithology indicators and in a sand-shale sequence glve traces whieh are

very similar in. appearance. In the basalt the SP log might be expected to

indicate zones where mud invasion occured during drilling. However, inspec~

tion of the SP log in conjunction with the other loge revealed no explana-

.tions for its behavior.
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The ganma ray log, on the other hand, must respond to the combined
gamma ray contributions from potassium,. uranium, and thorium,'and it might

be expected. that thereh would be systematic variations in' the content of

- these three elements from flow to flow so the gamma ray log could he used

to correlate flows aross the basin. However, Figure II-15kshows very little

change in the gamma ray signature except between SOQ and 900 feet and

between 2950 and 3250 feet. Bowman, et .al., (1973), shows that uranium

content in the Columbia River basalts ranges from 0.3 to 2.0 ppm;:thorium
from-1 to 8 ppm, and K20 from 0.5 to 3.0%. These ranges indicate that each
of the three sources may be contributing more or less equally to the total

count rate. Hence, -significant correlatable change in one of _the three

‘sources could be masked by irregular fluctuations in one of the others. For

this reason a spectral gamma ray log is worth running on agtriallbasis‘to see’

if discernible features can be mapped.  Other considerations on gamma‘ray

correlation are considered below. -

Specialty Logs in DC-1

The outstanding log in this category is the televiewer log run by
Schlumberger in 1969. Unfortunately this log was only run over the" 1imited
interval, 1139—2226 feet. The .log provides an excellent visual display of
the vesicles and fractures on the borehole wall. (The tool sends out high’
frequency acoustic energy from a rotating scanner and. receives the pulse
reflected from the borehole wall.) The resulting image is transmitted;to‘the
surface and photographed from the oscilloscope display. Details of the tool
operation are given by Zemanek, et al. (1970). Because of the complex nature
of,openings in basalt, the televiewer pictures would be quite valuable if .
they were generally available for inspection wherever hydrological tests are .
carried out and:particularly where permeable zomes exist (see subsequent
section on flow profiling). Hence it 1s recommended that televiewer logs be

routinely obtained in wells where hydrological testing is.planned..

k) Several "3-D" or "variable density“ sonic logs were run in DC- 1 with-

different source-receiver separations. Of these, the most interesting is the
Schlumberger log of July 21, 1969 using a three foot separation, the closest

spacing which was run. Both compressional and shear amplitudes and their

l-transit times are displayed as traces, as well as the variable density

waveform display. This data is of interest because of the greater wealth of
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fine detail:displayed in the dense basalt than appears on the other logs. It
is diffucult to comment'further without_more detailed knowledge of the tool
operation, but the short—spaced SOnic_tool-does merit further consideration
in terms of detailed examination‘of the dense basalt. A

The pad type electrical tools -~ microlaterolog, nicroinverse and'micro—

normal - also show more detail than the larger tools, but this advantage is

offset by the trace being off-scale over significant portions of the log. *

This occurs in the resistive dense basalt where-the resistivity often exceeds

2000 ohm-meters.

Logs Indicating Permeable zones

The Birdwell temperature log of April 5, 1972 (0 --5550 feet).and the

Birdwell radioactive tracer log under dynanmic conditions of April 8 - 9,

1972 (1060 - 5582 feet) were run during the reentry sequence carried out

during February through_April 1972 (Fenix & Scisson, 1972a). During the-

reentry operations the hole, which had beenilost previously, was successfully
reentered in the'Vicinitv of 935 feet.v The recovered hole was then.cased
with 10-3/4 inch casing to 1219 feet. About six days were then spent re-
trieving a packer ‘which had been left in the. hole dur ing previous opera-
tions. .Following this, April 2 -4 were spent cleaning the hole with a 9- 7/8

inch bit. With both rig pumps running, water loss was approximately 150~

gallons per minute as cleaning progressed from 2171 to 5582 feet. At 5582
feet junk and solid fill were encountered. At this point water was circu-
lated for a two hour period.— presumably with the 150 gallon per minute loss
_continuing - and the drill string was pulled out of the. holee Washington
State University commenced logging on. April 4 and finished on April 5
Birdwell commenced logging on April 5 and completed logging on April. 9.

Hence, the Birdwell temperature log was run one day after cleaning and

circulation of the hole were completed. The total volume of ‘water loss was

not estimated nor do we know the ‘temperature of the injection fluid. - Another

imperfection in the Birdwell temperature log is possible disturbance of the.

water column due to the logging operations ofVWashington State University
during the intervening one day period. Otherwise,‘the*Birdwell log appears to
be quite adequate. The repeat section from the interval_5150 to 5550 feet

duplicated all the recognizable features. Repeatability was within 1/2

degree F.
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' With this information on the:injection.history, some comments on the
features of the temperature log of April 1972 are now in order. One temper=-
ature maximum occurs at 930 feet within the: casing (see Figure II-16). This
is undoubtedly a residual heating effect from the extensive cementing done at
that depth which was completed 20 days before the/log was run. The other
anomalies occur below the bottom of casing and all are‘negative; that is,

they represent cooling due to the flow of ‘the cleaning/circulation fluid

which left the wellbore and entered the formation. Seventeen discernable

anomalies occur between 1219'£eet and total depth. All 17 of these anomalies

occur at zones of high porosity as indicated' on the Well'logs, that-is,

‘within either the interbeds or the vesicular basalt.

Twelve of the 17 cooling features'are quite small;'about 1/2 degree F

or less, and are not discernable on the temperature 1og in Figure'II-16v

which is plotted at a fairly coarse scale. However, they can be examined on

the original log and are also located schematically in Figure II-17. - These

: 12 anomalous features are centered at depths of 1360, 1490, 1612, 1735,'2060,

2320, 2530, 2950, 3562, 4120, 4700, and 5390 feet. It appears quite likely
that these minor features'indicate zones -which are morejpermeable than the
dense basalt, but'inuch~ less permeable.vthan tthe major features discussed
belows - | | |

Five temperature anomalies are quite pronounced and stand out clearlyr

in Figure II—17, centered at depths of 3180 3965 4860, 5055, 5195 feet. In

these zones ‘the temperature deviates from the gradient by 3 to 9 degrees

Fahrenheit. The geometry of the injection method was such that cooler

"surface waters were introduced at the bottom of the hole. . Hence, permeable

zones near the bottom are emphasized more than those higher up because the
temperature contrasts are greater. Because of thispand other factors it
is not possible to rank the anomalous features with regard to their permea-
bility. These five pronounced features-are indicated'aslmajor anomalies
in'Figure II-17. Most of the fluid iost during the cleaning operation'exited
the well at these locations. o _ } _ o ,

The temperature log of April 5, 1978, can.also_be used to give a
crude estimate of the geothermal gradient in the basalts.: The estimate is

crude due to the prior injection of surface water.‘ The.gradient in the

1 2000-5000 foot depth zone is 2.8 % 0.20 per 100 feet, equivalent to 51°¢

 per km. This estimate is higher than ' the data presented by Sass, .et al.
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Three radiocactive tracer flow profiles
and three temperature logs in DC-1.
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of April, 1972.
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(l97l). Their measurements in four wells clese to Hanford (RS-1, RS-2, DH-3,
and DH~1) range from 28'to’3§°C/km,-with errors estimated to be less than
19C/km. Since the data:by‘Sass must be the better estimate of the geother-
mal gradient, eitner the DC~-1 éradient,has been greatly increased by the

drilling injection history, or else the DC-1 gradient is anomalous compared

to that immediately ouside the basin. Good . temperature estimates will be

important to repository design, and the issue'should be settled by careful

Ameasurements in some of the DC holes after the holes have stabilized'thermal-
e . v A .

A radiocactive tracer log under dynamic'well cOnditions was run By

- Birdwell on April ‘8 and 9, 1972. The survey used radioactive iodine-131.

Water was 1nJected into the hole during the survey at a 105 gallon per

minute rate. Cumulative injection during the 7-hour test was -46, 100 gal—

"lons. No information is readily available on the pressure maintained
during the -test. - Fenix and Scisson (1972a) report simply: "Logging hole
" with Birdwell equipment. ‘While runningAdynamic tracer-log,:ran‘water_in
hole at 105 gnm." We surmise that no pumijwere-used’and that the hole was
kept full of'water.g'Since the static head Was“around 156 feet (47.5 m)
below ground'level’ this implies an applied differential pressure of about
47 m of water during the test. ' '

‘ Measurements were carried out. by ejecting a slug of iodine at a- certain"

'depth, then subsequently pulling the toolvthrough the zone of interestvat

time intervals of about one minute. From 3 to 12 passes were made. at each

depth over intervals ranging from 20 to 240 feetldepending upon ‘the Velocity'
~of the water and the dispersion of the iodine tracer. The iodine.concentra— ,

tion was .detected with a gamma ray detector and recorded on chart paper as a -

function of depth. An example of the_resulting record is‘shown in Figure 1~
18. Note the increased dispersion of the tracer as the slug migrates down
the borehole. ' ' ‘ '

The caliper correction 1is -a major .sourcei of error in computing the

volumetric rate because it depends upon: the square of- the-‘diameters The -

percent of error in the caliper correCtion is:

Exrror (%) = 100 [(d* /d)2 -1]

where d° is the measured diameter and d the true diameter. Hence, a one -

'inch error in -the measurement of a 10 inch diameter borehole can cause a

20% error in the flow rate calculation. Assigning a representative diameter,
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Figure II~18.

Example of radioactive tracer'data in well DC-1: Radioactive

‘tracer log run by Birdwell, April 8 & 9, 1972. Each indivi-

dual peak represents a single measurement run in the borehole
after the tracer was ejected. Time of run given in minutes

and seconds. Water injection at time of log was approximate-

1y 105 gmm. Depth marks are at 20-foot intervals.
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hi akrough borehole contributes as much ertor as the caliper measurement
itself that is, the caliper contributes both absolute and relative errors.
Generally the tracer log results were within t 10% on an individual ejec—
tion runm, except in cases where large borehole washouts were present. 1In
these cases the deviations could.be as much as 40%. The scatter in the
averaged data is usually about 10% as can be séen in Figure II- 16.

The Birdwell analyst noted three major zones of water loss at 3228- 3234,
3972-3980, and 4824-4854., Inspection»of Figure 11-16 indicates that these

three zones account for 40%, 38%, and 12% of the loss,‘respectively._ As

nearly as it can be estimated with the tracer log, the total vertical footage
of the loss zones, z, is 44 feet (13 m) Using the injection rate of 105

gallons per minute (6620 cc/sec).and.an injection head, H, of 47.5 m, we can

use the radial flow equation to estimate the average hydraulic conductivity..

With a radius of influence of 30 m and a Well»radius of 12.7 cm, we can

compute: _
o ce/sec) x ln(ry/r,)
K(cm/sec) = 1 1 ) (tp/ra
2 x 10% ™ Z(m) x H(m)
=__ 1 6620 x ln (3000/12.7)

2 x 104 3,14 x 13 x 47.5
= 9.4 x 10~ ~4 cm/sec
La Sala and Doty (1971) estimated conductivities of 5 6 x 10'4 and
2.4 x 10"3 cm/s (11.8 and 50 8 gpd/ftz) in two of the three zones delineated
'by the tracer. log (see Figure II—17), the third zone being inaccessible to La
Sala and Doty at that time. Hence, the tracer log is roughly consistent with

the only existing hydraulic conductiyity.data. The estimate dbtaiﬁedabove is

only an order-of-magnitude—estimate_due to such factors as the assumption of

static radial flow in what was probably a transient condition. Other uncer-

tainties are the lack of compensation for temperature—dependent viscosity and

the estimate of the factor 1n(rb/ra).

In summary, the radioactive tracer log clearly and unambiguously delin-

eated three zones of fluid exodus in DC-1, as shown in Figures II1-16 and

I1-17. These same zones were also delineated as' the upper.three'majOr

temperature anomalies on . the temperatufe log. According to the tracer

log, the lower two temperature anomalies were takingvonly'a few percent of’

the total flow.
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- Figure II-16 shoms two radioactive_tracer and two tempereture logs run
in DC-1 during'the 1969 drilling operetione (Fenix and Scisson, 1969) as
well as the tracer and temperature from11972 which we have. just discussed.
Because they contribute only confirmatory evidence for the reliability of
the 1972 data, we will discuss them only briefly here. _

The temperature log of 6/7/69. extends to 2230 feet. - At ‘the time the

"log was made the casing extended to 362 feet._ The two prominent heating

anomalies resulted from the emplacement of cement plugs two to four deys
prior to logging. _ Below the lower heating'enomaly there'ere no heating
or cooling.anomalies;_and hence no interpretable zones of -fluid loss.

The temperature log of 7/21/69 ektends to 4605 feet.' Temperature

anomalies at 3210 and 3990 feet correspond to those registered on the

' 1972 log. In addition a 1° cooling feature occurs at 1180 feet. This

probable flow zone was behind casing ‘when the 1972 temperature log was run-
so that no- temperature anomaly was then observed.

Both the radioactive tracer logs of 6/20/69 and 7/13/69 were run under
static hole conditions,-that is, without_anecting surface water while the
log was being run. - It should be noted'that these logs mere not run under the
same hydraulic conditions as‘the,April‘1972 log discussed earlier. Neither
the Mabton (835 to 931 feet):nor the Vantage (2046;2050 feet) interheds were -
cased when these logs were run but both had been cemented and the cement
drilled through. Both logs show that some 20.to 40’gellons per minute of

water were entering the hole from somewhere in the interval 590 to 785,feet.

The trecer log of 6/20/69 indicates two loss zones, one'between‘825'and

990 feet and another between 1194 and 1231 feet. Below 1233 feet the flow |
rate is ebout 5 gallons per minute and the data‘scétter is too great to
resolve any other zones of exodus. At thié_time the hole had been drilled to
3103 feet (Fenix and SciSson, 1969). The lowermost tracer'shot was at 3013
feet. - . N ‘ . o
Drilling continued to 4282 feet when the tracer log of 7/13/69 was

run. There is no indication of any modifieation_to‘the wellbore in the depth
zone above‘1300 feet, or anywhere in the well for that matter, yet the flow
regime in the upper portion of the well changed between the:execution of the

logs. The data quality above 1300 feet does not allow a detailed analysis of

-.the flow regime there, but it is clear that the zone between 1194 and 1231
' feet is no longer taking fluid and instead may be producing it. Below 1300
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feet the flow is more or less uniform in thed35 to 40 gpm range do&n to 3154
feet. The lower portion of the log shows the'sane two zones-taking fluid as
are indicated in the log of 1972,lalthough’with less depth definition because
fewer tracer shots were taken. ‘ | ' A

It is noteworthy that both rhe static logs examined here show downward
fluid motion in the Wella Transient, rather than steady-state conditions
-nrevailed in both cases as both logs were run soon after the'cessatlon of

drilling.

b. Well Logs From DC-3 4

v Because no hydrology tests were conducted in Well DC -3, the'logs were
only briefly examined. At the present time, DC-3 has a more complete
"suite of logs than any of the other wells, with the obvious exception
of DC-l. The logs are 1isted in Appendix B.

'Figure II-19 is a replica of_several»log segments‘from DC~3 plotfed at
the original scale of 20 feet per inch. It confirms many of the features
displayed in Figore II-14 and already discussed above. Earticularly obvious
is the strong correlation among the density, neurrOn and sonic logs-and the

monotonic porosity decrease with depth in ‘an indiv1dual basalt flow.

Two dipmeter curves are included in Figure II- 19. The dipmeter tool is

designed to map the strike and dip of thin beds and other correlatable
features. Four arms, equipped'with a microresistivity probe on a pad pressed
agailnst the borehole wall,-obtain-detailed and independent reslstivity logs
at 90° separation around the borewall. Except' for optical methodsdandathe
televieWer,'the vertical resolution exceeds that of any other existing tool.
Some of the very thin features inAFignre I1-19 correlate'between'the two
arms; others appear to be uncorrelated. . Because of the potential of  this

tool ro resolve and map fractures, a detailed study to examine its usefulness

in_the basdlt is warranted. Such a study wodld'require independent .informa-

tion, preferably from cores, for'confirmation.

c. Well Logs From DC-5

Well DC-5 was cased to the Vantage sandstone before the suite of logs
was run by Welex in August 1978 over the interval 2630-3960 feet. Wells
' DC-5 and DC-7 were both drilled, cased and logged in much the same fashion.

In DC-5 the neutron log extends up to the top of the fluid column at 340
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feet (Figure:Il-ZO) and the gamma ray log extends to surface (Figure II-21).

The DC-5 lOgs_haye'heen'inspected briefly and have not.been composited.
The four "porosity" logs = neutron, density,iacoustic velocity, and - elect-
rical resistivity - generally behave as previously described, ‘that is,-they
correlate well and map the porous zenes quite well.

The density log in DC-5- often exhibits sharp spikes indicating low
density. These features do.not appear to be real. ‘They correlate with sharp
caliper openings and may be due. to poor compensation,on the tool. - The areas

around 3100 and 3300 feet exhibit this effect.

ds Well Logs From DC 6

Well DC~6 was logged by Washington State University in May 1978. A

© variety of slim—hole logs were run (see Appendix B) but they arelnot_scaled,

nor are any details of tool'calibration presented on the logs. Before the

_ logs will be readily usable; they must be scaled aligned, and composited
: along with the geological log that was drawn up during the drilling.

A unique feature of the coring in DC -6 is the prevalence of long inter-

vals. of "

poker-chip” core, called "pringling" in_the:geological core log.
This term refers to the wafer-like discs, often as many as 20 to 40 per

foot, which have_wavy.surfaces causing.the wafers to nest with one another.

The logs correlate well with the pringled.zones; showingAhigher:density-

and lower porosity at these intercepts.

Also of interest is the temperature log of 31 May 78. Below 3780 the

'temperature gradient increases dramatically, with a disturbed zone'at 3665~
3780 feet. This includes the interval which flowed 90°F water at a 12
gallons per.minute'rate during'the drilling operation.' Another,'smaller d

heating anomaly occurs at 3360 feet where fluid was lost during drilling at a

11 gallon per minute rate. Two cooling’ anomalies occur at 2740 and 2900

feet. . The geologic log indicates drilling f1luid loss just abgve the former,

but nothing at 2900 feet.

The caliper log does not appear to be valid and shows very few indivi-

dual features.~ It is recommended that another caliper tool be run before

any hydrological tests are carried out.

e. Well Logs From DC-7

Well DC-7 was cased to the Vantage sandstone_andfa suite of logs were
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run by Welex-in'August-1978, over the interval 2780-4095 feet (see Appendix
B). Exceptions are the neutron which was run up to water level at 150 feet
(see Figure 1I-20) and the gamma ray which was run up to the surface (see

Figure II-21).

The logs have not been composited and only a brief visual.inspection

has been performed. The four "porosity" logs behave as described previously;

‘that 1is, they are well correlated and map the porous zones quite well.

An important exception 1is the compensated acoustic velocity log below the
depth of 3755 feet. Below 3755, the velocity (transit time) log is erratic,

does not track the other logs very well,~and often records unrealistically

low (< 45 ysec/ft) ‘tramsit time.'Such erratic character ‘might not have been
- apparent had it occurred only in'a.porous zone, but the log is off-scale over

. the lower portion. of the dense Umtanum Unit as well. A possible.explanation‘

(other than a temporary ‘malfunction) is that excessive mud cake »somehow

caused an' exceptionally ‘noisy environment causing short apparent transit

 time. The caliper log seems to indicate mud buildup in the bottom of the

hole. "If this is the case, extra care should be exercised in cleaning the
hole before commencing’ hydrological tests. R

The neutron, density, and gamma ray 1ogs indicate that the top and
bottom of the Umtanwm occur at 3670 and 3820 feet, respectivelyf ‘These

estimates compare with footage'of 3561 and'3801 based upon core récdvery."

Hence in DC-7 the logs apparently do not respond to the ‘upper 90 feet of the

Umtanum flow unit.

" f. Well Logs From DC-8 , S
Logs - in DC—8 were obtained in July 1978 by Edcon. 'DC—8 is an NX core

hole, necessitating the use of slim—hole logging tools. ANailable at the
time of this writing is the first set of logs from the interval 1600 to 2720

,feet (see ‘Figure I1I-22). Two 1og types previously untried at Hanford were.

run in DC-8, the magnetic susceptibility and . induced polarization logs.

The magnetic susceptibility measurement responds mainly to the magne—'
‘tite content of rock. The purpose of running the log was to determine B

its usefulness for correlation purposes. Since the log. has so far been

operated in only one hole, correlation cannot yet be checked. However, the

‘log does appear'valid and signal level and the variations are both adequatev

to determine the utility of the log as'soon:asva second hole is logged. It
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is recommmended that the logs be vauired.on a more sensitive_scale on
subsequent operations, however. '

The induced polarization measur ement responds to the sulphide and
clay content ‘of rock, in particular to the sulphides and clays exposed to
the pore fluids where electrical conduction takes place. A possible appli-
cation of this tool, then, is to indicate clay content of the basalts.p This
-is of particular . interest from the waste repository standpoint because of
the desirability for the retention of radionuclide migration by the rock
mass. Clay materials in the basalt would afford one such‘barrier because of
their high cation exchange capacity. Unfortunately there appear to be some

:questions about the log shown in Figure 1I-22. The sudden transition to high

~phase values 4t 2100 feet has no .obvious geological hexplanation and the

" values of =129 are much too -high to be realistic. -Another question 1is ‘the

apparent control of the induced polarization trace by the apparent resistiv-

ity. While. some - correlation is expected ‘and may be ‘quite valid din ‘this
circumstance, it can also be an indicationaof‘measurement problems. Careful
study of the meaSurementjand validation of its effectiveness through- core
studies are required'before the method can bevrecommended for routine.usevin

the basalts.

g. Correlatlon Between Holes U81ng Well Logs

Figures Ii- 20 and I1-21 summar ize our. examination -of the existing well
‘logs to correlate. basalt flows among the DC series of holes. The overlay of

~ Figure II-20a aids  in eiamining the relationships between the basalt.geology

and the well logs. In Figure II-21, the Umtanum can always be recognized by

its characteristic increase in gamma‘ ray activity, with an unusually low
gamma ray'interval just below it. 1In three of the five holes, the Vantage
sandstone is marked by the presence of a large spike- increase in the gamma
‘ray count rate, but unfortunately this feature is 1nconsp1cuous in Wells DC-l

and DC~6 because the Vantage is thin in these two holes. Higher in the

holes, the Mabton interbed is characterized by a small peak and a decline in

the gamma'ray logs. Hence there are three units which can usually, but not

always, be picked from the total count gamma ray logs. Disappointing is the
lack of apparent features in the interval between the Umtanum and the
Vantage, and again between the Vantage and the Mabton. As mentioned else-

where, there is some‘chance-that a spectral gamma-ray log might exhibit
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enough character in one of 1its components to allow correlation among these
flows (see recommendations). ‘ _

The neutron porosity logs (Figure I1- 20) are much less encouraging with
respect to the possibility of correlating among the various holes. Visually
it is very difficult to correlate individual features even between a pair

of holes. Attempts. to correlate using the expanded scales of the original

‘logs ‘were equally frustratings No detailed work was done with'any of the

other logs. However, Rockwell Hanford Operations (1977,'their Figure 10)

reports success in correlating the compensated sonic logs.between DC-3 and

DC-1. Hence, an attempt should be made to examine the porosity correlations
-more closely. It.may be worthwhile to'use existing computer codes which
» cross—correlate data series of - the well log type, with provision for dropping

hsections as well as stretching and slidlng of data sections.'

Figure II-20 also 1llustrates the problem of  the neutron’ log scale .which

h was alluded to earlier. The gross mismatch An - the two segments of the log

at the bottmm of DC-3 accurately reflects the mlsmatch in the originals.
The upper segment, from.500_tov2582 feet‘subsurface (above~.2300 feet below
sea'level){‘is a Schlumherger compensated neutron.loglrecorded with compen-
sation»for a sandstone matrix, With'thelporosity values'ranging from 9 to

60%. The lower segment, from 3000 to 3572 feet_subsurface (below ~2300 feet

‘below sea level), is a Birdwell compensated neutron log compensated’ for .a

limestone matrix, with'values'ranging from 4 t0.18%r 'This'illustrates-the

problem which arises when'different'suppliers and different specificationsv

. are used in the same area. A consistent porosity log can be pieced'together

from the existing data only with a great deal of care and attention to

detail. ' ' . _
Alsovmentioned above 1in the.section'dealing.with Well DC-8 are the

results of the magnetic susceptibility loghﬁhich displayed enough character

'to warrant running the tool in other holes of the DC series. This log'

would provide a closer tie to. the chemical properties now relied upon for

correlation (Atlantic Richfield, 1976) than any of'the,other logging'methods.

h. Summary .
1) Three major permeable flow zones exist at depth in Well DC- 1. They~

' lle at 3228-3234 feet (just below the Umtanum unit), 3972-3980,feet,:and

4824~4854 feet subsurface. The "units are ‘clearly defined on_radioactive
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tracer flow profiles made in 1969 and 1972 as well as on a 1972 temperature
log. The flow profiles indicate that the magnitude of ‘the average perme-
ability in ‘the three zones is on the order of 10"3 cm/sec (N 1 m/day). All
three .zones lie in-high porosity intervals, as defined by the well logs which
‘ respond to rock porosity. )

2) A large library of well logs exists detailing the basalts in the
~Hanford area. Most of them were collected in one well (DC 1), which in
conjunction with the core from the neighboring ﬁellvDC—Z, makes 1t ideal as a
‘study case. However, the loglcollection suffers because different holes were
logged by different'suppliers using'different'tools, because no records of
ilog analysis exist, and_because.no core'studies have been coordinated with
analysis of the logs, o ' } . .

3) . The four logs which respond to rock porosity - density, neutron,

Asonic, and electrical resistivity - all do. an excellent (and highly corre-

lated) JOb of delineating porous zones. ' However, the porosity cannot
yet be. evaluated quantitatively from the: 1ogs ‘because the tools are not
calibrated for operationrin basalt. This shortcoming can .be overcome by
study of existing logs in conjunction with thevrequisite core data, but such

a study has not yet been done.

4) : Previous open hole . logging suites have been overemphasized in

the sense that redundant- information was acquired for the identification of
lithology.. One or two of the traditional porosity logs can be eliminated
vfrom the suite, preferably the electrical combination ‘because it provides no
~detail in the massive zones where the resistivity is often greater than .the

measurement capability of the tool.

3. Stress Measurements

a. Introduction

In situ stress data is essential to-understanding the behavior of under-

ground openings, both in the Near Surface'Test’Facility'in Gable Mountain and

in an eventual repository at great depth. ‘Hydraulic fracturing is the only
extensively used method of obtaining stress data at depth without having an

underground excavation. Reliable stress measurements canIOnly be made with
' hydraulic fractures in rock free of preexisting open fractures. Healed

fractures may or may not cause problems depending on’ the nature of the
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fracture filling and the fracture'orientation. Stress measurements require
fracture free borehole intervals of at least 0.5 me A series of tests were
run in DC-11 to serve the two purposes of checking applicability of hydraulic
fracturing to basalts prior to attempts on deep holes, and to obtain stress
data for the Near Surface Test Facility.i Professor Bezalel C. Haimson of the
University of Wisconsin conducted “the tests with the aid of LBL field per-
sonnel. A complete discussion of test resuits is presented by DuBois, et
al., (1979). - | | o

b. Procedures

Hydraulic fracturing measures in_situ'stresses by employing the.folloﬁing

-elastic solution:

F = ( 3%min = Hmax) * Th = Po
where: ’

Breakdown pressure

o
)
il

OHmin = Minimum horizontal stress

OHmax = Maximun boriZOntal.stress
Th = Hydrofracture tensile strength
Py = Pore pressure ..

- Assuming that one prineipal.;stress is' coaxial with the ‘borenole, a’ -
hydraulic fracture will propogate in the direction of OHmaxmand'nor.mal to
SHmin® O Hmin 18 equal to>tne shut . in pressure after‘fractureegeneration;
Opmax 18 then calculated using the results of laboratory tensile tests of
the core from the zone tested. | ' o

- The first step in hydrofracturing is the generation of'the.fractnres.
Sections of hole free of open fractures are chosen,’ and straddle packers .are
set in those zones. Water is then injected at’ increasing pressures up to the
strength of the rock. After fractures are generated, _the orientations are
recorded using impression packers. While the impression packer is set, its-

orientation is determined using a gyroscopic orienting tool.

C. Eégeriment ‘ »

Six primary test zones with alternates were seiected ‘between 55,and

340 feet of depth in Well DC-11. All" zones were at least two feet long and

free from open fractures. It was not possible to avoid healed fractures, but

since hydrofractures are commonly vertical, zones were selected which'
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were free of vertical'healed'fractures. The deepest three zones were in-
accessible due to caving of the Selah bed at about 280 feet; however, it was
still possible to fracture zones in the Pomona flow where the shallow
heater test is planned. Six fractures were gener?sted at the following
depths: 55, 144, 172, 196, 200, and 227 feet.

'd., Results

~The magnitudes of the breakdown pressures varied between 750 and 1625

psi. Since the tensile strength of the basaltfis_between 2300 and 4350 psi,

this suggests a difference of about 10 times between the,maximum and minimum
“horizontal stresses. All principal stress magnitudes were found tc:increase
with depth: the vertical stress from 65 psi at 55 feet.deptn to'280-psi at
’ 277 feet depth; the minimum horizontal stress from 115 psi to 275 psi'.and

the maximum horizontal stress from 2120 psi to 3525 psi.

Good impressions were . obtained for fracdtures in five of . the six tests

and all showed vertical fractures averaging N61oW, parallel to the axis of
Gable Mountain. Thus a large stress appears to act. parallel to the Gable
Mountain fold axis. and a very low stress normal to it Such,orientation_and

magnitudes are undoubtedly due to tcpographic causes, hence it is not

possible to infer the regional stress state in the Pasco Basin at potential

repository depths.

‘e, Inference ot btress State from ''Poker Chip” Core

Informatlon on the state of stress at depth on the Hanford Reservation

may be inferred from the "poker . chip zones encountered 4in DC~6 and other

holes.. Obert and Durvall (1967, p. 426) refer to this kind of fracturing as

"core discing" and consider the cause tovbe stress relief of the cored rock

during drilling.‘ They show that the horizental stress at the disced horizon

is: -

>.
Sp - ky + kz- vh

wherevki and ko are determined from"laboratory tests; Sp 1is the horizontal

stress and Yh is'the_vertical stress calculated from the product of the unit .

weight of the rock and the deptn. Calculation of the in situ stresses from

core discing should be included in any future stress measurement program at -

Hanford.
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C. RECOMMENDATIONS

1. Well Drilling and Testing Program A
Based on both the results of a literature survey and the input require-
ments of a basin model, LBL has made the following reoommendations for new

well drilling and testing in the Pasco Basin. 1In order to achieve the immedi-

"ate objective of providing an overview of the regional flow'system, six first

stage wells (DC-12 thfough DC~17) were proposed (Figure II-23§. These

~wells, when combined with:existing wells, are designed to provide sufficient

information'to’indioate on a gross scale the origin, flow paths, velocities,

~and disposition of groundwater within the basin.

"Well DC-12 is in the'centef-of the basin. This well would provide data
for determining gradients in, several dlrectlons w1th1n the basins

Well,DC-lS;ls in the "horn" of the Columbia River. This well w1ll help
to determine the hydrologic sighificanoe ofvtheFSaddlevMountains boundary and

the influenoe of thé Columbia River on the deep flow system. It would also

provide an important data p01nt in the Wahluke syncllne.

The role of the Rattlesnake Hills as a recharge zone in the basin needs .
to be,investlgated. Well DC-14 would prov1de information on.the extent of
this recharge ahdvthe‘possible'eXistence of perched watéers. . The southﬁestern
boundary of. the basin can also be examined. | '

Well DC- 15 examines the  extent of recharge from the Sentlnel Gap areae.

. The area is lmportant because basalt flows which lie deep under ‘the center of

the basin crop out at Sentinel Gap. This well in conjunction with,DQ-4:will
also help to determine the direction of deep groundwater flow between Cold.
Creek Valley and the Columbia River Valley. In conjunction with DC-13, this

well will enaole an examination of deep flow systems along the Wahluke syn=-

. If the rough analysis of oroundwater flow ‘patterns seems favorable for
siting a repository, these wells will. provide a basis for locatlng_second
stage wells which may be necessary for a more detailed analysis of the flow'
system. 'Zach of the first six wells will also ha?e-particular use . in de-’
tailed analysis for determihing pressufe_distribution, material properties,
geology,. geochemistfy, ahd boundary conditions for mathematical modelss
Until the feasibility of resealing exploratory boreholes is established, the

final locations of the recommended test wells must be selected such that
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possible adverse effects-upon a future repository are'-minimized. A more

detailed discussion of the recommended well drilling program may be found in
Long and Wilson (1978).

2. Equipment De#elopment

‘a. Four Packer Test'System

A major source of test uncertainty 1s the integrity of the packer seal.
LBL procedures called for using two inflation pressures in each test as a

check for packer,seal.' However, these do not ebsolutely guarantee its

integrity. An alternative method is to £ill the borehole to produce a
_ pressure transient. This procedure does test- the upper'packer, however, it

: dlsturbs the hole for pressure measurement.

LBL suggests using a four packer system of three isolated cavities - a
central test zone and_upper and lower guard zones.  Pressures should be
monitored continuously in deach zone - and_ileakage can be 'detected through
pressure response of the guard zones to testing in the»central cavity. Guard
zones should be fitted.With solenoid valves or scue:other pressure release

system to bleed any pressure that‘night build due to packer inflation.

b. Monitoring System

A systam for monitoring pressure in a large number of isolated zones

will be essential to obtaining reliable hydraulic potential data. As DC-2

test showed, effects of drilling or artifically altering the heads in-aIWeil
can affect - the pressure for long periods of time. Further discussion of .

monitoring systems is in Appendix A.

3. Hydrologic Testing

a. Pressure Testing Procedures

Pressure data can best be obtained. by pulsing the test zone both in
injection and withdrawal. This procedure was used by La Sala and Doty :
(1971) for standpipe piezometers, and can_be done possibly nore effectively
with the injection-pressure probe. The procedure would be.to fill the drill

‘rod with water, and after the packers are set, quidkly open the solenoid

valve to putla_positive pressure pulse on the syStan; -Af ter allowing'this
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pulse to decay, water - should be removed from the drill rod by swabbing and
the procedure repeated' this time with a negative pulse. The injection and
withdrawal pulses can be used for pressure values by taking the mean of the

final pressure values. Furthernore, the decay data can be used to calculate

permeability.’ Test procedures should-include,measurement with electric tape'

of the water level in the hole for each test as a check on the'transducer

_calihration.

b. Need for Vertical Permeabillty Tests

~The data from DC-2 also suggests vertical permeability., As a result,

;tests for vertical permeability are critical. These can take the‘fonn”of
- pump tests interpreted using leakv aquifer curves, ratio,tests; or tests in
. inclined holes. . The deviated parts of DC-2 may be used,lbut-Since these

:holes are_inclined onlyl300~from‘vertical, care must be taken that onlv

vertical'fractures‘are'iSOlated.f

C. Pressure Tests Durinngrilllng

Water pressures within a given horizon may change rapidly after drilling
penetration due to heads induced by drill water and cross flow between

aquifers. Time should be allowed during drilling to run pressure tests at

frequent intervals as various rock units are penetrated.

4. Geophysical Testing

a. Flow'profiling techniques have been usedhquite effectively to delin~-
eate permeable zones in the Hanford basalts. We recommend-that'flOW'profiles_

be obtained in all wells as they-become available, and;that a detailed

program of f£low profiling be undertaken in conjunction‘with the hydrological

testing. “Although the radioactive tracer method has been used successfully

“1n the past, the spinner method may be more apprOpriate at Hanford.

be Using the existing data base, establish a reliable method of quanti-

fying the porosity in the basalt. The study would be_based upon the 1ogs and
core from DC-1 and DC- -2, with emphasis on the neuctron and density logs.f
'v Extension of the results to other holes ‘'will be complicated by the diversity
of tools which have been used at Hanford (for example, five different neutron.
" tools by four different suppliers have been run in the DC series of holes).
Ce Composite the existing data on base plots at a scale of 100 feet

per inch. The plates should contain'
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lstudies.

o.vthe best (or'alli-of the porosity-type logs.y
‘0 temperature and tracer logs vhere appropriate.
ol'drilling information.

0 geological information where available.

o interpretative comments.

F1gure 1I-15 of this report is a. modest start in this effort. With such

_composites all of. the information on. individual holes is. readily available

for both field and office use. Comparisons and correlations can be made
.quickly and data is easily made available to all users. Some composites such .

as for DC~5 can be constructed fairly quickly. Others such as- for DC~-6 will

'require mote effort to sort .out problems with scaling and data quality.

d. Continue to pursue methods of. correlating betwen holes - using log-

fging methods. The magnetic susceptibility log, currently available in'
‘DC-8, should be run in DC-7.and DC~6.; The spectral gamma ray log, a. refine—
. ment of the total count gamma ray log, should be run in two holes. In'

' addition, further examination of existing data may uncover data or methods

which are not now obvious. ,

Ce. It is highly- desirable that the same 1og type from the same commer-
ical supplier be used in the entire drilling and logging program. Addition-
ally, it is useful to have" a knowledgeable person working with the supplier
on specific logs, particularly since the basalt geology and the waste iso—'

'lation requirements are unusual in the logging industry..

f. At some stage, pursue methods of studying the fine detail in the

dense basalts. . From the existing data base it _appears that the televiewer,»

~a short spacing sonic tool with waveform display and shear amplitude, “and

the electrical resist1v1ty dipmeter ‘are the most promising tools which are-
currently available- Detailed logging hi the near surface test facility N

now under construction may be a practical way to pursue some of these

g, We recommend the following basic approach for.the'specification

of well logs at Hanford:

o 'The.minimal 1ogging.suite.in a new'hole should be:
' 1) gamma'ray, or spectral gamma ray, depending upon the
outcome of recommendation (d) | v o
ii) mneutron or density or both, depending upon the outcame

of recommendation (b)
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Ciid) caliper,rpreferably.a four-arm or sixearm-caliper.
“iv) ‘temperature :

v) - televiewer .

vi) magnetic susceptibility,'if the outcome of recommenda-.

tion’(d) is positive
0 - In additiOn, the minimal suite should be complemented. with
the following consideratons 1in mind

i) a sonic tool with transit time and wavefonm recording

is quite desirable although not mandatory. The compen-

sated sonic tool may be replaced by a shortlspacing
‘_tool, depending on the outcome of (£)
' 4i) " the electrical methods are not as useful as. other tools,.
primarily because of the_high resistiVity limitation.
Nor do'the self-potential or induced polarization,mea—_
surements appear worthwhile at this tﬁme.‘ The - dipmeter,
:however, -should be definitely considered further (see
(f))r
.0 The flow profiling program should be pursued as outlined in (a)
Because of its flexibility and sensitivity, the Schlumberger
"full-bore spinner s OF its. equivalent, is recommended as the .
best candidate tool for this purpose. '
o . Depending upon the scope and nature of subsequent hydrological
A programs,; a captive wireline capability may be warranted._

Such a facility would be operatedvaccording to the needsv

of the hydrological investigations. Minimum capability would

be‘a_caliper, temperature, water sampler,'and one lithology

probe.

11-78



| III. GROUNDWATER CHRMISTRY

A.  INTRODUCTION

The sampling and analysis of groundwaters trom the Pasco Basin was initi-
ated in FY 1978 as "Part 2 - Geochemical Testing,’ a complementary part of
"Task 1 - Pasco Basin Hydrology" im LBL’s Hanford Waste Isolation Project.
It was planned that 36 deep well samples, 20 spring samples and 9 duplicates
would be collected in the Pasco Basin near Richland Washington.

The chemical and isotopic composition of ‘a groundwater provides much

information that can elucidate the origin, age, and subsequent history of the

_'water. To get this information successfully requires that a: number of

samples be taken from various parts of the aquifer system. In addition, the.

groundwater hydrology, including the direction of flow, expected flow rate,
and magnitude of flow should be known.

Chemical analyses of groundwater in the aquifers can be used to:

o Estimate the’ temperature of: the water at its point of origin.

o . Identify trace eléments characterizing specific horizons.

o Infer mixing between aquifers.

o Determine if the water has been subjected to higher temperatures.

o Establish whether there is equilibrium with the country rock matrix or .
the coexisting alteration products.‘ '
o Determine the nature of chemical reactions likely to proceed ‘between the

groundwater and the country rock, thereby providing support for interpreting,

‘ -isotopic data for age determinations.

Isotopic analyses of selected elements in groundwaters can be used to._

(o] Estimate the apparent age of the water.
) Determine the source of the water. _ _
o _Estimate the origin of the water in terms of temperature, contact or

reaction with organic materials, geographic location, and climate._
o Interpret the extent that chemical reactions and/or mixing have occurred_

during transit-through the aquifers and identify some of the reactions that -

‘may have taken place.

o Establish relative ages.

o Identify boiling or vapor phase separation.
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The information obtained from a careful evaiuation of the groundwater chem-
istry and isotopic ratios of seleeted elements, when used in conjunction with
hydrologic models of regional or- local grdundwater flow, serves as the basis
for predicting the rate and type of chemical evolution of groundwaters during
flow. Such an evaluation is a necessary prerequisite for qeantitative pre~
dlctions of radionuclide migration in the same environment. '
Aquifers associated with basalt flows that could be considered as candi—
dates for the siting of a waste repository, were of particular interest in
the groundwater chemistry program.. The original drilling report on the ex-
ploratory hole ARH-DC—l (Fenix and Scisson, Inc., 1969) states that "a mini-
‘mum of three zones have been identified between_2888,feet_and 3392 feet which
- appear to justify further inVestigation as possible locations for mined ca-
" This region also includes a water-bearing zone imﬁediately below the
Umtanum, between-3243 feet and 3273 feet in bDG-2, as‘identified by LBL (see
Part IIBl of this report). | ' | -
Deju et al. (1977) state:

‘verns.

Groundwater movement does occur along some zones within
the basalts. However, that portion of the basalt under consider-
ation for the storage of radiocactive waste 1s the dense, thick,
central volume .of certain flows having little, if any, known
hydraulic contact with the regional aquifers. Most investigators
conclude that groundwater does move in the horizontal plane along
the interflow zones and not in the dense central volume of the
flow. Any vertical flow occuring through fractures is quite
limited, having been determined in one area to be less than 10'
meters per day. -

_As the objectives of the groundwater chemistry program were to evaluate the

aquifers aséociated with these basalt flows, further studies of this partieu— '

lar zone were considered ‘desirable. . o ‘
On»January 30, 1978 a meeting was held between LBL, Rockwell Hanford
Operations (Rockwell), and other interestedvparties at Richland, Washiﬁgton,
to,develop'the field program on the Hanford Reservation. An integrated test—'
ing and sampling schedule was drawn up that centered arouhd the deployment and
availability of drilling and workover'rigs. Samples.as iarge as 150 liters
would have to be.collected from depths greaterbthan.ZOOOIfeet in three inch
boreholes. It was‘decided to use swabbing under a closed gas atmosphere, as
no commerically available downhole pumps were found were to be suitable for

" the task in hand.
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Within ‘these constraints -a program was developed to minimize and quan—
tify contamination of groundwaters so that representative formation water
could be sampled and analyzed. In addition, artesian wells and springs were
also to be sampled where they might contribute to an understanding of ground—
water flow in the region. The program was established and operated as a re- -
search project to study the groundwater evolution of ‘the Pasco Basin with
particular regard to the age, source, and history of groundwaters and the

interac¢tion between host_rock and- water

B. PREVIOUS STUDIES

Very little groundwater chemistry has been done on the aquifers* in the

Grande Ronde Basalt beneath the Hanford Reservation (see fig. I-2).f Before

" this study commenced, the only available data from aquifers associated with
‘basalt zones deep enough to be of interest for a waste-repository on.the'
"~ Reservation were contained.in therSGs_open—file_report by La Sala and Doty

© (1971). Those authors make a number of references to contaminationVOf'their_.

samples by the drilling process, findicatedl‘by Atritium values,' detergent

h: levels, and the possibility of cement hydrolysis affecting the groundwater

composition. Most zones were swabbed for about 24 hours (Fenix and Scisson,

Inc,., 1969), which according to LBL calculations would be inadequate to

. remove the invaded volume of drilling fluid (see appendix A to this report)

Confirmatory evidence that at least ten times the volume of fluid injected-
must be removed before the sample shows no. contamination is provided by the

experiences of Marine (1976) in recovering groundwater from a deep well at

~ the Savannah River Plant.

La Sala and Doty report data from eighteen zones in'Well:DC—l between
depths of 362 feet and 4283 feet. . Four aones between 362 feet and 2242 feet
were'sampled from the discharge of a submersible pump?l The remaining'fourh

teen zones between 362 feet and 4283 feet were sampled. by swabbing from zones

~isolated by packers. Of these fourteen zones, five were noted as being con-

taminated by drilling fluid, including three of . the six zones sampled between
2600 feet and 4283 feet. The three uncontaminated zones ‘which were sampled
(3146 - 3236, 3l66 - 3196, 3206 - 3246) straddle the Umtanum basalt f£low and _
partially include the zome sampled (3243 - 3273) in the LBL FY 1978 study of
the companion well, DC-2. ’

"~ *Aquifers, according to Todd (1959, p. 15) are "formations having structures

that permit appreciable water to move through them under ordinary field con-
ditions."
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" The La Sala and Doty paper is cited in the "Prelhninary Feasibility Study
on Storage of Radioactive Wastes in Columbia River Basalts" by Atlantic Rich-
field Hanford Companyb(1976); but no mention_is made of the probable contami-
nation of the samples fron which the data was derived. No:further geochemical
field work was conducted for this feasibility study and it provided no further
groundwater chemistry data on Grande Ronde Basalt beneath the reservation.

The unconfined and uppermost confined aquifers of Pasco Basin are. much
better characterized. An active sampling and analysis program is under way
. by Rockwell Research Engineering and Hydrology. However, the primary purpose
of the program is to monitor'the progress of radionuclide movement away from
~ the 200 Areas'(U.fS.'Energy Research and Development Administration, 1975).
Therefore, this study Offers no'further information on the hydrogeochemistry
of deep basalt flows;_ - | A | o o

More information has appeared on groundwater chemistry'of Columbia River
basalt in the region as a whole and in the Pasco Basin and vicinity (Newcomb
'_1972 La Sala et al., 1973) However, information is lacking on aquifers in
the vicinity of the ﬁmtanmn basalt flow. This is included in the zone of
. present interest for testing, sampling, and repository site selection because
Deju et al., (1977) report that: 'Deep core drilling within the central
Pasco Basin has indicated that, at approximately 900 meters, there exists a
basalt flow with ‘a thick, dense interior." ' ,

Groundwater samples ‘taken from a - deep hole in the Rattlesnake Hills'
" (RSH-1) which penetrates the\Umtanum have been analyzed (Basalt Waste Isola-
tion Program Library, data from U. S. Testing Co;); but these samples appear
_to have been contaminated. - “Trace element contents, particularly zinc, ‘suggest
gross contamination ‘during sampling. Values for pH, sodium, and silica do not
follow the general characteristics of basalt groundwater’(La.Sala and Doty,
1971§ La Sala'et al., 1973). These'analyses provide the‘only other 1nforma¥
tion fram the Umtanmn'level besides those from DC-1, that were available
before the LBL FY 1978 study started.’ A

" Co SCOPE OF ANALYTICAL WORK PLANNED

In view of the scanty earlier work on groundwaters in the Pasco Basin,

and of the need to determine what potential exists for interpreting the

resulting chemical .analyses, it was decided at the outset that ‘the initial-

"~ chemical and'isotopic analyses would be.comprehensive. A list of elements

and isotopes that were to have been analyaed is given below.. Not all"
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listed were eventually analyzed, and reasons for not having done 8o are given

~in the discussion section of this report.

l. Chemical AnalySes

Chemical analyses of - groundwaters - were planned using the - following
techniques to measure concentrations of the constituents 1isted'
(1) Neutron Activation Analysis' ' o o - ,
' Na, €1, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, N, Cu, Zn, Ga, As, Se,
Br, Rb, Sr, Mo, Ag, n, Sn, sb, Cs, Ba, La, Ce, N&, Sm, Eu, Tb, oy,
Yb, Lu, Hf Ta, W, Ir, Au, U, Th.
(2) Soft X-RayAFluorescence _ S o
Na, Mg, Al, Si, K, Ca, Ti,.Mn,_Fe, Cr, Br; S, 01i
(3) vHard X-Ray Fluorescence‘, . ' ' .
Ti Mn, Fe, Ni, Cu, In, Ca, Ge, As, Se, Br, Rb, Sr, Y, Zr, Pb Pd,
‘ Ag, Ccd, In,_Sn, Sb, Te, I,_Cs,_Ba, La,_Ce, V,:Cr,ng, U, Th, Co
(4) Zeeman Atomic Absorption R ‘
g, Cd, Cu, Pb
(5)'.Carbon Rod Atomic Absorption
 ¢d, Cu, Ni, Pb, Zn
~(6). Wet Chemical Methods

(HCO,, Cosz-by.titration and combustion..
0 27 pedt/pelt. '
80,”" Fe /Felt, ons

(7) Gas analyses (by mass spectrometry) , o
All gases present except Ne which is used as an internal standard.
(8) Measured at the sampl ing ‘site: , : _ '
pH,‘Eh, C02, HZS’ '2, alkalinity, electrical conductance, and tem~
perature. _ : . ‘ 4
Major components and ‘some minor components can be used to - compare_with‘
the compositions and thermodynamic stabilities of the coexisting alteration

products. These include the cations Na, Mg, Al, Si _K,. Ca, Fe(II), Fe(III),
2-

‘ Mn, the anions HCO3 R CO 5 SO ,'Cl s F ,AHS » and neutral species, HZS and -

“4
H,CO, - o ‘ S
Oxidation potentials calculated from SO /H S, CO /CH H /H and

3

NZ/NH ratios can be used to test for internal equilibrium, and comparison
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vwith'measured Eh; The rare gaSes can be used to estimate the temperature of
groundwater at its last point of equilibrium with the atmosphere. Helium
(which consists primarily of 4He, a fission- product of uranium) can be used

as.a dating tool, if the amount of uranium in the aquifer host. rocks is known

Deviations in the ratio of argon with respect to other rare gases are due to -

the build up of argon in solution as a result of the decay of 4OK._ This
effect could be used to assign relative ages to-groundwaterSa All other-ele-
ments may be tested for - their value as tracers. for given aquifer waters or

" horizons.

2. Isotopic Analyses .

Isotopic analyses consist ofrthe following:.

Stable Isotopes

D/H : | - 18g/16¢
13c/12¢ . 34g/32g5
RadioaCtive isotopes: ., -
3y 222,
lac S 226y
36¢1, . : 2340/2380-'

The principles behind. . the various . isotope measurements are outlined

‘below.

' a. Stable Isotopes

Deuterium/Hydrogen Ratio. This ratio is established'during the precipi-

tation-of water'from the. atmosphere. Because rocks contain little hydrogen,
‘the ratio remains essentially fixed, unless subsurface boiling or phase sepa—
ration occurs. Variations in D/H from present day surface values -can be
ascribed to temperature differences due to climate or altitude.

Carbon-l3/Carbon—12 Ratio. Carbon isotope ratios can be modified exten—

sively by organic reactions, and to a lesser extent by temperature. Compari-

sons of 130/120 of carbon species in groundwater»with coexisting.calcium“care
' bonates in the host rock can, under certain circumstances;‘indicate the’nature
| of the- carbon source, the effect of isotopic exchange, -and the origin of car-
bon in carbonates found in basalts. -

0xygen—18/0xygen-16 Ratio. The initial oxygen isotope ‘ratios are esta-

blished during  the precipitation of water from the atmosphere. Subsequent

- isotopic exchange with host rock minerals leads to a.progressive shift in 1iso~ -

tope ratio, thereby permitting assignment of relative-aées to groundwaters .
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under favorable circumstances. - 180/160 ratios (& SOSMOW) are often used in

connection with Deuterium/Hydrogen ratios (SDSMOW)

Sulfur—34/Sulfur-32 Ratio. _Sulfur‘isotopes can be extensively fractio-

nated by biological processes. Ahstudyvof the sulfur isotOpe.ratios in dis-

solved sulfate and sulfide species in solution, and in coexisting_suifates

- and sulfides in host rocks can, under favorable circumstances, lead to inter-

pretation of the origin and subsequent history-of the groundwater and the

. source of the sulfur. -348/323»ratios‘in'sulfides and_coexiSting-sulfate
'ions_in equilibrium in the groundwater,can:also provide an independent check

. on pH and oxidation potential if the system is at equilibrium.

be Radioactive Isotopes

Tritium. This isotope. of hydrogen is generated in- the atmosphere by
cosmic . rays and by the atmospheric thermonuclear explosions begun .in the .

1940°s. It has a‘half life of 12.3 years. ‘Measurement . of tritiumvin ground-

_waters. permits ages up to. 25 years to be determined. A new method employing
:the 88-inch cyclotron. at LBL could allow dating as far back as 100 years B. P.
- The use of tritium for dating will thus apply only to groundwaters of rela—
"tively recent age. A tritium tracer might identify "short circuits" in the

- aquifer, due to rapid water movement along faults. Tritium may be used to.

measure the amounts of contamination of groundwater caused by drilling fluids.
Carbon-14. l4c is produced in the atmosphere through cosmic ray ‘b om~
bardment. . The half life of 14C 1s 5730 * 40 years. Conventional counte
ing techniques permit age determinations of up to_40,000‘years using 1-10 g
of carbon and ' counting times of 1.5 to 15 hoursg Howewer, ages df up - to
100,000 B.P. might be determined by using the 88;inch cyclotron,at Berkeley;
There are seweral technical problems associated with the latter method which
require resolution before it can be used routinely for age. dating. .
Chlorine-36. This isotope of chlorine is produced in the atmosphere’ by
cosmic~rayibombardment. ‘It is a long lived isotope with a half-life of »
3.08 x 107 years. It is potentially useful for measuring ancient ground-

 waters, since it is relatively free of interference and is resistant to remo-

'-val from solution by precipitation or adsorption. A potential problem with

the use of 36C1 is the subsurface formation of this isotope by . the neutron

activation of chloride from neutrons released by the natural fission of uran-

ium and thorium. However, techniques for 36c1 measurement are still . in

“their infancy.‘ Measurement of the 36Cl/3501 ratio,can be accomplished

through use of the 88-inch cyclotron- of LBL. Subject to the elimination of

1117



interferences, and there being sufficient 36Cl in surface water, this method
could permit measurement of apparent ages to. about 2 x 106 years. ’

Radon=-222. - 222Rn enters groundwater through the decay of 226Ra a
product of 238y decay. The resul ting concentration is a measure of a number
of factors including the fracture surface area ofbthe host rocks, the surface
area to volume ratio of the groundwater, and the distribution of radium within
the rock matrix and as coatings on fracture surfaces. o

Radium-226. This isotope is part of the decay chain of 238U. ;Its bee
havior during its 1620-year half-life is a measure of the distribution of its
parent, the host rock chemistry, and the rate offgroundwater.movement. Infor-
mation on this isOtope should bevused in conjunction with the data on 222Rn
above and the uranium distribution in the host rocks. .

Uranium—234/Uranium-238. 234y 4n surface waters is sometimes found to

‘be enriched up to ten times over the concentration predicted to be in secular’
equilibrimm with respect to 1ts parent 238U. The usual explanation of the
':lack of equilibrlmm is- that in the decay of 2380 through 26 day . 234Th to
234U, the finally resulting.2?4U product’ would be 1e£t in a nonequili-
" brium lattice positiOn .in. the host rock and ‘be subsequently more easily
leached by slightly'complexing»groundwaters, 1eaving‘the,residual~rock
depleted in 234u-agd,qof course,_the waters_enriched. Later,'Weathering of
the depleted rock could give rise to uaters'depleted'in 234U. -Although
this leaching mechanism can account for the small enrichments and depletions’
observed in near-surface and surface waters, one ‘is hard pressed to explain
the extreme enrichments (greater than a factor of_S) sometimes encountered in
. subsurface waters. - Such enrichments mav be due to direct recoil.of'the'
234Th into the water phase from near the surface of the uranium bearing
rock, and’ subsequent decay to 234y in the solution. R
In flowing aquifers, once reducing conditions'are encountered uranium

is reduced, often in a short distance, from ‘the +6 to the +4 valence state.
Because the +4 state is considerably less soluble in typical groundwaters,'
this results in local precipitation of . uranium on aquifer rock surfaces.
Subsequent migration of the reducing barrier updip can now result in water
highly depleted in uranium contacting'the previouslv precipitated uranium.
The latter can now serve to inject, by recoil, relatively large amounts- of
234Th leading to very high enrichments of 234y downdip.- . '

' Once the uranium is out of equilibrium, the reapproach to’ equilibrium
can be used as a "clocW' to determine the age of the water, provided ‘one_

knows enough about the initial conditions and the environment in which the
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water finds itself. These initial énvironmental conditions can vary for each
site and create uncertainties with this and most other dafing methods since
the "clock"_radionuclideiis not isolated in a éompletely closed system during
the decay but is subject to continuous interactions with ité environment,
some of which could disturb the clear inte:pretatibn ofthe decay data.

The half-life of 234U is 2.44 x 10 years, so it might be feasible to
date groundwaters as old as 5 x 105 years by this method.n Many questions on
the behavior of uranium isotopés in groundwaters remain ﬁnanswered. VFurther

research is required to elimihate these problems.

D. SAMPLING AND ANALYTICAL PROCEDURES

The need for careful and systematic sampling procedures, on-site chemi-

‘cal analyses, and sample preparation and_packaging-for shipment resulted. in

ﬁhe design and constructioh of a mobile field laboratory. In addition, field

~operating prqcedures were prepared for the purpose of ensuring consistent

quality of the samples. A discussion follows regarding thesé two toplcs and

specific sampling.procedures adopted for wells and springs.

1. Mobile Field Laboratory

The expected volume and quality.of sampling and field analyéis and the
initial difficulty in arraﬁging,adequate laboraﬁory services and space
brought about the need for a mobile laboratory. An 8 ft x 20 ft box tfailer
was leased and modified at'LBLISPecifically for groundWaﬁer samplingf Basic
considerations were to provide adequate facilities for the field anélysis of
chemical components of water samples that were most likely to chénge during
shipment. Sufficient workspace for_two chemiéts had to be provided_during
the anticipated rush of downhole sampling. ' ' .

Features include adequate bench'and'storage space, a wet bench with
raised edges and a watérpfoof surface for carbonate extractions, an analyti-

cal area for titrations and instrumentation, a sample packaging and equipment

repair area, gas bottle racks and chains, protective electrical fixtures

above the wet bench, a constant voltagé transformer to ensure reliable
instrumentation readings, a forced-draft filtration box that provides fil-

tered air over a clean bench, a sampling manifold system constructed of PVC

capable of carrying water from the well head into three carboys under a

closed atmosphere of argon; ‘and restraining  devices to stop drawers and

cupboards from sliding open during transit. The ;railef was also designed -
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to ‘include desk ‘and drawer space. Some unused and uncommitted space was
available for future work assignments.

Installed eduipment_and'instrumentation included an Orion specific ion
meter_with electrodes for pH, redox, sulfide and. COy; a Turner fluorometer
with flowthrough cuvette- Masterflex sampling pumps and a selection of pump
heads; dissolved oxygen and - conductivity meters; filtration apparatuS° 002
evolution and precipitation apparatus; burettes-and scaffolding,vhot plates'
water bath; magnetic stirrer; chart recorder;-spectrophotometer; refr iger—-
~ator;-and a wide range of glassware, fixtures, tubing and reagents. .
| Operationally, the mobile'laboratory was'very satisfactory and the se-
gregation of certain analytical or preparative tasks at specific loCations

allowed two persons to work efficiently and comfortably. ‘A recognizable pro-

'blem was the semimobile nature of the trailer, necessitating a tow truck that .

was not always available when’ required ‘for movement from one site to another.
A self-propelled mobile unit would'overcome the problem of. having to rely on
-available transport. The frame of the box trailer was’ supported on a single
axle and a front-end hoist, but this appeared inadequate to support the
l'weight. At least six jacks; heavy timbers or cinder blocks were necessary to
support and stabilize the trailerlto.avoid_recurring flat tires. Experience

-also proved that a functioning air-conditioning unit is essential’for effec~

tive: operation and a stabilized analytical environment, particularly during :

the summer months at Hanford.

. 2. ' Field Operating Procedures

A set of standard operating procedures for Quality Assurance - documenta—
tion was prepared. These procedures became a focal point of organization in
finding the latest and_most-desirable methods for sampling,_treatment, and
packaging of groundwater. Leading isotope and'chemical’analysts were brought
together in a series of meetings aimed at bridging the gap. between analytical
expertise and field sampling methodology.' Field_sampling is an underesti-
. mated and often unidentified source of error'and uncertainty behind reported
" groundwater data. This source of error may be even'further'masked bv the
‘validity'assigned to chemical data from‘interlaboratory:comparisons and sta-
tistical analyses. | ' -

These meetings, combined with an eXhaustive literature survey of ground-

'water sampling,»resulted in the drafting of the Field.Operating Procedures

(appendix D, vol. 11, this report), an evolving document with the provision‘

for incorporating changes as experience or new information required.
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'Sampling,banalytical, andftreatment techniques used at the well-head and
spring sites are'specified in the Field Operating Procedures. Nuclepore fil-
ter papers (0. 2 micron pores, 142 mm diameter) were placed in a Lucite fil-
tration unit in the mobile field laboratory under forced-draft filtered air
using teflon—tipped tweezers before going to the spring site. A back-up unit

- was'prepared and carried in case the pores became clogged and another filter

paper was needed. About 250 ml was passed through the filter and discarded,

then the three one-liter bottles for neutron activation, the one liter bottle

 for atomic absorption and the 500 ml bottle for uranium isotopes were filled

in that order. All bottles were immediately sealed with plastic tape. As a’

result of initial field experience, improvements in analytical methods and

‘sampling techniques were written into a revised ver51on of these procedures.

These include sample bottle preparation, the carbonate extraction system,

alkalinity'titrations; contamination monitoring, and filtration procedures.

3. Sampllng Schedule

April l - 15 was originally scheduled for the beginning of sampling on

- DC-2. Following a series of delays, swabbing began on June 14, 1978. " The

schedule was organized around the availability of rigs and sampling was 1hmi—
ted by contracts issued to other testingvorganizations who had fixed dates to

commence work. The_schedule allowed little flekibility for equipment failure

.and other complications, or at what rate aquifers could be swabbed*to an

acceptably clean level. Two field chemists were required for well_and spring
sampling‘with the assistance of a field engineer for geotechnical downhole
applications. Although a great.deal of effort went into planning'andsestabe
lishingvthis program, only DC-2 (3243 - 3273 feet), the free flowing DC—G;
two artesian wells from the upper-aquifers, four springs'and the Columbia
River were.sampled~before the termination:of the field program‘on August 6,
1978. ~Details regarding the locations of the sampl ing sites are given in
Table ITI-1.

: 4. Sampling

as. Well-Head éampling.

- A continuous closed gas'systan'fram'the packed—off zone to the sample

vessel was designed and constructed for sampling using the. swabbing technique.

‘Nitrogen was used to prevent access of atmospheric oxygen to the ‘borehole

above the water. Argorn was used to flush the carboys and.the sampling mani-

~ fold in the'trailer, but was not allowed to pass back along]the polyethylener

S ITI~11



Table III-l. Location of USGS coordinates of sampling sites.

Sampling site “' - .~ Location - o o FCoordinates *
DC-2 (3243-3273 £t) = N of 200 E Separation Area . 13N/26E-35H
Juniper Spring . 'Umtanum Ridge ‘ } 13N/24E-14G
Rattlesnake Springs Dry Creek Battelle Field Station =~  12N/25E-29B .
Benson'Springs . Battlesnake Hills .l_ S 11N/25E511N
Bennett Springs - "‘ 'd Rattlesnake Hills ‘ 11N/24E-14F'
. DC-6 } 0ld Hanford Townsite . 13N/27E-26E
- Ford Well . © Cold Creek Valley R 13N/24E~25E
" McGee Well ©° Cold Creek Valley . 13N/25B-306
Columbia River | o1rd Hanforleownsite | o 13N/27E~-20"
Columbia River - - ‘Richland”Townsite : S 9N/28E.

* Township, range, section number, and sector letter (see Newcomb et al.,.
: 1972 for description of sector lettering system).

E pipe. to the dissolvedigasgSampling port. A pressure gauge was clearly visi-
ble for the rig operator to monitor ‘the speed of the swab pull. An overpres-
sure of. 10 to 15 psi nitrogen provided .an adequate water flow through the
'sampling system for ease of rig operation and sampling. , o

_ In Well DC~2, the ‘sample was withdrawn from the zone at 3243 to 3273
feet of depth. A swab cup lasted 15 to 16 pulls at an average efficiency of
approximately 60 per cent of the maximum amount of water that could be recov-
‘ered with a new cup- The average withdrawal rate was 250 gallons per swab
pull. A SWab pull was possible every 15 minutes because of rapid recharge of
" the borehole, thus an. average of about 8000 gallons per ‘day could be removed.
No further experience concerning’ swabbing was gained as this was the only
packed—off zone in a- deep ‘well to be sampled in FY 1978.» Further experience

may have suggested other hnprovements. The technique developed seems to be a

'~ satisfactory means of maintaining a closed gas system during swabbing and

' sampling.
| At DC-2 discrete samples were. taken every fourth swab pull and ‘checked

for temperature, conductivity, and pH. These remained constant although a

persistent-diesel'oil and bacterial breakdown odor -as well as turbidity. .

suggested the presence.of,nonformation water; The fluorescence of diesel oil
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was used as a monitoring parameter when it was found that the traditional
assessment parameters of constant conductivity, temperature, and pH were in-

adequate for determining the degree of contamination by drilling fluids.

b. Spring Sampling

Springs were identified from fopographic maps and chosen following.dis;
cussion with Rockwell geologists who had visited some of these. sites. Al-
though 120 Springs were noted from the topographic maps of the Pasco Basin,
many were dry or no more than creek beds with intermittent resurfacing
streams that appeared to be springs. A spring was sampled where it iseued
directly from a geological fofmatiqn thaf suggested it had travelled some
distance beneath the ground, as opposed to being located in a dry creek bed.
Some spring sites required accese byv4-wheel drive vehicles and>wa1king..As

some chemical parameters are.inherently unstable, field analyses for pH,'Eh,

. and temperature were carried out at the spring'sites and samples for sulfide

and sulfate were fixed as outlined in the Field Operating Procedureé. Where
possible, all samnles were coilected framla single site at the same time.
Spring sites :equired no prior preparation. ‘Acid-cleaned silicone
tubing was attached to a 500 ml,polyethylene bottle filled with waterg this
acted as a weight to permit careful positioning of the intake tube in the
flow away from turbid sediments. - The tubing was connected through a one
liter/minute’ peristaltic pump head (Masterflex Portable Sampling Pump), and
attached to a filtration aesembly. This portable unit allowed spring water
to be collected and passed through.NucleRofe filters into specially cleened

sample vessels without any contact with contaminating surfaces.

c. Artesian Well Sampling

The arteéian‘Wells (DC-6, Ford and McGee) were sampled in the same man-
ner as the springs. The intake tube, connected to the bortable sampling pump
and filtration unit; was placed inside the outlet nipe of the artesian well.
This allowed water to be sampled nhich had not come into'cdntact with the at-
mosphere. A one-inch diameter polyethylene tube was placed inside the outlet .

pipe and used to siphon large volumes 1nto gas~flushed carboys.

d. The Columbia River

The Columbia River was sampled from the old Hanford townsite shoreline
with the intake tube placed one foot below the air-water interface but above
the sediments. The Columbia River was also sampled at the Richland townsite

for a tritium analysié.
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E.  RESULTS OF FIELD AND LABORATORY ANALYTICAL AND ISOTOPIC MEASUREMENTS

l. * Chemical and Isotopic Analyses

The results of the chemical,analyses'performed in the field and on sam-
ples returned to the Lawrence Berkeley Laboratory, are given in Tables I11I-2

and ITI-3. Isotopic analyses are summarized in Table ITI-4.

a. Analyses not performed. ’ o ‘ ) .

Field analyses. Measurements in the field were to have included poten-
tiometric measurements of dissolved.C02 and HZS.concentrations. However,
these were not done during the short period samples were being collected, due
to insufficient time to calibrate the electrodes beforehand. Oxygen measure-
. mentS'were made only when monitoring the discharge from DC2 prior to sampling.
_This was done prbmarily to check for the level of contamination due to atmos-
pheric oxygen. Oxygen concentration measurements were not made at springs or

. artesian wells although this" would have been desirablp.

Laboratogy analyses- Chemical analyses by low energy XRF were not, made

for Al Ti, Mn, Fe, and Cr. Aluminum was found to be below the limit of sen~-
31tivity for the instrument, and Ti, Mn, Fe, and .Cr concéntrations were not
ealculated because'the COmputer code used to convert x-ray intensities'to
concentrations did not have the capability of handling these elements at the
time of analysis. . - N
' Chemical analyses by.hard_x-ray fluorescence were not made for'Pd, Ag;
In, Sn, Sb,:Te,'I, Cs,'La;Aand Ce hecause the»instrument.did not‘posseSS the
analytical capability for these elements at the{time the measurements were
‘made. _ | V .
. Wet chemical analyses of Fe3+ Fe2* and P,0. were not. made because the
project terminated and funding was no 1onger available before they could be
done. . Sulfate analyses were calculated from low energy XRF analyses for
sulfur. Oxidation potential measurements in the field indicated that in most ‘
caSes,'the dissolved iron was present in the ferrous state,_thereby rendering i
: unnecessary the analysis of Fe3t, Based on_earlier measurements hy La
Sala and Doty (1971) the P2 5 . e
to be sufficient to “affect the bulk composition of the groundwater within
analytical errore. o

- In addition to the systematic ommissions of certain elements by given
techniques, seyeral teehnidues‘were not’applied to all samples because 'the

project was terminated before the analyses could be completed.

- IT1I-14
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'Isotopic Analyses._ Isotopic analyses for 14C 226Ra', and 234U/238U are
not presented in this report. Difficulties were experienced collecting suf-
ficient carbonate‘precipitate from the groundwater samples to perform.14C
analyses. 226Ra analyses were not performed because the analytical method
planned did not prove to be sufficiently sensitive for - the concentrations ex-
pected in groundwaters from basaltic terrains. 234U/238U analyses by means
of spectrometry are currently under- way, but ‘results w1ll not be available

before this’ report goes to press.

" b. Analyses not originally Scheduled

Fluoride. Previous analyses of groundwater'from deeply buried aquifers
in the basalts at Hanford (La Sala and Doty, 1971; U. S.'Testing Co.) reveal

concentrations of fluoride.ion asxlarge as 20 ppm. Accordingly, analyses for

fluoride ion were. carrled out on the samples collected using a fluoride ion

sensitive electrode.

Aluminum. Because aluminum’ was not detected by low energy XRF, an

'attemptvwas-made to determine aluminum levels by a modified Aluminon (aurin

tricarboxylic acid) colorimetric method. All samples contained significant
fluoride ion concentrations (up to 40 ppm). The interference by fluoride ion
is well recognized. therefore all samples were acidified andprun'through

Dowex 14X8'anion'exchange resin in the chloride form to -remove the fluoride

ion. .The bed volume was calculated so that the anion exchange capacity

greatly exceeded the known fluoride levels in solution- “All aluminum levels

were found to be below the 1evel of detection (0. 05 ppm Al) for this method

and sample preparation.

Ce Duplicate analysis

Because of the short time available before'completion of'the study, it
was decided that several samples would be taken during the swabbing of DC-2,
and that these samples-would be used to compare the changes'in Chemical com-
position as decontamination proceeded by examining the composition trends of
various elements. Random fluctuations in. concentrations of a given element
would be.taken"asvan indication of poor analytical reproducibility. Three
samples from DC~2 were taken and analyzed and these show good agreement among

themselves for most elements. Noticeable and possibly significant trends

with time were. observed in the elements Fe(down), Cd(down), and Pb(down)-

Almost all other elements appear to be constant to within analytical error.*

* See Table III- 5, Sample Collection Techniques, for the consistency of NAA‘

analyses.
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Table 11I-2. Chemical analyses of groundwaters.

gravim.

- : Columbia
_ Rattle- . DC-6- River
, A _ -DC-2 Juniper snake Benson Bennett  (artesian - (Hanford
‘ ' . - (3243-3273 feet) ' Spring Springs -~ Springs Springs flow) Ford Well McGee Well Townsite)
Constituent Unit  Method® 6/21/78 - 6/22/78 . 6/26/78  17/28/78  1/31/18 8/1/78 . 8/3/78  7/21/78  8/11/78  8/13/78 . 1/25/78 .
A. Field Meéasurements ' ' '
Co]lection. - , ' : ‘ ‘ ]
. temperature °C thermo. 37.4 .-, 35.8 36.4 20.0 16.0 13.5 13.0 . 46.0 ~22.8° 26.8 22.2
pH electrode 9.8 9.9 9.9 8.3 . 1.7 7.3 7.5 10.1 - 8.0 " 8.0 8.7
Eygge .~ ™V electrode +89 +14 -46 +404 +427 +413 - +429 232 +152 +90 +303
conductance u.cm~2 electrode 750 750 - 840 © 260 - 275 - 200 230 1060 300 300 115
Total alka- : : B o | |
linity HCO3™ ppm  color tP - <= - 191 166 111 . 108 199 188 179 67
' €032~ ppm ¢ - -- - N.P. N.P. N.P. - N.P. 127 N.P. NP. 1
HCO3™ ppm d - -- -- 186 162 85 104 . . 51 176 173 61
- Be Laboratory Measurements ‘ -
pH -- -- 9.8 . 83 - 1.7 7.3 C-- 101 -- -- 8.7
Total ~ o B o
inorganic : ‘ , - : : .
carbon, C ppm comb - - 20.0 36.0 31.0 - 21.0 - 8.0 -- - - 8.6
032~ ppm e - -- 26.93  1.52 . 0.52  N.P.. - 1728 - e 0,97
- HCO3~ ppm e -- - ©73.47 - 176.43  147.44  93.46 - 22,99 -- - 41.88
- cop ppm e - - N.P. 1.46 5,13 '8.43 -- N.P. - -~ 0.11
F .. ppm electrode 21 21" 21 0.50 1 0.36 - 0.28 0.27 41 0.62 0.80 0.46
Wa  ppm NAA - 181:4 17844 1814 19.6:0.45 12.0:0.28 6.09:0.15 7.10:0.21  233:7 26.0:0.72 29.5:0.72 1.25:0.04
: - SXRF g - 182 21 11 6 5 %2 15- 28 1.3
Mg ppm  NAA <9 36 42 10.3t2.3  8.0:2.0 - 4.3:1.4  8.2:1.0 <470 6.3t1.9  8.5:2.3 < 9.3
- SXRF - - S 13 100 8 7 2 9 7. -
, AA - — L e - -- - -- - L - 3.7
Al ppb  colors <50 <50 <50 <50, <50 <50 50 <50 <50 <50 <50
siop - - ppm SXRF 152 154 | 153 .50 45 39 46 115 53 56 2
B ' color s 153 152 152 -- - - -- -- - -- --
sulfide ppn  color t - — - -- <0.1 0.1 .1 <0.1 <0.1 <0.1 0.1
) - - 6.2 - - . -— - - - -
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Total S as

LT-III1

5042~ ppm SXRF 30 29 26 18 14 11 10 96 <2 <2 7
O gravim. - - 17.4 16.5 12.3 9 5.4 85.2 .- - 81
1 ' ppm 'NAA 90+3 | 88:3 9543~ 4.67+0.15 3.85:0.12 3.12:0.08 5.87:0.11 125:6  4.87:0.14 4.82:0.16 6.6£0.5
' SXRF -- - 107 6 4 C3 6 148 a .-
K ppm NAA @ a8 5.6:¢1.0.  3.3:0.7  2.7:0.5  2.3:0.6 <44 0.47:0.19
SKRF 3.3 3.2 5.2 3.0 ° 1.5 1.6 3.2 0.3
- Hxref 1.04 1.45 3.33 1.87° - 1.15 1.00 . - 1.51 0.407
' Ca ppm _NAA - - 4:3 34s2  20:2 2241 -- 19:2
SXRF 0.35 0.26 . 23.6 28.5 22.83 22.8 1.3 15
_ HXRFf 0.25 0.22 15.4°  19.9 22.7 19.5 0.43 13.5 .
Sc ppt NAA <6.1 <4.5 3.0 2.8 3.0 2.5:l.4  <10.4 1.920.7
Ti ppb NAA <1200 <1100 <150 - <150 <100 90 <6200 <100
: HXRF o 22s7 1424 <1 <12 <7 a0 <28 <1.3
v ppb NAA <38 <61 <20 2536 16 112 <2600 <40
o HXRF 1415 744 <5 9.4 3.6:1.1  5.5:1.5 <14 <0.8
cr ppb NAA . <0.25 0.22  <0.22 0.76£0.06 0.4320.035 0.22:0.051 <0.42 0.0980.02
HXRF . 6e3 552 2 @ 11107 <@ ar <0.4
Mn ppb NAA a7 “.3 1.6 4.4:0.3 . 0.6 ! a7 2.7410.14
HXRF 3:2 42 ] - 3.5¢1 < < <9 2.2:0.3
Fe ppb  NAA @2 <22 <14.3 <15.8 ~ <8.3 <9.2 <37 10.3£2.1 -
 HXRF " 2023 1722 16:1.6  6.2:0.8  5.0:0.7  3.3:0.6 15:3 6.47£0.34
Co Tppt.  NAA 18:7 a7 13.6:3.9  26.335.5  <8.8  31.5:5.2  47:16 10.7+3.4
' HXRF <19,000  <22,000.  <3,000  <2,000 . <2,000  <2,000 . <14,000 <300
Ni ppb . NAA 1.2 .7 0.36:0.17 0.39:0.13 0.32:0.09 0.63:0.13 3.08£0.55 0.6020.09
HRF . 3 3 0.96:0.3  0.82:0.08 0.94:0.25 0.90:0.3  1.5:0.9 1.05:0.07
MA 0.05 0.07 0.04 0.06 0.03 . 0.03 -- 0.20 -
cu ppb  HXRF 3 - a3 2.320.5  0.70£0.23 1.15:0.29 0.80:0.30 2+l 1.340.2
AA - 0.26 0.24 . 0.02 0.07 0.02 0.03 - 0.06 0.63
2V 0.050 0.050 - S - -- --
- ppb NAA a3 <2 <0.80 . <0.73 <5 2.7 <6 <1.3
' HXRF .3 @ ©2.1$0.5 .0.98:0.23 1.48+0.36 2.5:0.5 1113 1.1320.07
M 0.25 0.26 © 0.89 0.119 0.21 1.82 .0.249 0.29



Table 111-2. Chemical analyses of groundwaters. (continued)

8T-III -

Columbia
- Rattle- DC-6 " River
. DC-2 Juniper snake Benson Bennett {artesian . (Hanford
(3243-3273 feet) Spring Springs  Springs .Springs flow) Ford Well McGee Well Townsite)
Constituent Unit  Method® 6/21/78 ~ 6/22/78  6/26/718  1/28/18  7/31/18  8/1/18  8/3/78  7/21/18  8/11/78  8/13/78  1/25/78
Ga ppb NAA 320 310 <200. <47 © <20 <19 <22 <640 39 @1 <5.0
HXRF <2 <2 <2 <0.5 <0.5 <0.5 <0.5 <3 <0.5 0.5 0.1
Ge ppb  -HXRF 12:1- . 1321 1411 0.6£0.3 0.4° <0.4 ©.5  2.6:1.0 0.74:0.26 0.67:0.26  <0.08
As ppb NAA 6.6 <8.0 6.2 1.7 2.6:0.5  <1.4 2.0:0.37 <10 <1.6 " <1.9 1.8:0.14
: HXRF a . <2 <2 <0.5 2.7+0.5  1.620.4  2.2:0.5 1123 <0.5 0.3:0.2  1.5:0.1
Se ppb NAA <0.70 <0.84 <0.86 ~ <0.14 <0.67 <0.70 <0.54 <0.81 <0.10 <0.8. 140.9
T HXRF a <1 1 <0.5 0.3¢0.1  0.43:0.14 0.25:0.15  <1.5 <0.5 <0.5 a
Br ppb NAA 19124 18723 20143 5351 3941 3611 5041 28537 531 52+1 4.2:0.2
Rb ppb NAA - 12.8£0.6 13.5:0.5 13.0:0.5 11.3:0.5  2.0:0.2  1.9:0.1  3.2:0.2 13.8:0.8 13.4:0.5 17.420.7 0.73:0.08
: HXRF  12.8:1.8 ~ 13.7+1.4 13.1:1.0 10.6:1.6  '1.6:0.4  1.8:0.4  2.5:0.5-  11x3  13.8:1.1 17.7:1.0 0.63:0.13
- Sr. ppb NAA <640 - <630. <400 <93 100:20 5813 110:20 <1100 <130 <140 63:8
o HXRD 1112 12£2 . 12:1  88.0:4.2 1296 119:5 12216 3.451.7  77.4£3.2  69.7#2.6  85.3:4.0
Y ppb - HXRF 722 612 61 a a a a =< a a- <.l
Ir ppb HXRF 2757 - 2616 294 <5 <4 <& @ <11 @ @ 2.1
Mo - ppb NAAD  250:20  260:10  270:10  1.0:0.2  1.6:0.2  1.0:0.2  0.5:0.2  310:20  <0.6 0.7:0.2  0.35:0.06
Ag ppb NAA 0.083  <0.120  <0.110 - <0.035 . <0.024  <0.017 <0.320  <0.120 - <0.027  <0.033.  <0.015
o ZM 0.010  <0.010 - <0.010 - - - - - -- -- -~
Cd ppb AA 0.010 0.008 0.007 0.006 - 0.033 0.017 0.016 0.089 0.002 0.001 0.044
SR 7YY 0.089  0.047 0.025 - - - - - -- - --
In ppb NAA . <0.50 | <0.90  <0.32 <0.08 <0.04 <0.06 0.04 . <1.0 © <0.06 <0.16 <0.01
Sn ppb . NAA <105 <330 Qa7 <11 az < <6 <120 <10 ail <27
© . Sb ppt NART 89:15 89+15 86:11 - 1545 4418 2945 7719 92:22 <13 ar 129:10
| o 40211 _ | , |
Cs ppt NAAT 426:14  522¢16  363:14 15315 65¢4 7814 25757 1450£30  204:8. 19616 23416
‘ 351213 309:13 . ‘
Ba ppb NAA© 1346 14646 150:6 <2l 3024 <6 1243 a1z 14+4 2025 256115
, H¥RFF 82123 58:18 73:13 <26.5 19.5 4.4 @ <7 21.2 <20.8 16.8
La. ppb NAA <15 .7 <0.55 <0.28 €0.20 <0.22 4.5 40.30° <0.32 <0.081

<2.2
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Ce ~ ppb NAA <0.79 .67 ©  <0.87 <0.25 0.4 <0.25  <0.18 .03  <0.18 <011 0.1

Nd ppb NAA | <4.3 <4.4 4.5 <4 1.2 €0.84 <1.1 <10 Az e <0.37
sm  ppt NAA <16 <16 <16 <4.0 6.1 <4.0 <1.8 <29 3.4 3.3 <32
Eu Pt NAA «as a3 ar G.2 <55 ~<5.9 <6.2 <24 <23 <2.6 2.2
T Cppt  NAA <9.7 <9.6 <10 <2.9 2.6 1.9 <2.3 14 <2.5 <3.1 a.a
Dy ppt “:NAA <1.6 <.l _' <1.0° <0.1° <0.06 - <0.06 €0.06 . 2.2 - <0.17  <0.21  <0.01
Yo ppt  NAA <41 - <41 64 <12 12 8.0 8.7 . <68 <6.2 <6.7 5.4
u  ppt . NAA <49’ 37, <38 a3 - <12 <6.6 <11 <109 a3 air <l
Hf  ppt NAA 69 - 89 - a5 <22 @3 - @3 as <180 - <10 a0 a7
Ta PPt - NAA <51 8.0 <8l .5 <3 <1.0 .2 <20 40,37 <0.70 <0.58
W ppb NAA 7015 - 69+4 67+4 <0.59 0.44  <0.30  <0.36  101#11  0.70:0.24 0.71:0.26  <0.12
Ir ppt NAA <1.6 <1.3 1.0 <5 <0.24 <0.23 0.27  <.5 - <0.23 0.23°  <0.16
As - ppt NAA @5 <60 IR SR ¥ R ] Ry <6.3 G2 2 6.2 = <2.5
, oM 1.33 0.76 0.60 ~  0.01 0.02 0.02 -~ 0.02 0.03 - 0.02 ~  0.04 1 0.05
Pb ppb m a a - Cem o aa o — - e -
' HXRF & @ 4.  1,22+0.85 1.17:0.59 1.12s0.54 0.95:0.60 6.3:2.9 1.01:0.64 0.73:0.47 0.34:0.21
Th Cppt - NAA a9 az Al 8 - <40 B.3 <40 <25 3.3 <4.9 3.7
- : HXRF. <500 3000:2000 4000:2000 <2000 <2000 <1000~ <1000 <6000 . <1000 - <1000 <400
u ‘ppt - NAA <105 RS <100 <29 . 4938 14085 - 290t6 <180 <27 Q4. 2143
HXRF <8000 600024000 4000:3000 <2000 <2000 <2000 <2000 <9000 <2000 <2000 <800
Notes

~ppm parts per miilion

ppb- parts per billion

ppt parts per-trillion

< below detection limit for method )

-~ no sample collected or ana]ys1s not performed
N.P. not present

a - Methods O ’ . . b. "from pH of sample t'o pH 4.5, 1nc1ud1ng noncarbonate specxes
NAA neutron activation analysis. "Limits given c. pH to 8.3; DC-6 value has Si0(0H)3 intérference, see discussion
are 20 where o is the counting error. ' d. (pH 8.3 to pH 4.5) - (pH to 8.3) - (pH 4.5 to 8.3)
A1l values are relative to Standard Potteny. -~ @. species by calculation but not corrected for ionic strength of each sample
~SXRF = - low energy x-ray fluorescence . (using pH, pK only).. Samples were filtered through 0.2 micron papers and
HXRF high energy x-ray fluorescence analyzed at least one month following sampling.

K, Ca, Ba values by HXRF are Tikely to be low by a facyor of 2 to 3 due

AA atomic absorption spectrophotometry - f.

ZAA Zeeman atomic absorption spectrophotometry S 'to particle size effects.

color s .. colorimetric spectrophotometry "g. single replicate value

-color t colorimetric titration h. Mo corrected for U fission

electrode. specific ion -electrode i.. Cs and Sb values in duplicate DC-2 samples indicate a problem in samp11ng
yravime. gravimetric assay or sample handling during preparation for analysis.

‘thermo. - thermometer. reading:

E oxidation-reduction potential relative

NHE to normal hydrogen electrode
comb . total inorganic carbon by combustion
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Table III-3.

Ana]yses of dissclved gases in groundwater

Concentration, ppm moles gas per mole water

DC-22

Juniper DC-62 . DC-6 o PR
S (3243-3273 ft) Spring  (artesian flow) (artesian flow) Ford Well McGee Well
Species 6/26/78 -7/28/78 7/21/78 8/16/78 8/11/78 _ 8/13/78
“He -~ 0.00035 ~ - 0.00027 0.00052
Hy 0.74 0.21 0.013 - - 10.004 <0.00002
0, . <0.02 0.32 0.014 0.015 0.11 12
N, 1922 85 - .11 1 1z 57
Ar 1.4 . 0.75 0.23 017 0.28 0.77
c0, 0.0054 1.1 0.016 . 0.43 1.5 1.6
CH, 8 0.061 0.13 o 74 7.3
CoHg oo - e - -- --
‘higher hydro- ’ - = o A e o _ _
carbqns <0.001 _ e SC T I e -- -
Neon ihterna] standard and he]ium’buffer gas. All others used he]ium-3/krypton_1ntefna1 standard and
CFq buffer gas. : : _ ' v
b DC-2 flushed with nitrogen during swabbing and sampling.
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Table III-4 -Isotopic analyses of selected elements in groundwater.

‘Columbia River

. bec-2 - Juniper? Rattlesnake Benson Bennett. - DC-6 bC-6 a R ) (Hanford - (Richland
Species (3243 -3273 ft) Spring ~Springs Springs - Springs (artesian flow) (artesian flow) Ford Well McGee Well Townsite) Townsite)
) . 6/26/78 7/28/78 7/31/78 8/1[78 8/3/78 - 7/21/78 o ’ 8/15/78 . 8/11/78 8/13/78 - 7/25/78 8/16/78

A. Radioactive isotopes o . ’ » o
Tritium,  16.40+0.50  0.15:0.04 .0.47£0.06 3.17:0.24 0.374¢0.06  0.08:0.04 -0.02:0.05 -  0.15:0.04 -0.03:0.04 78.30:2.40  82.80:2.30
TU.tlo | _ : T a o B g e | A had
Radon-222 10412 S 0tl 94:3 328s4 5612 47118 - 95:1 - 14014 -151 .
pCi/1 S : . : : o : ’ o v S

B. Stable isotopes

gy (13250 <1327 <128.5  -126.2 -12L1 12460 - <1362 -139.2 P R—
°/oo 4 ' ‘ . . ’ : ' .o -
s, - -i0.47 - - T [ ‘1920 0 -- 6.31  -14.51 o
oo - . . . i . ' .
518y sﬁow' -16.35 -16.75.  -16.40 -16.40  =15.75 | -15.00 - -18.00 -18.05 216.60 -
'°Aco o ' ' ' .
834s(s0,),  +1.96-  +8.67 . -1.6d -S40 -0.47 212 - LSO S 20 & S
534S(SH), +3.24 . 4  ' *(v. * e s o e ' * EI I -

(-1-]

* Insuff1c1ent material for analys1s.
-- No sample collected, or analys1s not performed.

a A sample from Junxper Spr1na was obtained on 8/14/78 for 613C;éna]ysis but the amount bf_matériaT colfected was insufficient.



"Although the three samples of DC-2 water were not in the true sense
duplicates, they do give'confidence that the analytical techniques used give
reproducible results. The shifts in Fe, Cd, end Pb may»be real or may re-
flect contamination effectss Further study would have to be undertaken to

clarify this ambiguity.

Replicate analyses. Replicate analyses of many of the elements were
- performed as a natural consequence of the broad applicability of(the inetrue
mental methods used. The elements Ni, Cu, end Pb were analyzed-by three
independent methods. The elements Na, Mg,.Cl, K, Ca, Ti, V, Cx, Fe, Co, Ge;
: Ae, Rb, Sr, Cd, Th, and U wereAanalyzed by two independent methods. Such.an-
approach permits identification of computational and measurement errors as
well as contamination,during_sample_preparation., In most cases, however, the
sensitivity of different analytical methods veries for different.elements,
end for many elements, only the lower limit of detection can be cited. This

information, while useful, 1is no substitute for ‘a quantitative value by a
lmore sensitive analytical method..

Neutron activation analysis i1s a partiCularly powerful technique for
 testing the internal consistency of the values presented. . The data from NAA
of three samples from DC-2 were checked-by onefor.more of six methods, thus:

1. . The same gamma rays were measured. v

1) with the same equipment at different times
b, with different equipments _ »
2. Different gamma rays of the same isotope were measured: .-
a. in the same counting period :
b. in different counting periods with the same equipment
-‘c.' with different equipment. .
3. fGamma rays of different isotopes of the same element in different
counting periods were measured:
a. with the same gamma ray detector system
b. with different gamma ray detector systems. _
4 The gamma rays measured‘in two different reaction irradiationslwere:
a. identical ' ' | |
A b. different gamma rays of the same isotope
Ce gamma rays of different isotOpes_of the same element.
5+ Duplicate samples were measured from the'same sample collection.

6. Samples collected at different times were measured.

It is possible to distinguish between meaeurementlerrore, sample prepar-

ation errors and sample collection errors as shown in Table IIIQS.
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Table III-5 - Qua]ity assUrance'méfhods used in NAA work.

' : " Typical - - Typical ' “Conclusion:
. Element Method Difference, % Counting Error, % (NAA technique)

A. Heasurement techhidﬁé‘checks.(all'Samp]es)‘

exCelleht

~Na - - 2b 2 . - 2
Cl ~Zb. - 100 : 5 S adequate .
Ba - 2c 16 ' 13 ~ excellent
Cs - 2a 8 - . 7 excellent

B. Sample preparation techniques (DC-2; 6/22/78 and 6/26/78)

~ Na 5 1 1 ‘ ~ excellent

- (1 5 . 6 -3 adequate or excellent
Br - 5 . 4 -3 : excellent -
‘Mo - 1 2 ~excellent

- Ba 5 14 - 7 - adequate
W 5 8 6 excellent
Cs 5 20 3 . poor
Sb 5 30 15 poor
Rb - b 4 -5 excellent

C. Sample collection technigues (DC-2; 6/21/78, 6/22/78, 6/26/78)

. Na 6 0.2 1 excellent
- C1 6 3 3 excellent
" Br 6 -3 3 excellent
" Mo 6 e 10 . excellent

Ba 6 6 7 . excellent
W 6 4 6 excellent
Cs 6 14 4 - poord

Sb 6 14 12 poord

Rb 6 3 4

. o A excellent
a Variation may be due to sample preparation techniques. '
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The measurement techniques for the four detected elements which could be
checked were excellent'or.adequate. The sample preparation techniques for
all elements above the one part per billion (ppb) level were excellent or
adequate. Two elements, Cs and Sb, Which were less than 1 ppb in abundance
showed variations of 40% in between two duplicate.samples which were not due
to measurement error. Thus the adequacy of tne sample preparation techniques
for tnese elements at their abundance level is questionable. The sample col-
lection techniques appear excellent.- Variations for Cs.may be due to sample
preparation techniques. ' ' |

Periodic replicate analyses of samples were also made by other analysts
to check the validity of their own data.

Dlscrepancies between analytical techniques for some elements at very
low concentrations (ppb - ppt (parts per trilliom)) may be attributed to dif-
ferent sample preparation techniques, or to differences in what was actually
analyzed. For example, analyses by NAA and XRF tend to yield higher values
than by AA. This is because the former methods will analyze for both dis-
solved and colloidal species. Similarly, AA normally reports lower values
than ZAA because the former method involved a preliminary extraction techni-
que that "sees" only dissolved species.

Results determined for K, Ca, and Ba by HXRF are low .due to.x-ray absorp-
‘tion as particle size effects are a problem. HXRFAanalyses are determined by
calibration with the bromine analysis‘by NAA. This means that any’error by
HXRF or NAA will be propagated through all analyses. 'The overall consistency

of replicate analyses is véry good, however.

d. Internal consistency of the analyses
. A number of checks can be made to test the internal consistency of the
analyses.- These include a test for electrical neutrality, reconciliation of

alkalinity titrations with co
2~

2 measurements and with pH, Eh_measurements with

» CH, /co NH, /N Fe */Fe ), ete.

Table III-6 summarizes selected analytical data relevant to tests for

redox pairs (e.ge, S /SO

electrical neutrality- Only those elements or components were included that
were present in  concentrations of greater than 0.0l milliequivalents/liter.
The calculated discrepancy between anions and cations,lis in all but one case
less than 5% of the sum. - When considering the relatively low concentrations
“of total dissolved solids in the samples analyzed, the level of agreement can

be considered. satisfactory.
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Table I1I-6 Cation/anion balance
, Concentration?, meq/1

"~ Juniper Rattlesnake Benson Bennett DC-6 Columbia River

S0 OO0 TN

Dc-2 -
ion Method mg/T-meq/1 (3243-3273 ft) Spring Springs Springs Springs (artesian flow) Fford Well McGee Well (Hanford Twns.}
factor 6/26/78- 7/28/18 7/31/78 8/1/78 8/3/78 7/21/78 . 8/11/78 8/13/78 7/25/78

Cations _ ' ‘ )
Na* NAA 0.0435 7.87+0.17 0.85:0.02 0.52:0.01 0;2610.01. 0.31:0.01 10.14£0.30 1.13+0.03 1.28+0.03 0.05
Kt SXRF 0.0256 0.08 0.13 . 0.08 0.04 0.04 0.08 0.14 .0.19 0.01
Mg2* - SXRF 0.0823 0.0 . 1.07 0.82 0.66 0.57 0.16 0.74 0.57 0.30d
Cazf “NAA 0.0499 0.01¢ 1.20£0.15 1.70x0.1 1.00:0.1  1.00+0.05 0.06¢ © 0.85:0.10 0.75:0.10 0.9520.1
sret HXRF "0.0228 0.0 0.0 0.0 . 0.0 0.0 " 0.0 - 0.0 0.0 0.2
Anions . _ _ | |
H3Si_04"f SXRF  0.0105 - 1.56 ©0.03 0.0 0.0 0.0 1.36 ~0.01 . 0.01 0.0 .
ct~ NAA 0.0282 2.68+0.08  0.13:0.00 0.11:0.00 - 0.09+0.00 0.17+0.00 3.53+0.17 0.14+0.00 0.14:0.00 0.30°
SH™ © grav_ 0.0303 0.19 0.0 0:0 0.0 0.0 0.0 0.0 0.0 0.0
S042-  SXRF  0.0208. . 0.20 S 037 029 0 - 023  0.21 1.77¢ 0.04 0.04 0.15
032~ color t  0.0333° . 0.90% 0.0 0.0 0.0 . 0.0 1.15P 0.0 0.0 - 0.0
HCO™  colort  0.1639 . 1.20° 3.05 2.66 . 1.39 170 . 0.84 2.88 . . 2.83 - 1.00
F= - electrode - 0.0526 - 1.11 0.03 -~ - 0.02 ~0.01 0.01 2.16 c.03 - 0.04 0.02
"OH™.  electrode 0.0588 0.08 - 0.0 0.0 0.0 0.0 0.13 0.0 0.0 0.0
Total cations. 7.96 . 3.25 - 312 1.96 2.02 . 110.44 2.86 2.79 1.33
Total anions . 7.92 - o 3.61 . 3.08 1.72 - 2.09 - 10.94 3.10 3.06 1.47
%error #0.25  -5.25 +0.65 ¥6.52 - -1.70 2.3 -4.03 ~4.62 © -5.00

Timit: 0.01 meq/T. -

carbonate equilibrium

SXRF value

AA value

gravimetric value C

calculated from SXRF data using the f1rst dissociation constant for HgS104



In order to'test‘for consistency between alkalinity, 002 measurements
and pH, and Eh and redox pairs, the selected analytical data given in Table
III-6 was augmented with iow concentration_though important elements relevant
to the thermodynamic stability of assoclated mineral phases (e.g., Fe; and
Al), and the'concentrations of the aqueous species present determineo through
the use of the distribution step of the FASTPATH code. This code nSes a data
bank of dissociation or solubility constants originally compiled by Helgeson
(1969) with some additional data supplied by Kharaka and Barnes (1975) of the

U.S. Geological Survey. Distributions were made using dissociation constants

. for 25° in all cases except for the analysis of water from DC-6, where a

temperature -of 60°C was used. Electrical neutrality was forced on the analy-

ses by addition or removal of a baiancing component.' C0'2_ was ¢hosen for

_ , , 3
all analyses except those of DC-2 and DC-6 where Na+ was used. The balancing

component was selected prﬁmarily on the basis of its predominance over other

components in soldtion. The oxidation potential was, in all cases except for

“the DC-2 analysis, held at the value measured in the field.

The results of the distribution are Sunmarized in Table IITI-7. The dis-

tributions show that sulfur is present entirely in the SO 2= state as veri-

4
fied by field analyses. ‘The only exception is in the sample from DC-2 where
sulfide sulfur was observed, and where it appears that the oxidation poten-

tial should be lower than actually measured. In all samples, the iron is

‘shown to be in the ferrous state. However, this appears unlikely in the

. Columbia River, which is exposed to atmospheric oxXygen. The reason for this

inconsistency probably lies in the questionable reading of Eh, that may have
been affected by the potential due to the Pt/Pt0 pair on the platinum elec-
trode (Benson, 1978). | o

The most.important'need for making a comparison between carbonate spe-
cies distributiou,based on alkalinity}measurements, and those determined by
the distribntion of species from chemical anal&ses occurs when the pH of the

sampled water exceeds 9.0. At pH = 9.0 or greater, a significant fraction of

“the carbonate species 1s present as carbonate ions, 0032', and H_,Si0 " be-

34
gins to appear< . Both species affect alkalinity measurements and must be

taken into account when making comparisons between’ species distributions

based on alkalinity measurements or chemical analyses. Table III-8 summar-

izes the distributions based on data obtained for water from DC~6. A compar-

ison is not made for water from DC-2, because alkalinity measurements were

not made on samples from this source.
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Table IlI-7. Concentration of aqueous species. |
' o Concentration, mol/kg waterd

L ' i , _ . _ ' Columbia River
DC-2 : Juniper Rattlesnake Benson . Bennett DC-6 : (Hanford

. (3243-3273 ft) Spring - Springs ~ Springs " Springs (artesian flow) Ford Well McGee Well Townsite)
Species  6/26/78 7/28/18 7/31/18 8/1/78 . 8/3/718 1/21/718 - 8/11/78 8/13/78 - 1/25/18
CET 0 0.79 -39 . 0.215 -53  0.877 -54  0.151 -53  0.811 -54  0.443 -4  0.391 -49  0.437 -48  0.109 -5l
WY 0137 -9 - 0.53 -8. 0.213 -7 0529 -7  0.33 --7  0.88. -10 - 0.106 -7  0.106 -7  0.209 -8
HS04~ - 0.647 -10  0.198 -9 - 0.421 -9  0.241 -9 - 048 -100 . 0.151 <10  0.112 -10
HS™  0.671 - 3 : - - . - -
HyS 0745 -6 _ , L. - . - - -
HCO3~  0.104 -2  0.252 -2  0.262 -2 0.6l -2  0.161 -2 _ 0.418 -3 0.255 -2  0.249 -2  0.102 =2
HpCO3  0.266 -6  0.263 -4  0.109 -3 0.170 -3 0.107 -3 0612 -7 -0.53 -4  0.523 -4  0.433 -5
Na* - 0.845 -2  0.851 -3  0.522 -3  0.265 -3  0.309 -3 0020 -1 0.113 -2. 0.128 -2  0.543 -4
NaCO3~  0.566. -4  0.35 -6 - 0.569 -7 0714 -8 0132 -7 0425 -3 -0.24l -6  0.267 -6 _ 0.2 -7
Nasog~ 0.614 -5  0.120 -5  0.566 -6  0.246 -6  0.261 -6 0052 =-3. 0.18 -6  0.214 -6  0.382 =7
K* 0.818 -4 = 0133 -3 0767 -4 0383 -4 0.409 -4 0,814 -4 .0.143 -3 . 0192 -3 0767 -5
kSO~ - 0.388 -7 0113 -6 ~ 0.502 -7  0.215 -7  0.208 -7 - 0.408 -6 0141 -7  0.193 -7. 0.291 -8
Mg2* 0.246 -4 0.491 -3 - 0,392 -3 . 0318 -3 0.279 -3 0357 -3 0.35 -3 0.277. -3 0142 -3
MgCO3 .  0.155 -4 0.213 -4 0433 -5 093 -6 0129 -5 ~ 0.206 -4 . 0.802 -5 0.613 -5 ~0.690 -5
MgHCO3*  0.143° -6  0.756 -5 ° 0.627 -5  0.327 -5  0.285 -5  0.575 <6 0.566 -5 0.432 =5 0.955 -6
'MgSO4 0.273 -6 0.116 -4 0.715 -5 0.521 -5 0.413 -5 0.453 -5 0.995 -6  0.794 -6 0.163 -5
MgOH* © 0.575 -6  0.309 -6  0.618 .7 0.207 -7 0.286 -7 0.196 -4 0.114 -6 0.887 -7 0.237 -6
MgF* - 0.793 -7 - 0.329 -5  0.202 -5 0.145 -5 0.115 -5. 0.145 -5 0.279 -6 0.223 -6 0.449 - 6
calt 0.530 - 5§ 0.554 -3 0.802 -3  0.481 -3 0.529 -3 0.183 -4 0.403 -3 . 0.356 -3 0.449 -3
Caco3 ~ 0.207 -5  0.150 -4  0.566 -5  0.881 -6 0153 -5 0118 =4 0.569 -5  0.49% -5  0.139 -4
CaCcO3* ©0.688 -7  0.93 -4  0.291 -4 . 012 -4 0123 -4 0300 -6 0146 -4 0.126 -4  0.68 -5
- CasSlg 0.469 -7 0.106 -4 0.118 -4 0.63¢ -5 0.632 -5 .0.57 -5 0910 -6 0.824 -6 0.415 -5
CaOH*  0.546 -8  0.155 -7  0.562 -8  0.139 -8  0.242 -8 038 -6 0.573 -8 . 0.508 -8 033 -7
Felt 0.219 -8 .0.241 -11 0.223 -10 0.450 . -9 0.384 -10  0.851 -16 0.393 -6  0.403 -6 0.297 -10
FeOH* = 0.650 -7 - .2 o376 -0 - - 0.161 -6  0.166 -6  0.640 ~-10
sr2*. 0115 -6 0.946 =~ 6 0.146° -5. 0.31 -5 0135 -5 . 0305 -7 0.846 -6 . 0.763 -6 . 0.940 =5
SrC03 0.198 -7 0114 -7  .0.440 -8 0107 -8  0.174 -8  0.615 -8 -0.531 -8 0470 -8  0.128 -6
SrHCO3* 0.148 -8  0.329 -7  0.507 -7 0.306 -7 0313 -7 .0.382 - -9 0305 -7  0.269 -7  0.144 -6
Srso; . 0.781 - -9  0.140 -7 0.5 -7  0.134¢ -7 - 0125 -7 0.5 -8 0.148 -8. 0.137 -8  0.673 -7
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Table 1II-7.

Concentration

of aqueous species (continued). _
Concentration, mol/kg waterd

DC-2 .

Rattlesnake | " Benson

Columbia River

Juniper Bennett DC-S (Hanford
{3243-3273 ft) Spring _ Springs Springs Springs- (artesian flow) Ford Well McGee Well Townsite)
Species’ . 6/26/78 - 7/28/18 7/31/78 8/1/78 8/3/78 7/21/78. . 8/11/78 8/13/78 7/25/78"
e . - - o - S - - .
Al(OH)p* 0.120 -9  0.172 - 6 0.114 -5  0.168 -5  0.148 - 5 0.106 -10 ~ 0536 -6 ~ 0.536 -6  0.295 =7
A1(OH)4~ 0,185 -5  0.168 - 5 0,706 -6  0.164 -6 0.365 - 6 0.8 -5 0,132 -5 0,132 -5  0.182 -5
A1(0H)2* 0.35 -10 0.915 -9  0.325 -8  0.181 - 8 - 0.211 -9 = 0210 -9 . - -
ATF,* - © 0.163 . -9 . 0:958 -9 = 0.325 - 9 - . 010 -1 -0.119 -9 .
AIFZ* - 0.299 -10  0.213 -9 0.735 - 10 - - - -
AlF3 - 0.269 -10 - 0.127 -9  0.423 -10 - 0.226 -10 0.494 -10 -
Fes® 0.280 -28  0.226 -17 0.513 -16  0.565 . -15  0.902 -16 ~0.196 -23 - 0.197 -16  0.180 -17 - 0.494  -18
Fe{OH)* 0.409 - 8 0.586 -8 011" -7 . 0.448 - 8 0.179 -8 0.931 -8 . 0.8% -9  0.653 -8
“Fe(OH)3 . . ~ 0.282 - 6 0.102. -6 0779 -7 0492 - 7 0.267 -6 0.324 -6 0.299 -7  0.116 -5
Si(OH);  0.860 =3 0795 - 3 0741 - 3 0.647 - -3 0761 - 3 0.192 -3 0.863 -3 0912 -3 0.29% -4
H3$i04~ 0.169 - -2  0.381 - 4 . 0.893 - 5 0.306 -5 0571 = 5 0172 -2 0.206 -4 0217 -4 0351 -5
s2- 0.895 -7  0.517 ~-105 0.194 -103 0.214 -98  0.334 -102- 0.161 -103 - 0.185 -69  .0.459 -61  0.708. -95
so42~-  0.945 -4 0.168 -3 0.126 - .3 0102 -3 -0.931 - 4 0725 -3  0.185 -4 0.187 -4  0.668 -4
ey~ 0.531 -3  0.297 -4 0775 - 5. 018 -5 0289 - 5 0.538 -3 0148 -4 0144 -4  0.283 -4
OH- 0.880 -4 0214 -5 '0.539 - 6 0.212 -6 0.336 - 6 0.13¢ -2 0107 -5 0107 -5  0.527 -5
F~ . Qdll - -2  0.230 -4 0:169 - 4 033 -4 0131 - 4 0.216 -2 0.323 -4  0.419 -4  0.238 -4
- 0.268 -2 0032 -3 0109 - 3 0.80 -4 0166 - 3 0.353 -2 0137 -3 013 -3  0.282 -4
gg;ggﬁlggs Na* C032~ o cog? - 032 €032~ o Nt © 032" gz c032-
Total . 0788 -2  0.287 -2 0.268 -2 0139 -2 0.166 - 2 0101 -1 0.276 -2  0.270 -2  0.547 -3
T°§$la] 0.851 - -2  0.2664 -2 0.279- -2 0.180 -2 G174 - 2 0126 -1 0.266 -2  0.249 -2  0.108 -2
' I°g§§ength 0.925 -2  0.435° -2 043 -2 0.283 -2 .0.289 - 2 0.3 -1 036 -2 - 0383 -2 0197 -2

a The approximation that mol/1 = mol/kg Hp0 was used to caiculate the distribution of species.
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Table ITI-8.° Comparison of measured and calculated concentration of
aqueous species from a sample drawn from DC-6.

. Concentrations of aqueous species, mol/l

Measured,' C Calculated _
y (distribution of species based

(alkalinity titration) on chemical analysis)

Temperature 46°Cc | . 25% - l o 60°C
pH 1041 101 1041
$109 | | 0.19x10~2 - —_
 S1(0H)4 3 | - © T 0.461%1073  0.192x1073
H3$10,~ L e o 0.145x1072 . 0.172x1072
032~ | C o o.212x1072% - 0.593x1073 0.538x1073
- HCO3™ '  0.836x1073. 0:707x1073 " © 0.418x1073

% ReportedAvalue expressed as.CO32f,vbut includes H381047. -

>2. Analytical Development.

- a. Mass spectrometry using the 88-~inch Cyclotron. .

The measurement of 1isotopic ratios using’ the 88 inch cyclotron at LBL
was investigated by R.- Muller, with the purpose of establishing the feasibi-
lity of counting 140 in groundwater with COg derived from a one liter sample :

" (Muller, et al., 1978; Stephenson, et al., 1978)+ This would avoid the need

for 100 .1iter samples and their subSequentvextractions (which proved unsuc-

cessful in FY 1978) and-allow.the_use of'discrete downhole samplers. - No

"Pasco Basin_sanples were run on the LBL cyclotron as there are. still somé

contamination problems to be overcome in the cyclotron. A new external ion
source is presently under construction; this would allow samples to be run at
a cost economiCally comparable to standard beta decay counting techniques.

Muller also investigated the detection of 36Cl;’usingithe 88-inch

cyclotron.' A limit of 10-12 for the 36Cl/35Cl ratio was achieved‘with p6331+

bilities of improvement using the new external ion source.* As chloride ion
is generally soluble in groundwater and is probably only slightly adsorbed by
host rock minerals, this promises to be a very useful technique for age dat—

ing and'groundwater hydrology, particularly as it is remembered that 3601 has

'*The Rochester tandem Van de Graaf accelerator has been used to measure the

Cl/ 5¢1 ratio in six natural waters from Arizona:  Samples of one to five
liters of water had ranges from 1,12 x 10~13 to 2 x 10"'1 with a. background -

~ level below 3 X 10-15 (Elmore et al., 1978).
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a half-life of 308,000 years: Once 36c1 formation in the atmosphere and
underground is better underétood, this age dating technique may be valuable

in deep aquifer systems as found in the Pasco Basin at Hanford.

b. Measurement of'234U/238U

Measurement of this ratio in the water samples c»llected is being under-
taken by M. C. Michel using the 5 foot radius, high precision mass spectro-
meter at LBL. There are numer ous problems associated with measuring ages of
Pasco Basin aquifer waters by this method. Basalts in the Pasco Basin may
contain two to a few tens ppm uranium, which may compiicate interpretation.

The 234U/238U disequilibrium measurements are being made mass spec~-
trometrically on aliquots of apprdximately-SOO ml samples,'acidified with HC1
in the field and sealed. The chosen aliquot is "spiked" with a known amount
pf pure 233U to allow dete:mination_of the total uranium concentration-at
the same time that the 234y/238y igotope ratio is measured.

Chemical separation from other elements 1is done by anion exchange tech~
niques involving a minimum of handling to reduce contamination by natural
(equilibrium) uranium. Mass spectrometric measurements are made by sequen-
tial rapid écanning.of the uranium mass region and'difect ion counting. The
instrument being ﬁsed will allow the 234U/238U ratio to be measured to
an accuracy limited»pfimarily by statistics (approximately 2%‘15 adequate),
since‘background at the 234 mass pbsition due to scattering of the 238y {on
beam is well below the 234U,ion intensity.: ' |

Interpretation of the data requires information on the uranium concen-
tration and distribution in the aquifer rocks.. This can be obtained from
drillcores. Information is also required on the hydrologic properties of the

aquifer under study.

Ce Dissolved Gases

.An analyticai system was developed by A. S. Newton and S. P. Lubic at
LBL to detgrmine'the level of dissolved géses, partiéularly helium, in
groundwater. Helium-4 is a candidate for age dating groundwaters. A number
of one liter stainless steel sample containers and associated valves and
fittings were tested for vacuum tightness. After evacuating the sample con-
tainers, 20.0 torr of an internal standard gas mixture was added to each
sample container. The gas mixture consisted of 3He,'Kr and CF4. The e was

‘used as an internal standard for the measurement of_4He dissolved in the

water. Kr was used to measure the efficiency of gas recovery from the water
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and sample container, and CF4 acted as a carrier for gas transfer in the

vacuum system ‘and provided a suitable expansion volume for the water in the

sample containers. Atmospheric contamination of the sample ‘was prevented by

alternately evacuatlng and purging the sample line with CFy . before the water
samples were aspirated into the sample containers.

‘The samples were transferred to the vacuum system by means of stainlessv

-steel lines connected to- a two-liter collection flask fitted with a large

cold finger to prevent-water'contamination of the vacuum system. .The traps

and- two-liter vessel were evacuated prior to sample introduction. The water

was allowed_touflow into the collection flask and then degassed. Evolved

gases were'collected in a series of traps. After degassing was complete .the

' traps were isolated from the collection flask and vacuum manifold,'connected

to a Teoplerlpump; allowed to warm and the evolved gases transferred to a

.. thermostadted. gas buret. The gases were then transferred by mercury displace—

ment from the gas buret into evacuated demountable sample bulbs and analyzed

‘w1th a CDC model 21-103 mass spectrometer. Gas standards were run to deter-

‘mine mass fragmentation'patterns and sensitivities- Analyses of various gas

fractions were performed and the water basis determined.

F. DISCUSSION_AND RECOMMENDATIONS'

1. Contamlnation of water from deep wells

Limited experience was gained collecting samples from deep wells. How—
ever, what was done emphasized the need to develop sampling techniques that
both minimized contamination and permitted the level of contamination to be
measured. _ A ' : | “.' ‘

Only three samples were collected in DC-2 during swabbing. .:Although
temperature, pH, and conductivity were constant, the presence of tritium. in
the last sample (16.40 % 0.50 T. Ues 6/26/78) suggests contamination of
the aquifer by drilling fluids. Columbia River water (78 30 T 2.40 T.U.)
is the most likely source of the tritium as this water was used during the
drilling and cleaning of DC=2. Approxﬁmately 64,000 gallons were:swabbed
from DC-2 before the last sample (6/26/78) was taken, .thus emphasizing the’
need to consider the potential for contamination of'aquifers before drilling
commences. ‘ . S | _ |

'This contamination may have been due to the presence of a lost hole‘that
was open in - the adjacent DC~1 from August, 1969 until March, 1972. Due to
unstable conditions in the 1nterbeds of the Mabton Formation. (830 to 940 ft)
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and to problems with a Lynes retrievable bridge plug which had become wedged
at 1224 feet, the original 9 7/8" diameter hole was plugged with cement above
the packers. Attempts to reenter the original hole were unsuccessful result-
ing in "...the hole being sidetracked'and ultimately lost." (Fenix and
Scisson, Inc., 1969)%, | ‘

This hole remained open between 1264 ft, where the Lynes packer was sub-
sequently relocated in 1976, and 5661 ft; except between 2045 ft and 2171 ft
where cement had anperently moved from the 1969 sidetracked hole into the
original hole (Fenix and Scisson, 1972). The successful recovery of the ori-
ginal hole was followed by the'instellation of the presentlyvfunctioning DC-1
piezometers. The recovery and complerion:report (Fenix and Scisson, Inc.,
1972) mentions losses of "approximately 150 gallons water per minute":between
2963 and 5350 f£t. The possibility of mixing of waters from the various aqui-
fers should be evaluated in considering the present hydrogeochemlcal data
obtalned in the LBL FY 1978 study.

On-site evaluation of groundwater contamination of drilllng fluids is a
major sampling problem. Conventional use of conductlvity, pH or temperature
~ were not found to be adequate means for Judging representative formation
water. Tritium levels end total organic carbon levels give{after-the—facr
information on mixing of aqulfers with drilling fluids and detergent or poly-
meric "mud" contamination respectively- The rare earth elements detected by
neutron activation analysis may also be used to indicate the presence of ben-
tonitic drllling muds. _

The only reliable means of on-site detection of contamination is to in-
clude a tracer compound in the drilling fluids at the time of drilling. This
compound; must be chemically stable, inert, nonadsorptive, nonpartitioning
from the aqueous phase,‘capable of easy extraction and deteotion, and non-
toxic at the levels of application. Conventional hydrological tracers, such
as fluorescent dYes, satisfy somevof these criteria. A nore-satisfactory
clase of compounds would be fluorocarbons derecred by electron‘capture'gas
chromatography or by Fourier transform infrared spectroscopy for the hignly
specific C-F bond. | A ' '

Complementary to the need to develop monitoring systems to assess the
presence of formation water is the need to evaluate and quantify the source
and level of contaminarion.. An outline for laboratory studies to examine the

"leaching of contaminants from materials associated with the drilling process

*This Fenix and Scisson report incorrectly refers to the Mabton Interbeds as-
the Vantage Formation, and the Selah Interbed as the Mabton Formation.

I11-32



and the downhole‘envirqnment was deVeloped (Dubois et al., 1979, appendix A).
Contaminination‘of groundwaters from the drilling and sampling‘process is a
difficult and serious prpblem.that needs to be overcome before hydrogeochem-
ical data, ‘and its interpretatien, can'.be regarded as representative and
reliable. | | |

The scarcity and uncertainty of available data from Hanford'emphasizes
the hnportance of overcoming the contamination problems inherent in drilling
‘deep wells. In this regard, Maxwell (1976) states:

It is trite to say that an -analysis is no better than the
sample that it represents, but it is a fact of life that is too
of ten either not fully appreciated, or completely ignored. Much
time and labor is expended on samples which are not worthy of the
effort: an attempt is then made to justify this unneccessary work
by drawing conclusions from the data that, unfortunately, may be
misleading or incorrect because of the nature of the sample.

'Ihis publication provides an ‘excellent general background on methods for over-

coning problems of‘sample'chtamination. Further useful background informa-
tion on container preparation is provided by Rober tson (1968), Moody»'and
Lindstrom (1977),‘and Bowditch et al. (1976). A useful literature survey on

- sampling, handling and storage of water for analysis is presented by Maienthal

and Becker (1976).

Of ten . useful information is mbstlyA derived from _marine> and aquatic
chemistry studies where the prine‘interest is in nutrient and trace‘element -
levels. Because these levels are often extremely low, contamination from
sample containers may be higher than the levels in seawater. Workers in the
marine and aquatic chemistry fields have therefore been forced to develop
sampling tools and techniques to a high level of sophistication. This devel—
opment provides a very useful precedent for workers in hydrogeochemistry,
problems brought about by drilling, limitations on downhole tool size and the
nature of the downhole environment make contamination the major obstacle in
data eollection. ' .

While the potential for cdntamination of groundwaters should be évident,
there are few references that express corcern or understanding of the magni-
tude of the»problem or ways to alleviate it (GAIN, 1978). Both Brinkmann
(1974) and'Marine (1976) address the problem of drilling fluid infiltrationm.
Marine states that "it is absolutely essential to know the history of fluid

injection and removal before the assumption can be'made'that‘a particular.

‘'sample is representative of the native water." He goes on to say that: '"The
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history of each well and the probability of contanination must be considered
before using these data to interpret the geohydrologic history of the area."

To deal with drilling fluid contamination it may be necessary to. change
the drilling technique. In regard to the Savannah River region, Marine'sug—
gests that: | '

Because of the difficulties experienced in obtaining reliable
‘water samples when water was used as a drilling fluid, air was used:
as a drilling fluid on all wells drilled from 1967 through 1971.
Although using compressed air as a drilling fluid eliminated conta-
mination of the formation with foreign fluids, it thoroughly aerated
any water samples collected during the drilling process. The satura-
tion of the water specimens with air probably caused an alteration
of pH and perhaps other values. However, samples taken from air-
drilled wells are considered more representative than samples taken
from the water-drilled wells. The most reliable samples are. those
that were later pumped or drawn. from a well that was drilled with
air.

However, it should be_recogniZed'that there are possible problems'aéso—
. ciated with the use of aire. Air-invaeion into formations of interest'often
" is not easily'dissipated, and therefore can'greatly affect the hydraulic pro-
perties of the formation. Since research. nells are usually drilled both for
the ‘acquisition of the hydraulic properties of an aquifer, as well as for
groundwater chemistry, this detraction should be considered.

_Possibilities for alternate techniques and their. economic and technical
evaluation’ are given by Campbell and Lehr (1973) . The most relevant commen ts
for drilling on the Hanford Reservation may be that° '

"Experience on ARH-DC 1 shows that mud is required as the cir-
culating medium when drilling geological holes. Water and/or air
should be used as the circulating medium on hydrological test holes,
therefore, it 1s not practical to obtain optimum geological and
hydrological data from one hole. "(Fenix and Scisson, Inc., 1969)

As a result of the experience gained sampling well DC- 2 four areas were
clearly recognized where existing technology or knowledge was inadequate to
ensure_reliable groundwater samples. Further research and development is
needed as suggested below: _ _

(a) Drilling technology: A preferred method of drilling that minimizes
contamination of aquifers with drilling fluids by liniting the invaSion.vol—
ume is needed. This could include the evaluation of integrating sampling
with drilling, so that as an aquifer is breached it could be sampled before
the invasion of drilling fluid becomes significant.'_Holee'could be drilled
"with air as suggestedhby Marine, but in this case, the holes would probably
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have to be restricted to geochemical purposes, Contamination of the ground-
water with oxygen would have to be assessed and the impact of oxygen on sub~
sSequent chemical analyses determined. v

(b) Contamination monitoring. Methods exploiting chemical or physical
differences'between contaminated and uncontaminated water cannot be-trusted
to provide the degree of precision needed to estimate the'level of'contamina4
tion remaining in the water being sampled. Promising tracers such as fluoro-
carbons should be mixed :with drilling £luids at the time of drilling. ' New
tracer detection methods should be tested and developed_for continuous moni-
toring of fluids in the field at the time of sampling. New tracers shouldvbe
developed that would be most suitable for contamination monitoring.

(c) Sources of.contamination.’ Although the drilling fluid is the most

“obvious source, casings, grout, interbed aquifer flow, drill cuttings, and .
.sampling devices may also cause unanticipated contamination.. These need to
be evaluated and ' their significance established 'so that appropriate action

. may be taken..

(d) Downhole sampling devices:  Formation water samples.must be ob-

E tained directly from the horizon selected for investigation and should be

isolated in a sampler that will not contaminate the sample. ‘Such a. sampler
should be capable of recovering discrete_one to two liter.samples. Al terna-

tively, a downhole pump should'be developedvthat'is capable of delivering

-contamination—free samples of similar size at the surface in . a reasonable

length of time.

Samplers should also be available for- specialized purposes such as dis~-

.solved gas samplers capable of being heat baked evacuated, and filled with

an internal standard,_or trace element samplers made of or coated With:teflon.'

2 Sample preparation and analysis

The originaliintent,of the project was .to evaluate'and interpret the

'chemical and isotopic data from the collected solution samples in terms of

the applications specified in the introduction to this‘section.' However,

- both the number of samples collected and their distribution does not permit

- such an ambitious effort at this time, and funds are not ‘available for such

an effort. More samples must be collected, analyzed, and-compared before

useful conclusionsocan beldrawn.' Furthermore, not all of the chemical or

-isotopic analyées originally planned for this study were made. This was

partly due to the collection and sampling techniques not ‘having been wholly

suitable for solutions of the compositions actually:encountered'in'the field,
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and‘partly due to some of the elements In solution being below the limits of
detection for the method used,‘and partly due to termination of the project
prior to completion of the analyses. Modifications in sampling techniques

were incorporated in the Field Operating_Procedures as a result of the exper-

.lence gained.

The short duration of the field program did not allow springs; artesian
wells, or the Columbia River sites to be sampled a second time. An extended
period of swabbing and a contractual deadline limited the_sampling-time on
DC~2 so that only one complete sampie was taken. DC-6 was to be extensiveiy
sampled, with duplicates and "blind" samples, when the program was terminated.
Furthermore,‘analytical results were returned after the ‘termination of the

program and did not  allow .this experience to .be included in the sampling

system.

The most serious problembencountered in the field, following the conta-

mination of aquifers by the drilling process which is discussed elsewhere in

- this report, -was the .carbonate extraction system for isotopic analyses of

carbon. The field system involved the acidification of 100 liters of ground-

" water under a closed nitrogen atmosphere, with purgingiof-evolved carbon di-

oxide by nitrogen bubbled through the carboys and into carbonate-free sodium

hydroxide traps. . The. precipitated sodium carbonate was sent to the analyst

in the sodium hydroxide solution for subsequent carbon dioxide evolution and -

counting.

There was some difficulty maintaining a 1eak-proof plumbing system be-
tween the carboys and the traps. This was partly from excess acid destroying
the sealing material around the fixtures and from back-pressure build-up
caused by the precipitation of sodium carbonate on the aerators in the traps.
These difficulties were overcome and fourlsubsequent extractions produced
roughly a half~inch deep precipitate in the bottom of a 3-inch diameter
cylinder. Assuming a pulp density of 10% and a specific gravity of 2.710 for
calcite, this represents approximately 15 grams of precipitate..'This'preci-

pitate proved inadequate for carbon-l4 analysis although the extraction pro-

cedure appeared to be working efficiently and groundwaters contained enough
material for analysis. Hence no carbon-14 data 1is reported. It would seem

that careful barium hydroxide precipitation under a closed ‘gas atmosphere

without acidification may be a more practical extraction procedure.

Over the_longer run, techniques using much smaller sample volumes .are:

recommended for l4C determinations. The promising.deyelopments at LBL using.

the 88-inch cyclotron. in which samples as small as one liter are required,
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- the titratable species, H,5i0°

should be inVestigated further._ ' Not only. are lengthy field extractions
avoided, but “the possibility of contamination is markedly. decreased. The
latter consideration becomes particularly important when ancient (>20, 000 yr)
groundwaters require dating by this technique. o

In an on-g01ng field sampling program the rapid turnaround of analytical
results is essential for making decisions and adjustments in the field sampl-

ing and analysis procedures. The data presented represents the first stage

in the development of a thorough groundwater chemistry program. Interpreta—

tion. of this: prelbminary data is not possible at this stage, but some com-
ments can be made as a result of the evaluation of the analytical data.

The DC- 6 carbonate value from the field alkalinity titration (127 mg/l
2~

‘CO 3 ), when corrected by equllibrium calculation at 46°C for the presence of

2 .

yields a value of 84 mg/l 003 « This.

3 4 ?

-C032“ value is too high to be in equilibrium with HCO3~ (51 mg/l) from- the

same titration, But should approach 35 mg/l CO32’,'aSSuming'the'Hcoj‘_valuev

~ is correct. .

This carbonate-bicarbonate anomaly is also observed in analyses reported
by La Sala and Doty (1971) in DC-1 in a number of deep zones, one of which
closely approximates the 3243 - 3273 foot zone in DC- 2. ‘These authors state
that "the~proportion-of carbonate to.bicarbonate increasesvas the pH in-

creases, until at a pH of aboutvIO,-essentially only carbonate is present."

- While this trend is observable in their data it does not follow fron'carbon~

ate equilibria. A more likely explanation is the uncorrected. interference

from the H3SiO4 ion which is present in -amounts" equivalent to that of the

.carbonate ion because of the high pH of these groundwaters.

Although the H3SJ.04 ion interference has been corrected for DC~- 6 data,
a large discrepancy with carbonate equilibria still remains. An error in ti—
tration seems unlikely when the same pattern appears in the La Sala and Doty

data. _Further interference from an .unknown ion is a possiblity that requires

‘more investigation. This enigma needs to be resolved for a proper under=-

standing of the groundwater:chemistry of high pH, deepYWaters-in basalts of

the Pasco Basin._: _ ' T o
Measurementvandvevaluation of stable.redox potentials'in the field needs

further development. The low concentration of components pOising'the oxida-

tion potential makes such measurement. of Eh using the platinum electrode both;

" difficult and unreliable. ‘Further thought should be given to indirect meas-

urement through evaluation of the distribution of.dissolved_gases;and.

sulfate/sulfide ratios.
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Measurement and evaluation of stable redox potentials in the field needs
fur ther deVelonment. The 1ow concentration of components poising the oxida-~
tion potential makes such measurement of Eh using the platinum electrode both
difficult and unreliable. Further thought should -be given to indirect meas-
urement through evaluation of the distribution of dissolved gases and
sulfate/sulfide ratios. ) | | o

Because of its 1mportance in thermodynamic calculations, the concentra-
tion of aluminum should be determined quantitatively.v Distributions of
- species calculations indicate that the actual concentration of aluminum
nresent probably ranges from a high of Q0.0Sippm-Al in DC-6 to a low of
0.00025 ppm_Al‘in Rattlesnake Springs. BeCause of the large fluoride_content

in most samples obtained so far,'it'will be necessary to develop alternative

methods for measuring the concentration of aluminum in groundwaters from the

.Pasco Basin.

Analyses not:carried out in this pfogram but which require some examina-
- tion for their potential importance include soluble organics such ‘as humic
and fulvic acids, Li, B, NH and PO

4 2°5 : :
-The concentrations ~of dissolved Cd, Cu, Ni, Pb,” and Zn in the Pasco

Basin water samples as analyzed by atomic absorption spectrophotometry and
presented in Tahle I11-2, Wete examined by D.. Girvin who made the following
observations. ' h C

Trace metal concentrations in the Columbia River sample can be
compared to concentrations recorded in. seven samples obtained from
the Sacramento-San Joaquin Delta over a period of 1 1/2 years
(Girvin et al., 1977). Average trace metal concentrations in the
Delta samples were 0,011 pg Cd/1, 1.77 ug Cu/l, 0.80 pg Ni/1l, 0.07
ug Pb/l, and 0.30 ypg Zn/l. Columbia River and Delta Pb and Zn
values are comparable, while Columbia River Cu and Ni values are
3-4 times lower than the respective Delta values. The Cd concen-
tration in the Columbia River sample, on the other ‘hand, is four
times higher than the average Delta concentration. Since only one
Columbia River sample was analyzed, no significance can be ascribed
to these variations; however, they may reflect real differences in :
‘the mineralogies of the drainage basins. '

Well DC~2 was sampled-over a period of six days during which
time approximately 8000 gallons per day of water was withdrawn from
3243-3272 feet by the swabbing technique. Only Pb concentrations
decreased during this period while concentrations of the other ele-
ments remained quite constant. Comparison of Well DC~2 with Well
DC-6, which had a deep artesian flow of more than 15,000 gallons.
per day for several months, shows that Cu and Pb concentrations

" were substantially lower in the flowing well. Zinc levels in the
two wells were equivalent, while the Cd concentration in Well DC=-6
was unexplainably higher.
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Dissolved Cu, Ni, and Pb levels in the four spring samples
were uniformly low. The source of variability in the Cd and Zn
levels is not readily apparent; however, -the high Zn concentration
in Bennett Spring probably derived from a galvanized pipe used ‘to
channelize the flow for livestock watering. ‘

Trace metal concentrations in the two artesian wells, Ford and
McGee, which have been flowing since the 1920°s, were also low and
.generally equivalent to the spring values. The higher Cu and Zn
levels in McGee Well may have been due to the large cast (bronze”)
head affixed to this well.

. Mass spectrometric technlques for the analysis of rare gases and other
gases dissolved in the water samples did'not attain the sensitivity needed
for the interpretive studies originally planned. Future work will require
lthat greater levels of sensitivity_be achieved if the rarevgases-are to be

used for the estimation of the temperatures of the waters at the time they

~were last exposed to the atmosphere, or if %4e and Ar meaSurements are to be

used in interpreting relative ages of different waters. The concentrations
of other gases present in groundwaters, but not always detected in th1s study
such as Hy and CjyHg should also be determined quantitatively.

New age dating techniques in which such isotopes as 36Cl 81Kr and
234U/238U can be used to estimate the apparent age of groundwater, should be
developed fur ther and the sample size required for analysis should be reduced
to more manageable proportions. - In this regard, the ‘use of the cyclotron as
an extrenely sensitive mass spectrometer for 36C1 and 8lkr should beueonsi-d
dered seriously. . ' v ' ‘ ' |

As a result of the initial experience gained in the sampling of ground-
waters at Hanford, the following recommendations are made: - _

(a) The collection of carbonate samples for 14C analyses should be ﬁn—
proved so that contamination—free samples of sufficient size for analysis can
be obtained. ‘

(b) New methods: for lac analysis should be investigated that require
smaller—sized samples. '

(c) Discrepancies between species distributions based on alkalinity
measurements and those obtained from chemical analyses must be resolved. The
presence of as yet unidentified species in solution should be investigated,
especially for waters from deep holes such as DC~-2.

(d)  The accurate evaluatlon of oxidation potential in groundwater

should be investigated further. Direct measurements using a platinum'

electrode should be reconciled withICalculated'values based on species
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eleetrode ehould be reconciled with calculated values based on species
distributions, or satisfaetofy explanetions should be obtained for the
d1&crepanc1es. ' » ‘ ‘ _ ' v

(e) An 1mproved analytical method of measur-ing low aluminum concentra-
tions ( ~#0.00025 ~ 0.05 ppm Al) in the presence of fluoride ion concentra—
tions as high as 40 ppm should be developed. ‘

(£) Soluble organic components such as humic and fulvic acids, Li, B,
.NH4+ and P05 should be analyzed in groundwater samples to determine whether
these species are signlficant. _ ‘

(g) A more sensitive analytical. technlque ‘is required for the measure-
ment of rare and other dissolved- gases than was used in the present study.
R (h) Support for research in- new age-dating techniques through the meas-

‘urement of 3601 81Kr or 234U/238U should continue.
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IV. PASCO BASIN MODELING

A. . INTRODUCTION |

iMathematical modeling can be usefully employed in' two areas of the-Pasco
Basin study. The first is understanding the disposition‘of'the4regional
groundwater system, with emphasis on determining the feasibility of selecting

-a suitable site for a deep repository in basalt. The'second,is'to:help in

thehdesign of certain hydrologic field tests . and the interpretation of data

forthcoming from these. The'first'task, basin'modeling,,is a long-term.one,‘

During FY 1978 basin modeling was limited to a ‘thorough- review of existing

-geologic. and hydrologic data for the Pasco Basin‘and development'of con-

ceptual mathematical models that would best'be capable-of simulating the

" known field conditions. Well test simulations were conducted‘of drawd own

'1tests in low permeability formations such as those likely in the deep basalt

system in. order that meaningful data could be gathered and interpreted.

B. THE CONCEPTUAL MODEL

The purpose of basin modeling is. to 51mulate the regional hydrogeology

vof‘the_Pasco basin with special reference to the deep basaltic system. In

order to develop the model, it 1is first neceésary'to study the hydrology'of.

. the Pasco Basin in terms relevant'to-mathematical modeling.’,Basedxon this
‘study the utility of existing'models for simulating the'required field prob-

"lem would be evaluated and improved models would be developed if necessary.

In general mathematical simulation of the regional groundwater system
requires four categories of 1nformation-_ These are: '
a)-'Geometry. Areal extent, limits and shape of the flow region° nature
of layering. _
» b) Material Properties: Permeability, heterogeneity, anisotropy, stor-
| ativity, porous, fractured, or fractured—porous disposition of the
‘materials; porosity. =
c) Boundary Conditions: Disposition of surrounding groundwater divides
' interaction of deep system with the shallow sedimentary system and
the Columbia and Yakﬁma Rivers; interaction of the Pasco Basin with
,neighboring hydrologic ba81ns. _ | : |
d) Initial conditions: The distribution of fluid potentials over the
' Pasco Basin and the distribution of fluid fluxes within the basin at
the present time. | ' o
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‘Data fiom deep groundwster systems is generally scanty and hence consid-
erable judgement has to be exereised in interpolating or extrapolating from
known, generaliy'Sparse field data. The degree of uncerfainty is a very
important attribute of field data and has to be considered in the simulation
task.

1l - Present State of Knowledge of Pasco Basin Hydrology

In a broad sense, the Pasco Basin groundwater system can be divided into
~two parts: the shallow sedimentary system comprising the Ringold formation

and the post-Ringold glaciofluviatile and -alluvial materials,band the bedrock

system comprising the basalts of the Columbia River Basalt group ranging in

'age from Late Miocene to Middle Pliocene (Atlantic Richfield Hanford Company,
1976). The deep groundwater system in the Pasco Basin, which 1s of particular
.concern in this study, is loosely defined to constitute formations below the
Mab ton interbed.'; The upoer boundary of the déep‘system thus communicates
ﬁhrough the Saddle Mountain basalts with the shallow, unconfihed groundwater
system. The lower boundary of the deep hasaltie system is much harder to
define. Although itvmay'be reasonable at this time to consider formations
within 1,000 to 2;000 feet below the Umtanum, the actual definition of'the
lower limit wiil‘have to be governed by deep hydrologic data that will

be forthComing with new explorétion'activities; The lateral limits of the

groundwater system in ‘the Pasco Basin are also not clearly defined. The
reason for this is that-there may exist several groundwater systems within
.the basin at varying depfhs. Each of-these_systems may span different
recharge—disoharge‘areas ahd, as Toth (1963) points'out; deeper systems tend
to encompass much larger areas than.shallow systems. Since very 1it£1e data
is at present available beiow the Umtanum, it is oniy possible.to estimate
how far to expand the basin area in order to realistically model the deep

groundwater system.

2, Previous Studies on Hydrology of Deep Basalts in the Hanford Region for
Evaluation of Radioactive Waste Disposal Feasibility

Unconfined flow in the sedimentary deposits has heen studied and numer-

ically modeled at Hanford; however, a model of flow in the deep basalt

has yet to be developed (Deju, 1974; -Atlantic Richfield Hanford Company,
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l976). Gronndwater movement'in basalt aquifers to theinorth_and east has
been modeled numerically,based on‘data from water-supply wells,'few‘of which,
however, are deeper than 1,500 feet (Luzier and Skrivan, 1975; Macnish and
Barker, 1976; Tanaka et al., 1974) .. _ o |

Several deep holes havebbeen drilled and studies undertaken in an’effort
to make a preliminary determination of the favorability of the geologic and
_hydrologic regime at depth since the National Academy of Sciences (NAS,
1966) made 1ts recommendations that the feasibility of defense waste storage
in basalt on ‘the Reservation be evaluated.' A 10,655-foot exploration well in

the Rattlesnake Hills was re-entered (Raymond and Tillson, 1968) and a new

‘test hole, - ARH-DC~=1, was drilled to 5661 feet beneath the 200 East Areas
(Fenix and Scisson, ‘1969 and 1972a) . 'Permeability_and*pressure<tests.and
~other information from ARH-DC-1 were described by La Sala and.Doty'(1971) and’

" La Sala, Doty, and Pearson‘(l973). h Piezometer readings‘collected.inter-

mittently are ayailable'for DDH~3, DH—4 and'DHFS, drilled in 1970-72 (La

'~ Sala, 1976).' The only other wells on theﬂreservation deeper than 3000'feet

are the DC series wells (DC-2, DC-3, DC-5, DC-6, DC~7, and DC-8) drilled in
1977~78; hydrologic. information. obtained from thesefwells during FY 1978
consist of pressnre'measurements by LBL in DC-2, DC-6, and DC48,‘permeability
measurements by Science Applications'Incorporated in.DC—Q'(Deju; 1978), and
permeability measurements by WeK.- Summers Assoclates and by‘LBL.in DC-6.
Recent reviewers of the available hydrologic information ‘include
Newc omb et al. (1972), Piper (1975), Atlantic Richfield Hanford Company
(1976), Deju et al. (1977), and the National Academy of Sciences Committee on

"Radioactive Waste Management (1978). It is apparent from these reviews that

the great bulk of the data presently available is from the single hole
ARH-DC-1 and that more data is necessary to determine the hydrologic feasi-

bility of the deep basalts for defense or commercial waste diSposal.

3.' " Available Data on_the Geometry of the Deep Groundwater System
a. Structure ' -v. A

The Pasco Basin is in the central part of the Columbia River flood
basalts.and'contains the thickest known section of‘the Columbia River Basalt
Group (from drill hole RSH-1). The basalt.is folded intofbroadvsynclines and
‘tight, oceasionally slightly overturned anticlines (NAS, p. 141). The exact
nature of fault displabement along the‘crestsfof some.anticlines is now being

studied‘by.Rockwell Hanford Operations (Rockwell);'surface exposures of these
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faults are ooor (Shannon and Wllson 1977; Rockwell Hanford Operations, 1977).
Whether large displacements‘exist or not, throughgoing fractures in the axial
zones may well exist and may influence groundwater flow. La Sala et al.
(1973, p. 20),observed such fractures cutting across several flows at Wallula
Gap: . ,

Folding and faulting‘may affect groundwater flow in'various ways.
~Newc omb generalized from his experience in the area that 1) recharge may be
.facilitated where water-bearing rocks are brought near the Surface and
fractured; 2) tilting wmay control-groundwater gradient; 3) lateral permea-
bility may be reduced by gouge-filled fault zones, causing.zones of confined
water; 4) faulting and folding controle the shape of groundwater basins
-and 5) deformation increases vertical circulation-betWeen zones# (Newcomb,
- 1965, p. 32; Newcomb et al.,_l972). La Sala et al. (1973) found that sharp
folds and‘faulte may be barrlers to lateral flow. Ledgerwood and Deju (1976,
p. 26) found that the layers comprising the "uppermost confined aquifer"
(from the lower Ringold formation down to'the’Mabton Formation) appear. to be
connected along ' the Gable Mountain anticline. axis.  Some hydrologically
significant folding is buried beneath sediments dn. the northern part of the
Reservation (Ledgerwood and Deju, 1976).

It is clear that deformation may result in vertical faults or fractures;
vwhetherbsuch teetonically caused fractures act mainly to increase-vertical‘
permeability or to decrease horizontal permeability might depend on'whether
.particular faults and tectonic joints are filled with gouge; Rockwell
(1977) found mylonitic material at the Surface_in.a shear zone.atfwallula
Gap. Macnish and Barker (1976) attributed low transmissivities in the Horse
Heaven Hills area to the effects of deformation, and generalized that frac-
tures due to tight folding are likely to- reduce groundwater flow, due to

offsetting of permeable zones and plugging by pulverized rock.

b. Nature of Layering

The basalt flows and interbeds are:fairly continuous geologic units;
individual. flows in the Upper Yakima basalt have been traced for .tens of
kilometers (NAS, 1978, pe. 138). Hoﬁever; the upper flows are complicated by
lenticular and discontinuous relationships‘(Energy Research and Develonment_
.Administration, 1975, p. I11-3~B-9) and tend to pinch'out at the margins of
the basin and to the northwest (Ledgerwood'and“Dejn,nl976). The'latter
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authors state that 'the structural and stratigraphic lrelationship of the
uppermost basalt flows beneath the Hanford Reservation is extremely complex.
Correlation of the Grande Ronde basalt flows by core analy81s is still
tentative: and based on few holes (ARHCO, 1976)

Due to the highly complex distribution of fractures, hydrologic con-

tinuity may exist across layers of different ages in certain areas. From a

fhydrologic p01nt of view, such hydraulic continuity may have far greater

1mportance than the geologic correlation of a single layer over long dis-

‘tances. Porous or fractured zones of various sorts =~- flow-top breccias,

vertical and’ horizontal cooling JOlntS,_ vesicular zones, and tectonically

”caused 301nts -- control groundwater movement in the basalt and are likely to

have considerable lateral variation (La Sala et al., 1973, Do 22 NAS, 1978,

© p. 138-140).

The 1nterbeds themsélves may act more as barriers to groundwater move-

ment than as. conduits (Newcomb et al., 1972 NAS, 1978, p. 140). » La Sala et

.al. (1973, p. 22~ 23)found the most permeable zones in the basalt sequence’ to

be not interbeds, but fractured upper contacts of_certalnvflows. Knowledge
of exactly which types of rock contribute'to~deepyflow could be‘improved'in
some cases by better correlatlon of hydrologic and lithologic data in deep
holes (Plper, 1975, p. 35-37). '

‘4. Existing data on the hydrologic properties of the deep basalts

~a. Permeability

Prior to FY 1978 the best current source of information on the permea-
bility‘of‘the deep rock units was the 1971 report by La Sala and Doty on DC-1
(pages 42 48 page 62). From field tests conducted” on intervals spanning

-various lithologies, La Sala and Doty computed ‘values on the order of 10"7

cm/sec for the hydraulic conductivity of "dense basalt". Laboratory tests on
core samples of basalt without open_fractures:gave'hydraulic conductivities
on the order of 10~9 cm/sec; this was taken to represent the intergranular

permeability. It was concluded that the observed field permeabiity in "dense

basalt" was due mainly to. cooling joints and other fractures.

Drill-stem tests for . permeability have recently been run by Rockwell in
RSH~1. Preliminary results indlcate permeabilities on’ the order of . 10"8
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em/sec overall (RHO, 1977, p. 26) and 5 x 10~7 cm/sec for the interflow
zone lying directly beneath the Umtanum (Laughon and Deju, 1978). This
latter figure is in contrast with La Sala and Doty’s determination of 2.4 x
103 cm/sec [50.8 gpd/ft2] for a fractured 10-foot-thick zonme in DC-1 at
a depth of about 3230 feet (page 45). In 1967 drill-stem tests of seven
ffacture and interflow zones in RSH-1 were rum by Cook Testing Company for
Battelle Northwest Laboratories; their results ranged from 2.9 x 1078 to
1.8 x 1072 cm/sec (0.03 to 19 millidarcies) (Raymond and Tillson, 1968).

Data on the aperture and continuity of fractures at depth are lacking.
Good core recovery for deep basalts in holes DH-4 and DH-5 (98.4%) provides
some evidence that fractures at depth may largely be closed or healed (NAS,
1978, p. 138). Deju et al., (1977, p. 30) state that fractures in the Pasco
basin  tend to be sealed with clays to an unusually high degree; This clay is
said to come from "numerous thin beds of clay-rich sediment and saprolite
deposited during the outpourings of the Columbia River Basalt". NAS (1978,
page 140) noted that sedimentary interbeds are notably lacking in the lower
part of the basalt‘sequence. Lithologic descriptions of a few spécimens
of core from DC~1 and DDH-~l do not mention clayey sediment below the Vantage
(La Sala and Doty, 1971). In support of a difference in fractﬁre permé-
ability between the Pasco Basin and other basins, Deju et al. (1977) note that
the Pasco basin contains significantly less groundwater of economic value
than other basins in the region; however, it is not clear from that réference
whether this is due to hydrologic or land-use factors.

It is important to determine what the nature of anisotropy in permeabil-
ity might be. There is speculation but little data. Piper (1975) general-
ized from water-well yields in other areas of the flood basalts that large
vertical piezometric gradients are not common and that among major water-pro-
ducing wells yield increases with depth. From these conclusions he suggested
that the basalt sequence might approach isotropy on a very coarse scale. On
the other hand, La Sala et al. reason (1973, p. 25) that since ﬁabular bodies
such as flow-tops and interbeds transmit water, "the average permeability of
the rock section as a whole is therefore much greater in the direction con-
cordant with the dip than in the discordant or cross-bed direction. In an
area uncomplicated by structural features, water will tend to move more

readily in'a horizontal rather than a vertical direction,"
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Based upon the results of La Sala et al. (1973), Ledgerwood and Deju
state that the vertical permeability of the interbeds 1is an order of magni-
tude lower than that in the horizontal direction. Intera (1977, p; 15)

concurs that such anisotropy is generally the case for aquifers containing

'interbedded shale or clay.

" Field .data distinguishing vertical from horizontal permeability in the

. basalt are lacking: conventional tests cannot provide such data (see Section

ITA~1 of this report). Tanaka et al. (1974 page 24) attempted to derive a

vertical permeability for use in a hydrologic model of the Columbia Basin

Irrigation Progect area to the north and east of the Hanford Reservation'

. In the absence. of reliable field data on the vertical hydraulic
conductivity of basalt in the project area, séveral hydraulic conduc-
tivity values were estimated indirectly by analysis of the head response
in basalt to application of known amounts of irrigation water, and these
values were tested as model parameters. . After repeated trials on the
model, comparing different values of hydraulic conductivities to head
response in the upper and lower aquifers, an average value of 0.00002
foot per day. (within a range of 0.000001 foot/day to 0.000037 foot/day)
[7 x lO‘lo‘cm/sec' 3.5 x 10~10 cm/sec to 1.3 x 10-8 cm/sec] gave
computed heads that were similar in response to measured heads in both
aquifers. .

Deju et al., state'(1977, p. 28) that'hydraulic conductivities in the central

volume of a dense, thick basalt flow are usually two  to three orders of mag-'

‘nitude less than 10-10 cm/sec.

b. Storativity

La Sala and Doty (1971 p. 35) give values for the storage coefficient_
for 4 segments of basalt in DC-1; the lowest value (l.4 X 10"6), obtained -
for the 'basalt section freest from interbeds and breccia, was close to the

compressibility qf water. A storage coefficient of 2.5 x 10 =3 for a basalt

~aquifer in the Odessa area was calculated by:Luzier and'Burt-(l973) by com-.

paring groundwater withdrawals with changes in piezometric contours over- an

interval of one year (as described in Tanaka et al., 1976, p. 10).

c. Effective Porosity

La Sala and Doty-(l97l) give values for effective porosity of different

basalt types and interbeds (p. 62) which were estimated by Fenix and-Scisson7

from geophysical logs: 1 percent for "dense" basalt; 5 percent for vesicular

basalt; and 10 percent for basalt with closely spaced fractures. “La Sala and
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Doty (1971) expressed some doubt about the applicability of these geophysical
techniques to dense, massive rocks, and.were uncertain about whether a
correction for hole diameter had been applied. For a discussion on the
interpretation of porosity and caliper logs, see.Section IIB2 of this report.
Effective porosity is important because velocity and arriﬁal-time
calculations are dependent on it. A low estimate of porosity yields a high

_ estimate for contaminant travel time from 'a repository to a given point
(Piper, 1975; NAS, l978) .Based on their very preliminary calculations of
average perneabilities and porosities for interbeds and different types of
basalt, La Sala.and‘Doty (1971) thought it likely that the highest velocities
. might be obtained in thin fracture zones in basalt, as opposed to vesicular

basalt, dense basalt, or interbeds. .

‘5. Initial conditions; distribution of fluid potentials and  fluxes

For'the uppermost confined'aquifers, sufficient data exists-fron
piezometersAin the five DB holes and a fen others to draw a tentative plezo-
metric surface (USERDA, 1975; Ledgerwood and DeJu, 1976) Piezometers were
installed below the Mabton in DH~4, DH-5, DDH-3, and ARH-DC~1 in 1971 72 (La
Sala, 1976). However, regarding the deeper basalts, NAS (1978, p. 162) finds

that "in all the Hanford Reservation, only bore hole ARH-DC-1 is fitted with

mul tiple piezometers which tap suCCessive levels deep 'in the conf ined-water
zone, and. in which heads have been measured periodically,‘at sufficiently
-short intervals of time, and over a sufficiently long’term to‘obtain fully
reliable values" (p. 162). The heads in the three piezometers monitoring the

deepest levels (piezometer no. 1, 4849-4760 feet; piezometer no. 2, 4051-3931"

feet; and piezometer no. 3, 3242-3177 feet) have remained w1thin about 1.5
feet of each other since they were first measured in 1972. Head in the next
hlgher plezometer (nos 4, 2987 - 2913 feet) has fallen by about 25 feet since
1972_(ARHCO, 1976); i1t appears to be reaching a steady-state value (NAS
1978) about 10 feet lower than that in. the three deepest piezometers. The

shallowest piezometer (no. 5, 2105-1219 feet) shows a head about 7 feet‘l

lower . than the three deepest piezometers.' A discussion of the reaction of

these piezometers to swabbing for geochemical sampling in neighboring well
DC-2 is presented in Section TIBL of ‘this report. _ : v
NAS points out that these heads are higher than the unconfined ground-

water level in. that areavand‘higher than low-water stage of the Columbia
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River (by about 10 feet and 55 feet‘respectively, in piezometers .l, 2, and .
3); Hence that reporticoncludes that'the potential gradient in the deep
basalts in'the vicinity of DC-l'would'be generally upwards and towards the
river, the zone of-lowest apparent potential, at plezometer 4; possibly being
in most direct contact with the -river. " The heads in all the "uppermost

confined aquifers" (down to and including the Mabton) appear to increase with

~depth (Ledgerwood. and Deju, 1976)

Heads measured in the deep holes RSH-l and ARH-DC-l ‘showed a decrease

"in pressure_w1th depth (Raymond and Tillson,;l968;,La Sala and Doty, 1971).
In RSH-1, six zones betueen 1929 feet and 5997 feet showed progressively
1decreasing heads. However, the Well uas only shut in for two to three hours
, before pressure measurements were takenv(Raymond and TillSon, l968);'hence it
" is likely that these measurements were perturbed by the effectsfof'drilling
4(NAS, 1978). In DC-1, heads‘measured.in the'piezometers have heen.higherb

than those measured during drllling (NAS, 1978; La Sala and Doty, 1971). La
Sala and Doty measured heads averaging about 165-170 feet below land surface
from 362 feet to 2700 feet; averaging roughly 5 feet higher. than that from
2800 to 3450 feet;'and averaging about 30 feet(lower than that from 3800 to
4280 feet. These measurements from'DC-l‘are compared with measurements from
DC-2 and the pieaometer data'infsection IIBl of this report. | '

Some information is-available'on'horizontal variation of potential at

depth in the basalt. Higher heads exist in two artesian wells, drilled. to 777
‘and 1108 feet below land surface, in Cold Creek Valley about 7 miles west-

northwest of DC-l. Heads measured in these wells in 1951 are about 544 feet
and 570'feet higher than the highest piezometer heads in DC-1 (NAS, 1978;'La
Sala et al., 1973). ‘In DH-5, about 20 miles northwest'of_DC-ls the head in a
piezometer at 5002-4851 feet below land surface (La Sala, 1976) is about 130
feet higher than that of the highest piezometer heads in DCfl'(NAS, 1978).
iThe occurrence of perennial springs invthe Rattlesnake Hills and Cold'
Creek Valley, and of generally' high 'confined—water heads on - the western
margin\of the reservation, are as yet unexplained anomalies (NAS, 1978). NAS .
and Piper.(l975) speculate that there might'be perched uater in the Rattle-
snake Hills. In the Cold Creek Valley, tight folding or faul ting may account

. for the high pressures oberved there (Newcomb (1961), as discussed in Brown

(1970), LedgerWOod and Deju, 1976).
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Evidence on actual fluxes and velocitles'in the deep basalts is scanty.
Age dates of deep groundwater may be used as a constrainr-on estimates of
velocity. 'La Sala, Doty, and Pearson obtained six carbon-14 ages for basalt
groundwaters on and near the Reservation southWest of the Columbia which they

considered representative. A spring in Dry Creek Valley was taken to repre-

sent present-day recharge in the Dry Creek and Cold Creek Valleys; ages were

dadJusted to give this spring an age of zero years. Water from 540 -640. feet
in DC~1 was dated as at 1east 12 000 years old (La Sala et al., 1973, p. 38).
Hydrogen and oxygen isotope data from this well 1ndicated recharge under
cooler conditions than the present climate (La Sala and Doty, 1971, p. 53).
_The two artesian wells in Cold Creek Valley mentioned above yielded ages of
19,000 years for the deeper and 13,000 years for the shallower well. Water
from a 1000~-foot deep well on the south slope of Rattlesnake Ridge gave an

‘age of 30,000 years, and a 1, 200-foot deep well in Dry Creek Valley gave an

age of 16, 000 years.

6. Boundary Conditions

Since LBL was»primarily asked to consider the deep groundwater system

below the Mabton, the boundary conditions that need to be considered relate

to the _communieation between ‘the deep system and the shallow unconfined

system within the Pasco Basin, between the deep system and the Colembia and
Yakima Rivers, and between. the deep system and the groundwater basins outside
the Pasco Basin. It was also neeessary to investigate communication across

the lower boundary of the deep system itself.

Regarding the first of these questions, quantifying ‘vertical exchange~

of groundwater across confining basalt units will be necessary for an accur-
ate description of the upper boundary of the deep system. Modelers of ‘basalt
hydrology in the Odessa-Lind area to the nerth of the Pascd Basin (Luzier and
Skrivan, 1975), the Walla Walla River basin to the east (Machsh and Barker,
1976), and a large area 'bordering the. Reservation on the north and east

(Tanaka et al., 1974) all found vertical water movements difficult to esti-

mate. ‘In all cases, the assumed vertical hydraulic conductivity of the

confining layer involved was varied empirically to "fine tune" the model's
behavior. Luzier and Skrivan (1975, p. 23) stated, "The model is quite
- ‘sensitive to recharge'variations. During the study, vertical leakage'was the

parameter that was most. often varied and which pdsed'the biggest problem."
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It was found necessary to vary the vertical conductivity significantly at
different points in the areas modeled. ‘ ‘

These modelers found it necessary tdvassume that some vertical movement
of groundwater occurred through.confining basaltllayers at depths of several
hundred feet in these surrounding areas. Estimates of yearly -quantities'

involved were made for the Columbia Basin Irrigation Project area to the

‘morth and east of the Pasco Basin for vertical flow into a "1ower aquifer" (a

simplified representation of all the water—bearing levels in the Yakima

_Basalt, 1nclud1ng a productive zone- below the Vantage) ~Estimated net

vertical flow totalled 6700 acre-feet per year in a 3600-square-mile-area.

'This was from 31% to 100% of net lateral flow into the "lower aquifer in the

three subregions modeled (Tanaka ‘et al, 1974).:

It is reasonable to assume. that there is .some quantifiable vertical

‘movement of water through deep basalt units in the Pasco Basin. Piper

(1975, p.-39) states that "the difference in. hydraulic potential between thev

' highly permeable unconsolldated deposits. above and the less permeable flood-

basalt sequence below, also between zones within the basalt, is generally no
more than a few feet of head. ~In the writer's "judgement, the relatively
small head differences'signify restricted interchange of watervrather than
hydraulic discontinuity." L ' ”

The areas of the Pasco Basin, Where deep groundwater systems-may com=

‘municate with overlying systems is not known._Ledgerwood and DeJu (1976)
found it llkely that the shallower confined aquifers are interconnected in

‘the hlnge zones of anticlines.

The relations existing between the deep basalts and the Columbia and
Yakima Rivers can only be guessed at based on the limited evidence available.

Based on the differences in hydraulic potential described in the last sec-

“tion, -it has been speculated that the Columbia River is a discharge area for

- the deep basalts, and that in particular the zone tapped by plezometer number

4 in ARH-DC-1 (2987-2913 feet) may represent a potential pathway to the 1ower

potential at the Columbia River, bypassing the overlying region of . slightly'

higher head (NAS, 1978, p. 165-67). _ _
Recharge and discharge areas for the shallow system'can bevdiscerned.

Lysimeter experiments in the vicinity of the 200 areas indicate that no

A appreciable natural recharge to the unconfined zone is Qccurring‘in’the

lowland areas under the present climatic regime (Brownell et al.,- 1975).
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Recharge to the shallow groundwater zones may be occurring in such '‘areas as
the Rattlesnake Hills and Horse Heaven 'Hills, where precipitation is higher
(NAS, 1978, p. 157). Ledgerwood and Deju (1976) found that for the confined
aquifers ‘above 1000 feet, deep ,recharge. was ‘.probably occurring on the
margins of the basin (p. 23). Piezometric contours for the uppermost con-
fined aquifer show a marked trough along the course of - the Columbia River
(USERDA, 1975), indicating that the river may be a major discharge area.

For deep groundwater, La sala et al. (1973, P 4) speculated that uplands
“on and near the Reservation, including Cold Creek and Dry Creek Valleys and
the Saddle Mountains, are recharge areas, that the Horse Heaven Hills are a
F, groundwater divide, and that 'discharge is 'to‘ the Columbia»River'. VHowever,
whether these recharge and discharge boundaries are the -same .for’aquifers_
- above 1000 feet as for the deep system remains to be seen.’ The authors state
(p 49) that they "cannot yet sufficiently describe the characteristics of
the flow in the region as to direction and'velocity, particularly at .depths
below 1000 'feet."_ Recharge of deep groundwater may come from as far away as
the Cascade Mountains (ARHCO, p. 68). o

C. THE MATHEMATICAL MODEL

1. Required Attributes

It is evident from the preceding description of the field problem that

the natural system -spans an area of several hundred. square miles and extends

in depth t0'5 000 feet or more below ground level. The system boundaries are -

apparently complex and irregular and the flow system is occupied by numerous
layers of widely . variable continuity, which are, in addition, considerably
folded and faulted. Although primary porosity may be ‘of importance locally,

by a'nd large the layers are characterized by fractures of widely variable

pattern (horizontal, columnar, 'ent_ablature) and spacing. The system . is

probably characterized by time dependent boundary .- conditions and with a
variable, ‘three dimensional distribution of fluid potentials. Above all,
whatever effort is expended on collecting detailed -data, such data will
always be accompanied by . uncertainty ‘and hence the simulation results are

" also bound to be accompanied by significant uncertainties.
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To simulate' such a’ compleX'natural system one,would require a general
three dimensional mathematical model,'capable.of’simulating’transient ground-
water  flow "in region with complex geometry, arbitrary variation of material
conditions, and arbitrary_vinitial conditions.” Depending"on the scale of
interest within the flow region, the simulator must have the capability»to
model fractured or fractured—porous media. , '

A very desirable attribute, which nay be d1fficult to incorporate 'in " a
model, is the quantltatlve consideration of uncertainty. In the ideal case,
the ymodel would have the:ability'to accept uncertainty parameters as input
data . and associate correSpondingrconfidence lmnits to the‘output results.‘,lf

lthis ideal cannot be attained, then the available models'nill have . to be used

to study the @ system's sensitivity to various parameters of interestf - Such

-sensitivity analysis Will,vhopefully, lead to a proper appreciationvof_uncer4

tainty.

‘The equations governing transient groundwater flow will now briefly be

: dlscussed w1th spec1a1 reference to the’ Pasco Basin hydrology task. Also the

different models’ available at LBL for simulating groundwater sys tems will be

be presented.

2. Theory of Transient Groundwater Flow
» Consider a volume element of arbitary shape and size in a dynamicﬁground_
water system. Let the element be small enough so that the 'fluid potential

does not vary rapidly over the.element, and so _that one could associate an

~average value of fluid potential with the volume- element. The average potent-

ial of 'the " element is continuously changing with time due to the movement of -
water into and out of the element and the consequerit changes in. the ‘quantity
of fluid, MW, ‘'stored in the element. _

For this element, .one could write the mass conservation equation in an

integral form as s

PGy -‘/ Pwq * ndl = Yl _ )
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where 0y is water density [M/Lﬂ -
Gy is the volumetric generation rate (source or sink) from the volume

element [L%/T]
T is Darcy velocity [L/T] v _ _
T is unit outer normal to the'surface segment, T, and D/Dt is the total
or material derivative, chosen with the assumption that the volume element has .
‘a constant -volume .of solid materialo 4
If we now introduce Darcy’s law in the form - o . ' -

- oo | o |
?=—_ — V(z+w) g B¢

“where k is the absolute permeability [LZ]'
4 g is the gravitational comstant [L/T?]

u is the dynamicgcoefficient of viscosity M/LT]
"z is the elevation above datum [L]'and

¥ is the pressure head [L], '

halﬂ)bwmms

o Y AR kpws . E = DMy | o
- PuGy +/pw T VYV (z+¥) e ndl == (3).

Since, on the right hand side of (1) and (3) it is of primary interest to
- have fluid pressure ‘head, V¥, as the dependent variable rather than MW, we

introduce the quantity, cs by the relation,

™, - df, DV DV

bt "dy . ot - Menve | )

The quantity M., which has the dimension of [M/L] has been termed theh fluid
mass capacity of the volume element (Narasimhan: and' Witherspoon, 1977) and
represents the mass of fluid released from or taken into storage by the
element for a unit change -in the average pressure head. _

For a volume element which may or may not be fully saturated MC can be

written as (Narasimhanrand Witherspoon, 1977)
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' ds ’ . o
M, = Ve, [¢SQWB g + 8y a_ f e-——-J , : (5)

where Vg is the volume of solids in the elemenﬁ [L3]
is the void ratio.
is the saturation
is the compressibility of water [LTZ/M]
1w is the unit weight of water [M/Lsz]' A
ay is_tﬁe cdefficient of compressibility'of the porous medium [LTzﬂnl
= -3 in which 9 is the effective skeletal stress.
Inbwriting'(S) a simplifying'éssumptidn has been made that‘théu porous  med ium
deformation is  basically;~one dimensional-» -Also,‘ it is assumed change in
pfessure head is fully converted to change in'effective skeletal stfesses-(See
.Narasimhan and Witherspoon,_1977 for detaiis).

- If we confine our attention to saturated flow,_whigh-is most likely to be
characteristiq of tﬁe deep basaltic system in fhe Pésco Bésin; then Mc-in'(S)
vcanAbe siﬁplified to |

Mo = Vsfu [°PuPE 4+ Tyayl A (6)

Expansion Deformation of
of water porous medium

In the light of (4), (3) becomes

o o, kPyg ¢ o= ' AD‘.”’ e '
- Py + pw'—u—f (z +7) e n dr = MdBE (M)
: T a - v

The symbol T in (1), (3), aﬁd (7) represents the closed surface bounding
the volume element. If portions of T coincide with the exﬁernal surface of .
the flow 'region, then the integrand in réspect of these portions will con-

situte the known boundary condition of the-problem.

'3,  Fractured or Fractured-Porous Media

Equation:(7) may either pertain to a volume elément that may consist qf

porous material or a fracture or a fictitious porous material representing a
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a fractured'porous med fum aecording to certain assumptions. In the case of a
volume element representing a fracture,'the_absolute permeability k may be
computed by -the following empirical relation between permeability and fracture

aperture, .

K = — - B 8y

where b is: the aperture of the fracture. As for the deformation term occur-

.ring in M, [equation 6];.av’Will represent, in:some fashion,'the stiffness of

_the fracture.

Thus, equation (7) is fairly general and can be practically applied to

fractured or fractured porous media in respect of transient fluid flow: None-

' theless, it must be mentioned here that if the main feature of 1nterest is the

nature of the deformation of of the fracture itself, rather than fluid flow,
one may have to consider a detailed stress analysis of the fracture, which is

beyond the seope of 7.

4. The Differential Equation

As will be seen later, from a numerlcal modeling point of view, (7) is
ideally suited as a general governing equation. Indeed one can proceed dir-

ectly from (7) to construct ‘a variety of mathematical models(ﬂaras1mhan 1978)

' to solve problems involving complex geometry- Yet, the general practice in

the literature, is to state physical processes as differential equations.

Hence, it . is appropriate here to establish the relationship of (7) to the

- differential equation.

Note that if the deformable volume element is defined to have a :constant

volume of solids, -its bulk volume is constantly_changing.- 'Assume that the

average bulk volume of the element during a small interval of time is repre—

sented byiﬁ. Then, multiplying'and dividing both sides of (7) by V, we get,

< Iz
CRle

=L 4 = fpw qu V(z+1V).n dI =
— v ’ : '
A . . L

If we now consider that‘V'* 0 in the 1limit and define' new quantities,

gv = Gy/V, M/V = mg, -
' IV-16
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then

kpwg

[]
l

Dy = S (10)

pw8v + div,[’pw v (z + w) ] me Dt

in which,-by definition,

div X = Lim /X %d'r o . ap

Va0 ¥

The term mcvmay be termed "specific' fluid mass capaeity.", In groundwater

literature, density variations of water are usually neglected and the conser-

"~ vation equatlon is written in- terms of volume, rather than mass. In this

connection, the term Sg» specific storage, is often used - instead of Mg«

In view of (6) it is easy to see that

Sg = = Tz [eprg+ Yy
Vp ¥
w ' :
. (2)
= pr eB.+a ‘
1+ e v
: e 1
However, since n = and e = (1. - n)
_ : 1+ e 1 +e '
we can_finallvarite, ' , _ : :
5, pg“8+(1-n>av o o ad

- If we now divide (10) through by . o, » and recognize that Dz/Dt =. 0, then
(10) sinplifies to the well known partial differential equation . of transient

groundwater flow,

¢ + div [Kyy = 8y — o aw

where K = kowg/U‘ and ¢ = (z +,i0-

5. Numerical Implementation

The. task of numericalfsimulatidn baSically consists in*dividing the flow
region of interest into appropriate volume elements and to apply to.each‘of.
these volume elemente, the general integral equation K7), duly taking into
account the boundary conditions and the initial eonditions of‘the System{

Depending on how the volume elements are defined and how the gradient within
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the integrand in (7) is. computed numerical methods can be divided into three
broad groups. . ' ' _ ’

The oldest and the most widely kmown of these is that of finite differ-
ences. In the context of equation (7), the finite.difference scheme is»equiv-
alent to dividing the flow region- into volume elements bounded by surfaces
normal to the axes of the global coordinate system and evaluating the gradi-
‘ent at the.interface'asithe ratio of difference in head between the nodes oun
either side of the interface-and the distance between'them.' |

In the finite elementvapproach, which.has'come into considerable promin-
ence over the past decade, the volume elements are defined implicitly by a

Ascheme of weighted volume 1ntegration (Naras1mhan and Witherspoon, 1976;

- Narasimhan, 1978), while potentlal gradients are evaluated by first writing

"an expression for the variation of potential in the general multidimensional
space and then evaluatlng the derivatiives of this expression at any given
point and direction in the flow region. _ _

Inasmuch as -the finite difference approach seeks to directly evaluate
the differential equation by approximatlons, it is constrained by the need
for regularly shaped volumevelements. . This constraint 'is often inconvenient

when one has to handle arbitrarily heterogeneous systems with complex geom-

etry. It can easily be oVercome, however, by'directly'considering'an.

integral governing equation such as (7) or its eduivalent insteadf“of the
differential.equation,‘ An advantage of the finite elément approach, which
‘employs a volume integral equivalent of (7), is that it can handle volume

elements of arbitrary shape. Moreover, the multidimensional technique of

measuring potential gradients in the finite element method also enables one

to handle those cases in which k may be an arbitrarlly oriented tensor.

There is yet another integral method called the Integrated- Finite
Difference Method (IFHH)’(Narasimhan and_Witherspoon; 1976), in which the
volume elements are explicitly defined and to which (7) 1s directly-applied,
For gradient computations, .this method uses the simple' finite difference
approach. _This simple but powerful method can handle conplex geometrv with

great facility and can handle multidimensional nonlinear problems with

ease. In conceptual comparison, finite element method has ‘better ability to

,handle ‘arbitrary tensors than the IFHﬁ. However, exten31onvof the finite'

element method to three dimensions may be somewhat cumbersome. On the other

hand, the IFIM is very convenient for three~dimensional problems in which the
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coefficients may vary with time.

Actually the classical finite difference approach is a special case of the

IFIM. When regularly shaped volume elements are chosen in the IFIM, the res-

ulting numerical_equatibns are identical'with the'finite difference equations.

A question that is often asked is how one might choose from'the three
different approaches that are available., Since the finite difference
approach can always be applied as a Special case of the IFM, there are only
two general approaches to choose from, the. finite element, and the integrated
finite difference approaches.' However, the question of choice 1is in actual—

ity inappropriate. ‘Since each of the methods has special advantages, the

4perferred course is to have both methods available on hand and to use the one

. that is most convenient for the specific class of_problems to be solved.

6. Hydrological Models at LBL

‘A suite of mutually related mathematical models are'corrently available

atvthe Lawrence Berkely Laboratory to simulate heat and mass transfer in

. groundwater systems. 0f these, those that ‘are of relevance “to Pasco Basin

hydrology relate to flow of water. in saturated-unsaturated deformable ground-
water systems. As was pointed out in the last section, integral techniques

offer greater flexibility and power in 1nodeling complex systems than the

» differential techniques. For this reason, all the LBL models are based on the

integral approach. In particular,,all except one of the models are based on

the Integrated Finite Difference Method (IFM), while the remaining employs

the Finite Element Method . (FEM). We will now briefly discuss some -of the

esssential features of these approaches and how they are incorporated into the -

computational algorithms.

7. The IFDM and the FEM Concepts

_The theme of the integral numerical approach- is to divide 'th_e flow region’
into.appropriately small subdomains and apply the mass cOnservation equation
(7) to each such element, assuring compatibility between adjoining elements.
Thus, modeling involves two basic tasks: a)’describing-the size and shape of
each volume element and its relationship to its neighborS'andvb).quantita—

tively evaluate the gradient in'fluid potential at the interface between

‘neighboring elements.
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In the IFDM, each. volume element is directly described by 'stating its

volume and the area of the surfaces bounding it and by identifying each
pair of comnunicating neighbors._ For maximum accuracy in evaluating the inte-
grand in (7), the volume elements are so defined and their representative

nodal points so chosen that the line joining the nodal points is perpendicular

to the surface element in between the nodes. As for measuring gradient of

-fluid potential, the’ simple concept of finite differences is used. _

In the FEM on the other_hand the nodal points 'are first conveniently
‘distributed over the. flow reglon and the volume element associated - with
each nodal point is then indirectly defined as a fraction. of a larger sub-

nregion formed by lines joining neighboring nodal points,_through a process of

weighted 1ntegrat10n (Narasimhan and Witherspoon, 19763 Narasimhan, 1978) . Inb

- In order to measure gradients. of potential the FEM takes a generalized approF
xach which 1is far more powerful than the finite difference conceot- In this
generalized approach,. the variation of potential is first defined over a
"finite" elenent which may be one-, two-, Or three~dimensional. The gradient

of potential at any point. and in any desired direction'Within the finite ele-

ment is then evaluated by differentiating ‘the defined variation of potential

over the finite element.

At_ this juncture, it is pertinent to briefly describe the FEM. . For'the

sake of comparison with the IFDM and for the sake of clarity, we will derive
the FEM equations from the IFDM governing equation (7.
First, apply the divergence theorem to the surface integral in (7) and

express that equation in an equivalent volume-integral form

| N Do Cas)
_Gv+fV |<v¢dv—VS.S T o o | |

v

V Now, distribute a conveniently large number of nodal points ‘over - the

flow region of interest and'partition'the region into subregions byvjoining

adjacent nodal . points through 1lines. 'For purposes of_illustration, let us’

-consider a flow region which is divided into a number of triangular subregions
as shown in Figure.IV—l. Let there be N nodal.points in the flow region.
Consider, for purposes of illustration, a nodal point designated by %« In

Figure Iv-1 this nodal point lies at the apex of seven triangular elements.
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Figure TV-1.

XBL 7810 -2117

‘A representative nodal point % and its neighbors'in

a flow region divided into a number of triangular
finite elements. = Stippled area is' the subregion
associated with nodal point L. '
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Within each of these triangles the potential varies at any given instant in

time according to the relation

0% (6,y) = £, (6,3) 0,(8) + By (6,7) 2(8) + E4(x,y) a(E) (
. . 16)

#

£,(6,7) 8,(0), 121, 2,3

in. which ¢® (x,y) denotes the'potential at any point within the element e,
£i(x,y) is a weighting function for point i, and . ¢4(t) -is the potential at

point i at the instant t. The function g4 is such that at any point within .

e, £y + E2 + 3 ='1}v In. (16) the repetition of i implies summation over
i=24%, 2, and 3. Also, the subscripts 2 and 3 denote the otner two mnodal
points besides % of element e. , _

Now, 1if we wish to apply the mass conservation equation in (15) to the
volume element associated ‘with & in’ figure IV-1, thereglonof 1ntegrat10n \
should represent _the stippled region in the figure. However, it is easy to
_see that the stippled region actually forms a fractional nart of thellerger
region made up of the seven triangles andkehown by the heavy line surrounding
nodal point &. If we wish to apply (15) to the subregion associated with 2,
we could evaluate'.the volume integral by a process of weighted integration

within each element % and summing up the results for all the seven elements

associated with &. Thus, in the 1ight of (16), equation 15 as anplied to’

Figure IV-~1 can be written as,

. o .

- ' 1 e\ _+ - Qan
+ . = R 1 J—
0 Z;;I' wy VokVE 4, av (): 3V ss>.Dt |
= e=] : :
ve - | 7
where wy(x,y) is the weighting function for node 1 and Vl =g 3. ve , where
- ‘ - e=l’ ’

Ve is the volume of element e. o
We unow have to choose an appropriate weighting function. Since Wy
associates a portion of the divergence (or the rate of accumulation of fluid

within an elemental volume element dV) with nodal point &, it cen be seen that

= 1 at the location of nodal point 2. Wt = 0 at points located on the side

opposite point” 2 in each of the seven elements. Also, it is reasonable to

assume that w varies uniformly (linearly) from & at 1 to zero along the sides

zero along the sides meeting at #. As it happens, the weighting function £y in
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(16) exactly satisfies this- requirement for w,Q Hence we can conveniently let
w2,= ggin an and write -
‘ 7 \ D¢y

T o 1 e (18)
Gyp ¥ eZ_,l, £, VekVE 0, dV- = ( 3.V th

Equation (18) is indistinguishable from the Galerkin finite element equations

' (Neuman, 1975) that are conventionallv derived from the differentialgequation.

“In order to actually imolement (18), Green's first identity of the form

favzde =~'/aVb;nd1’"— /Va-Vde - o : (19)
v T - \' ' h S :
is first applied_to the volume~integral‘in (18)-to obtain
7. l D¢, o
Vg ,kVE ¢ VEG. = 4 yegel—m— ¢
Z 2 11dV+Z fﬂ,k E¢n.d1" 2 ,3_V Shel Ievanll (20)
e=1 v ' ' e=1

In (20) the surface 1ntegra1 embodles all ‘the boundary conditions that are

kn own by definition. A maJor portion of the effort 1nFTmItherefore centers

_‘around evaluating the volume integral in (20). Compare this with the. “surface

integral to be evaluated in (7) for the I¥DM. : - . v -

From a practical viewpoint the IFDM is intrinsically multidﬁnensional and

~ the  problem is defined locally around each nodal point. A global coordinate

sys tem is mnot a prerequisite for setting up the problem. To this extent'the
IFDM emohasizes the'invariant physies of. the problem}- However, the IFDM does
demand an'explicit definition of the size, shape and bounding surfaces of each
volume element,FWhich'may require‘additional}effort. “Nevertneless, the addi-
tional effort can be very profitable since the computation of volumes and
surface areas can be caloulated as acourately as needed, outside the main—
stream of the flow calculation, and can be provided as input data to the.

latter.

8. Discretized Equations:

Apart from the previously described conceptual peculiaritles, there are

other aspects of numerical modeling which are common to the IFDM as well as
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the FEM. The first of these is the act of advancing in time,‘and the second
is the manner of solving a set of simultaneous equations.
Both the IFDM and the FEM (Narasimhan et al.,, 1978; Neuman and NeraSimhan,

1976) lead to.a set of discretized equations of the form,

_. : . bo, |
7 _ o g}
Sfm ' D ' '

L, m==l,2, 3, . . . N, where N‘isthetotelnumbetof volume elements in the flow
region. In(21)Uz;mdenotesthefluidconductancebetweenthevolumee}ementz,and
‘internal elements mj U, 1, denotes the fluid conductance between volume ele-
ment & and the boundary element b. The "conductance" between . two ' volume
velements is defined as the quantity of fluid per unit time crossing the inter-
face between the element when the difference in fluid, potential between
the elements .is unity.- ' o

If we define Upp =0 and Ugy =0 for all elemente m and b not con-

nected to %, then (21) can be conveniently written as a matrix of equations,

. N\ . : : Aﬁ& . .
T o+ .
7 UR’ Z v, L v, > . ,Gv,!L VESSQ Bt (22)
L#m \%#n o o |
Or, if we define: | /e ' S
Or f we ‘e ne R ' ng = - 2: Ug,m + 2: Ugb\ ) (23)
- ' , ~ \2#m b 3 .
. and . ' ' Ava,g + VQSQQ. ’ o S ‘
- B e e L
'where 1, 2 =m
GLm =
! 0, 9’%“1, « "
then, (22) can be summarized as
) (e} = (o1 {44} | es

9. Advancing in the Time Domain; Explicit and Implicit Equetions.’

Consider (21), which.is fundamental to both the IFIM and the FEM. The
quantity of interest that needs to be computed using this equation is 0. of
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b

the other quantities in the equation, GV,E is the a pribri knqwu source term;

Uz,m, Vi and Sg& are known from material pfoperties and Uz;b_is known from the

vboundary cOndifions- The quantities ¢m-and ¢1 are only partly known 1in that

only their inital values ¢$ and ¢§ are known a priori. In order that A¢ may

be evaluated using (21), we have to use $ﬁ and'$g which are: appropfiate mean

values of ¢m and ¢y over the time interval A;; Thus, we define

T oo 6% 4 e (26a) .
m m m
By =00+ M, 0 A1 ~ (26b)
Substituting (26a), (26b) into (Zl)vand rearranging,
) At o] | 0 | | o)
Vs |G, vl Ty (“’m - ¢m>+ )3} UJL,b(¢b - %)"
A ) ‘m m b . :
L # o ’
7N PR (60 = 805) = 2L U, )| = 8o, Cen
S,Q, m m E b b . :
If A is set to zero, then (27) reduCes_tb
b 1 e ol- :o : c ' | ' ’
s, o, 0¥ % Y (4n - o) * % g 5 (0 = 00| = 89y cpriese @29
L#m ‘ : ' L '

Note in (28) that all the quantities on the 1eft.hand side are a priori known

and hence bby. is expliéitly computed in a simplé fashion. Hence (28)>i$ an
explici; (also called fprward differehting) equation. .

As pointed out by Narasimhan and Witherspoon‘_(l976), .(28)' will become
unstable and yield -ﬁhysically unfealIStiC'estimatgs of 8¢y if At exceeds a
critical value with reference to the volume element. This critical value Bty
is called the stable time step or time constant of volume element L. It can
be shown that | ' |

v, S
L 8y,

(29)
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If one de51res to' use an arbitrarily 1arge At and still obtain realistic

solutions, then, x> 0.5. Customarily, a= 0.5 is called the ' central differen-

-cing" scheme whlle A= 1 is called the backward differencing scheme.

Note from (27) that when x>0, A9y occurs on both.sides of the equation

and hence (2b) is an implicit equation. The set of implicit eqqations con-

stitute a set of simultaneods equations which has to be appropriately - solved

. for the A¢2's

10.' Mixed Explicit—Implicit-Scheme

Since,vfroh~(29), Atz is a local criterioh involving £ and its immediate

neighbors it follows (Edwérds;'l968)vthat one could compute Adg explicitly for

all those volume.'elements ,fof*which Aty > At and'impiicitly for all those
volume- elements for which At < At This 1is the mixed -explicitwimplicit

’approach which is followed in the IFDM as well as the FEM computef programs

at LBL used for hydrological modeling._
Moreover, it can be shown (Narasimhan et al., 1978) that f or -max imum

accuracy » should be close to 0.5 when the time derivative of ¢1 is wvarying

more or less uniformly with time and A should be close to 1 when the system is.

approaching'steady state and large At's are being used. Hence, in the LBL-

models ) is oomputed ihternally within the program for each time step such
that 0.57 < ) S 1.0. The value of 0.57 is used as.the lower limit to.damp out

stable oscillations that may sometimes arise when ) = 0.5

1l. Iterative Solution Scheme

A system of simultaneous equations such as (27) or (25) can be solved

either by direct methods or indirect methods. Among the direct methods one
could mention: methods involving the use of.determinants;'ﬁethods involving
matrix inversioh;f and methode involving suecessive,elimihation of unknowns.
In wthe field of grounowater hydrology the:most widelyiused‘direct technique
is perhaps the method involving the suocessiVe elimination of_vafiables, of
which many variants exist. While the:direct approaches provide a number of
advantages, their chief disadvantage is that when there are a large number of
mesh points over the flow region, the computer sforage,requirements become
1arge.‘ This 1is particularly'inconvenieht in large.two-or-three—dimensional
problems . ‘ ' o ' ' '

While improved ~matfix-solving programs are being developed by different

workers to overcome this difficulty, an alternate way to avoid the - ma j or
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diéadvantagei of the direct ‘approach  is to.solve the equations by indirect

techniques,I

The LBL modéls, both IFDM and the.FEM, employ an indirect, accélefated
iterative scheme sugggested by Evans et al. (1954) « Briefly, the accelerated

iterative scheme consists of making_theffollowing substitutions in.(27):

Ady, left hand Side - (1 + 9 A¢2k +1. SA¢§' , K (30)
0oy, left hand side — A¢m - . ~ (30Db)
A¢2, right hand ‘side = A¢£k + 1 _ v o (30¢)

where k, k + 1 denote iteration numberand s 1stheaccelerat10n.factor, empir-

‘ically found to be optlmal When 8 =.0. 2.

In the light of (28) and (30); equation 27 can be written as .

oAt [ e B r : : ’
— | Lk U o k
. : . ‘ : Ay < - + syA - ,
_A¢£,explicitv * Vlssz m, Ul,m( . ¢1n _ {‘1 &) ?“' ) ]> _
' - l#m o o :
3 | 5 IR 1Y (R 5 R
A | R PO | I Cte

Collecting similar  terms and rearranging we can fihally write an ekpression-
'of'A¢£ at the (k+l) iteration in terms of the values of A¢2 and A¢ﬁ “at the

. thé kth jteration as

“AAtE

k+l o ; ' k- k e
Ad = A¢ * T U Ad + sA¢ S+ 2
l. E,Aexplicit Vlssl 1'2; L,m . m L Z; L,m b 2,b
| 3 » . Mmoo o \dm '
[ | o (3)
i [ s) T Ut }1_:, Us,b
0 '

To start the iteration progess; that is, «k = 0, one has to use judiciously

estimated values for A¢;'and A¢§ and continue the itéfation process using (32)

until the maximum chahge in A¢i between two successive iterations

k+1 .k
ae, —.4¢z'max
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_ FLUMP can handle arbitrarily oriented anisotropy.

is less than any desired error tolerance. For fuller details of the iteration

scheme see Narasimhan et-al. (1978).

12. Description of LBL Computer Programs

For simulating isothermal groundwater systems, there are currently three
computer programs available at LBL. Two of these, TRUST and TERZAGI are based
on the IFDM concept while the third, FLUMP, is based on the FEM approach.
| All three programs can handle flon regions of compleX'geometry,‘arbi-
trary heterogeneity, arbitrery initialf conditlons and - time- or potential-
dependent boundary conditions and sources. The TRUST and TERZAGI codes can
bothvhandle one-, two- oOr threeddimensional problems while the FLUMP code

handles one- or two-dimensional = or axi=-symmetric flow- regions. Whereas

'TRUST and TERZAGI can only handle anisotropy in a limited. fashion by orien- -

ting the volume elements in conformity with the principal axes of anisotropy,
TRUST is a very general program and can simulate saturated-unsaturated

flow in deformable porous media. In dealing with the storage term, TRUST

 separately computes the perameters_due to expansion‘of‘water,Adeformation of

the’ soil skeleton and desaturation of pores. TERZAGI 1s a simplified subset
of TRUST which handles only unsaturated flow. FLUMP handles saturated unsat-

urated flow but does not handle soil deformation in detail. All the three

programs handle porous media flow and.can also handle»flGW‘in'fractured

porous media or fractured'media- . The validation ofvthe TRUST‘and TERZAGI
models are presented in Narasimhan and Wither8poon (19763 1978). All three

‘programs can easily handle effects of wellbore storage, damage to the f orma-

tion permeability around a well or cavity, effect of fractures with aperture-
dependent permeability and so on. Although the fracture flow results have
not yet been published, the validity of the three methods in respect of
handling wells intercepting finite'snd infinite conductivity-fractures-has
alreedy been tested by comparison with known analytical and semi~ans1ytica1
solutions. The aforesaid programs are all written in FORTRAN IV language and
are fully operational on the CDC 6400, 6600, and 7600 systems. A summary of

the three computer programs is presented in Table IV-l.

13. Improvement Needs for LBL Models

The numerical modeling capabilities currently available at LBL are

quite significant and it is fair to say that the computing ability exceeds.
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- Program
Name

-3

TRUST

TERZAGT

FLUMP

~ TABLE IV-1

SUMMARY OF LBL HYDROLOGY. MODELS

Diﬁénsionality,

Concept .

Summary _of' Capabilities

one-, two-, or three-

‘dimensional

one~, two-, or three~

dimensional

one- or two- dimen-

IFDM

IFDM

FEM

- sional;'axi—symmetric .

Iv-29

1imited

" ‘Saturated-unsaturated flow

in deformable systems;
porous - or 'fractﬁréd-porous
media; complex geometry;
arbitrary -heterogeneity;
» time-
dependent boundary condit-

anisotropy;

ions or sources; one-dimen-
sional deformation.

'.Same és'TRUST, but limited

to purely saturated flow.

Same as TRUST, but no
-deformatioﬁ._

_ Arbitrary

-anisotropy.



our ability to collect field data to adequately quantify fhe field phenomena.
If suitable data were fofthcoming from the field, the available models can
indeed predict the system responSe.under various scenarios of boundary
conditions, sources, and initial conditions. ,

A limitation of the current LBL models is that they all are intrinsi-
cally deterministice. As_has already been pointed out at the beginning
of this chapter, the flow system parameters can not be known with certainty.
Conf idence limits on the potential range of system response must be provided
for the decision-making process., | | '

Therefore, an important capability which would improve the LBL models

would be the accomodation of statistically expressed input parameters such as

the mean values and variance of permeability‘distributions and the statis-—
tical expression of output parameters indicating mean system behavior - and
its variance.v With this view in mind, a literature search has been made to
unders tand the current state of knowledge in regard to incorporating uncer-
tainty into numerical models.

The nmportance of uncertainty in hydrological‘-models» has been . con-
sidered by Freeze (1975); Tang and Pinder (1977); Cooley .(1977); Gelhar
(1974); McMillan (1966), Neuman et al. (1976); and Warren (1961). These

workers consider the parameters'such as permeability'and storativity occur-

ring in the governing equations as ‘stochastic or random variables with some

mean value.and with certain variance and distribution about'the mean. How
these statistical quantities can influence the final tresult can be quanti-
tatively investigated éifher by genérating a 1argé number of solutions using
Monte Carlo type simulatlons (Freeze, 1975) or could be studied by solving a
"stochastic" differential equation (Tang and Pinder, 1977).  Examination of
available literature indicates that the subject of quantification of uncerF
tainty in numerical models is still in its infancy and needs further intense
stqdy, From the point of view of the Hanford,project, it should be very
profitable to devote effort towafds incorporating stochastic paraméters into
the LBL models. - |

D. NUMERICAL ANALYSIS OF WELLBORE STORAGE EFFECTS

Numerical modeling techniques'weretused to aid in planning and analyzing

‘well tests on the Hanford Reservation. Two-well tests were studied because
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three‘sets of paired wells (DCwl/DCeﬁ,'DC-4[DC-5, and DC-7/DC-8) were avail-
able. These paired wells offered the'opportunity to measure response to
pumping in an observation well. Problems’with wellbore storage were expeeted
in running and analyzing these tests due to the.low permeability of some of
the basalt units. When. wellbore storage effects are significant_the early
part of the drawdown data'only reflects remoyal of waterlfrbm the well.
Until  this effect 1s overcome the log~log drawdown vs. time curve as measured
in the pumping well has a unit slope and a measurement of'permeability cannot
be made. The lower the permeability, the longer it will take to overcome
Wellbore storage effects. ' ; o

Currently available .techniques' for the analysis. of ‘response in an

observation well do not include'the effects of wellbore storage in the

‘pumping well. Numerical analysis was used to address these two problems:

(1) how long would it take to get a response in an observation well, and (2)

: whatbis the effect of wellbore storage on the-drawdown_data.in an observation

well?

Two types of well tests were considered. The first was a simple
pumping test and the second was a leaky aquifer test. The leaky aquifer test
of fers the opportunity to measure - the yertical permeability of a lower
permeability 1ayer overlying or underlying the higher permeability layer
being sampled by measuring drawdown in both layers simultaneously. .

The LBL groundwater flow program TERZAGHI was used for both problems.
The mesh used is - shown in Figure IV-2. The aquifer nodes are numbered 1000

and 1 through 40. The aquitard nodes have 3 digit numbers. The well 1s node

1000. For the first problem, that of .observation well response in a simple
pumping test, all aquitard.nodes were eliminated. ) '

The results of the numerical analysis are as follows:
(1) Observation well response in an aquifer pumping test with wellbore

stdrage. Parameters used in the model are given in Table IV-2.. Perme-_

: ability values were chosen as representative of Lower Yakama Basalt Flows

(ARH-SF~137,. p. ‘89, Table V). _
The drawdown curves obtained are shown in Figures IV-3 to IV-7. The

curves approach the Theis solution as rad ius from the well decreases and

’dimensionless storage parameter o, , inCreases. The real time necessary’to

obtain a response in the observation well increases with an increase in well~

bore storage effect. That is,’ the required testing time increases with
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Table IV-2

- PARAMETERS USED TO ANALYZE OBSERVATION WELL
RESPONSE WITH WELLBORE STORAGE

| Wellbore

—
j w

Permeabil ity Pumpiﬁg Storage '
Pump ing of the Well Specific Coefficient Aquifer
Rate, Q Aquifer, K Radius Storage a = Sgh Thickness .
Run (m3/day) (m/day) Ty (m) Ss(m"l) (dimensionless) h(m) A=
1 1.0 8,427 x 10~4 .09 .25 x 1071 10~1 440
2 1.0 8.427 x 1074 .09 25 x 1072 10-2 4.0 -
3 1.0 8.427 x 1074 .09 .25 x 1073 10-3 440
4 1.0 84427 x 1074 .09 25 x 1074 1074 4.0
5 1.0 8,427 x 104 .09 25 x 1077 1073 4e0
Table IV~3
PARAMETERS USED TO ANALYZE LEAKY
AQUIFER/WELLBORE STORAGE
_ | Wellbore
Permeability _ Permeability Pumping Storage
of the of the Well Specific Coefficient, Pump ing
Aquifer, K Aquitard, Radius Storage o= Sgh Rate, Q
Run (m/day) K’ (m/day) Tyy(m) Sg(m™4) (dimensionless) (m3/day)
1 0.2025 x 10~3 0.2025 x 1070 .05 25 x 1071 10-! 1.0
2 0.2025 x 10-3 0.2025 x 106 .05 .25 x 10=2 10~2 1.0
3 0.2025 x 1073 0.2025 x 1076 . .05 .25 x 1073 . 1073 1.0
40,2025 x 103 -~ 0.2025 x 106 .05 25 x 10-% 104 1.0
5 02025 x 1073 0.2025 x 1076 .05 225 x 1075 1073 1.0
6 0.2025 x 1073 0.2025 x 10-6 .09 .25 x 1071 ol 1.0
7 042025 x 10=3 0.2025 x 1076 .09 .25 x 10-2 10~2 1.0
8  0.2025 x 10-3 0,2025 x 1070 .09 25 x 1073 1073 1.0
9  0.2025 x 1073 0.2025 x 10~6 .09 .25 x 1074 10~4 1.0 ]
10 0.2025 x 10~3 0.2025 x 1070 +09 .25 x 1073 1073 1.0 T
11 0.2025 x 103 0.2025 x 1076 .1125 25 x 10t 107t 1.0
12 0.2025 x 103 0.2025 x 1076 .1125 .25 x 1072 10~2 1.0 )
13 0.2025 x 1073 0.2025 x 1076 .1125 .25 x 103 10-3 1.0
14 0.2025 x 10™3  0.2025 x 107®  .1125 .25 x 1074 10m4 1.0
103 0.2025 x .25 % 1075 1073 1.0

0.2025 x

10~6

+1125
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Figure IV-2. Mesh used for numerical solution of wellbore
storage effect.
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increases in well radius and diStance of the'observation well from the pump-
ing.well,.and with decreases in'storage coefficient Ss'and permeability.
The curves shown in Figures IV-B through IV47lcan be used to show that a
drawdown response of 10 cm in an,observation well 9 m'aﬁaybwill be observed
in less than a day for g = 10‘5 and in about 2400 days for a= 10-1 for the
pumping rate, permeability and geometry shown.. 'However; for a= 10~ the‘draw—
down data in the observation well will not be on the Theis curve untll t = 120
days. For a = 1 10-1 a11 the drawdown data for this observation well will
essentially lie on the Theis curve. For lower permeabilities.longer testing
times than these'coul'd be .needed. 4 » |
| (2) Leaky aquifer/wellbore storage solution.

Fifteen different cases were analyzed for ‘times - up to 100 days. Three

‘different well radii were used each with five different values of o. Para-

meters used in the model are given in Table IV-3._
Figure Iv-8 shows'drawdown in the aquitard as r = 0.9 meters, z =:0.5

meters and t = 100_davs as a'function of'pumping well radius'and'u. Response

~in the aquitard decreased with higher values of well radius and increase in

o The solution of o= 10-3 was . chosen for comparison ‘to the analytic solu-
tion developed by Neuman and Witherspoon (1972) (Figure IV-9) The solutions
for & = 10~4 and o = 10~5 were not‘comparable because the top of the-aquitard
experienced a pressure_decline within - the timevframework of the problamy
Neuman’s solution‘assumes an.infinite aquitard and is.therefOre a different

case. The solutions for o= 10~1 and o = 10~2 were not as good as the solu-

tion for = 10'_.'3 because drawdowns were very small in: the aquitardvand

finer mesh resolutions would be required for accurate comparison with

Neuman’s solution. . o

The ratio of draWdown in the_aquitard (s’) to drawdown infimzaquifer,(s)
is plotted against wellbore radius, ry, in Figure Iv-10. ’Drawdown, s'; is
computed for a point in an aquitard 9 meters from the pumping well ‘and 0.5 -
meters from the aquifer. The parameters and geometry used are typical of what
might be found in the Pasco Basin. At(least 15 days of pumping will be
required-to'get”any measurable response in the aquitard for these conditions.

These models could be used for well‘test analysis by developing a set of

type curves for the particular well radius and distance to the observation

.well that is actually tested.
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Intfoduction

An understanding of the groundwater flow system in the Pasco Basin is an
essential part of the site evaluation procedure for locating a nuclear

waste repository. It has been widely recognized that transport by ground-

water. is the only,signifieent.mechanism for release of'tadionuc1ide:contam—

inants from a repository to the bilosphere. With this in mind, e_hydrol-
ogy program must first be aimed at determiﬁing flow paths and velocities on a

regional basis., ' The data required to evaluate regional hydrology comes

:mainly from well tests and geolcgic investigation-

This discussion of hydrology field tests is presented in four sections.

Data requirements for geohydrologic characterization of the-study are dis-

cussed from the standpoint of mathematical modeling'in Section. 1, Proce-

dures for selecting field tests to satisfy data needsbareiindicated in
Sectioo 2, and detailed discussion- of thefvafious tyoes of field tests are
presented in Sectioo 3. ,.Finaily, a discussion of ;he‘need for long~term
well monitoring is presented in Section 4. The monitoring program and eaoh
type of test is discussed‘in terms of equipment avallability and con-

straints, test procedures, time requirements, and accuracy.
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1. Data'Reguirements for Hydrologic Modeling

a. The Geohydrologic Environment

The Pasco Basin is a structural;basin in the southwestern part of the
Columbia Plateau. The basin is”defined predominantly by. flexures: anti-
clines on the north, south and west and a hroad monocline on the east. The
"bedrock of the_region is the Columbia River Basalt Groupw This group

consists of series of individual basalt flows separated in some cases by
interbedded'sedimentary unitse. These:baSaltiflows and sedimentary.units are
not necessarily continuous throughout the'basin. Within each flow the
cooling environment and subsequent history have given rise to distinct
subunits, such as flowtop breccias, rubble : zones,. vesicular_zones, entab-
latures, colonnades, and pillow palagonite zones. These infraflow structures
are not necessarily continuous throughout a flow ~and all types of “subunits
.may not be present in a given flow at a given location. Folding and faulting
of these units is extensive although not all folds‘and faults have surface
expressione. Clearly the Pasco Basinvhas highly COnplex, heterogeneous
geology . ’ ' | » '

As a 'consequence' of the complexity of ‘the eological framework A the
groundwater reglme of this basin should also be- quite complicated. De-
‘tailed work on ‘the shallow groundwater system in the Pasco Ba31n area has
revealed the existence of vertically separated flow systems. Deeper dril-
ling has shown that'circulating groundwaters exist at depths of 3000 feet or
more. An understanding of the disposition of the complex deep circulating
systems is of paramount importance in evaluating the hydrogeological barrier
to waste transport from a proposed repository. Success - in this regard is
dependent on our ability to obtain a broad data base. Well‘spacing within the
basin must be sufficiently dense to assure that the data necessary for a

reliable analysis can be collected.

b. Methods of Analysis

It is evident from available knowledge that groundwater in the bedrock
of the Pasco Basin will flow through both fractures present ‘in a more or less
impermeable basalt and 1nterbeds which behave as porous media. Depending on
the scale of interest, such a hydrologic regime can be modeled either with

discrete fractures or as an equivalent porous mediums For example,_for a

A-5



detailed slmuletion of £low in the vicinity of the repository ome could model
flow in discrete fractures, while from the point of view of regional ground-
water flow one could use the equivalent porous medium model to greet‘advan—
tage. ' | ' _ |
v In addition, the model must have the ability to handle complex flow
region geometry in two or three dimensions, -anisotropy .and heterogeneity of
' materlal properties, and the_time—dependent variation of boundary conditions
and material properties. _ ’ :
 Groundwater flow in both porous and fractured media occurs in a network
of void spaces ‘which penetrate the system. Flow in the system is generated
- by a hydraulic gradient (1), -which can be defined as the change .in head per
unit of horizontal'distance in a given direction. . The conductence of such
flow is called the relative permeability (K) of the medium, and is related
to the discharge (Q) by the familiar Darcy equation:

Q=KIA o ENEY)
where N
Q = volumetric £low rate (L3/T).
K = relative permeability (L/T)
I = hydraulic gradient @wn
A = cross section area (Lz) |

Dividing both sides of the foregoing equation by the area A, an expres-
sion for apparent flow velocity V is obtained:
Q =V=KI : ' ' (2)
y- S .
where V = apparent flow velocity (L/T). Each of_the above'tefms has direc-
.tional properties. Both velocity and‘gfadient are vectors and the relative
permeability is a tensor which varies in direction in response to changes in
the physical properties of the void spaces. Equation (2) can thus be expres-

sed in terms of a three-dimensional non?diagonalized tensor:

V] [Rex Rey Rea] [ | -
Vol = %= Kyy Kye Iyt o (3

Vz Kzx Ky Kzz Iz‘



where the:sdbScriptsbx; y and z indicate the orthogonal field coordinates.

The x-component of velocity is written
Vx = Kex Iy + Kyy Iy + Kyp I, (B

where Kxy is the permeability to flow in the x-direction due to the component
of gradient in the y-direction. If the orientation of the field coordinates
coincides with the directions of principal permeabilities, the cross terms in

the permeability tensor are reduced to zero and Equation (3) becomes:

Vx Ky

0 o0 Iy o A
Vgl = _0 .Ky 0 Iy » ‘(5)
v, {0 0 K, I, :

A complete diécussion of the permeability tensor and deri&ation_of the perme-

ability ellipsoid for fractured media is described by Wilson and Witherspoon

(1970) .«

c. Parametric Requirements=-=A Guide to Field Testing

The input data required for the mathematical model fall into four broad

categories: _
o Geometry . Limits of the system; nature of layering
, _ ©  structure i _ ‘ : _ _
o Initial conditions Reg"i'onal groundwater flow pattern; fluid
v _ . potential distributions; flow velocities
o Material Properties Permeability; storativity;'porosify ‘

o Boundary Conditionms Relationshib to adjacent basins or the shallow
groundwater system; rolé of Columbia River

The geometry of the Pasco Basin will be defingd'thfough a process of
synthesizing all available geophysicél,r geological, and 'éther knowledge,
from both surfaée and subsurfaée data. Wells will be needed to inveétigate
structural effécts in the Pasco Basin. The edges‘of the Basin, especially at
Sentinel Gap and to the east and northeast,'are éreas where basalt flows
found deep under the center of the basiﬁ'come.close<to the surface. The same
is true for the tops of the ridges, particularly ‘the Rattlesnake Hills..
Plunging synclines such as Cold Creek and DryvCreektValleys could be conduits
for water intd the Basin. Water may be impoundedAbehind_faults such as . the
Saddle Mountéins thrust fault or Priest Rapids fault or such faults may serve

as conduits. Examination of deformed areas by means of deep vertical or
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inclined boreholes may provide evidence of increased vertical circulation

which will be of vital interest to repository siting.

The initial fluid potential distribution would have to be obtained
primarily through profiling of fluid pressures in newly drilled as well as
existing wells and through monitoring carefully installed piezometer clus-~

ters. Clearly the accuracy with which the pressure distribution is deter-

" mined depends on the density of wells over the entire area.

Three basic material_ properties are needed as input into " the model
to analyze saturated flow:. permeability, rock mass compressibility, and
porosity. Well_tests will be designed ‘to measure both norizontal and ver-
tical permeability. CompressibilitY‘andiporosity are combined in the storage
coefficient which can be measured as a rough’average»inpa pumping test. It

may be possible to obtain porosity from tracer tests. The model requires the

-.assignment of material properties tnroughout'the flow region, Again,‘accu—

‘racy will depend ‘on well density.

In the analysis of a regional groundwater system in fractured rock

such as in the Pasco Basin, the difficulty of identifying all significant

discrete fractures forces us to make assumptions about the nature of the
material properties of the rock units. The primary assumption is that

fractured rock masses, when examined on the megascopic scale of basin flow,

- behave largely as equivalent. porous media. With the exception. of large

'throughg01ng discontinuities, which may be modeled as discrete fractures, a

numerical model of the Pasco Basin hydrologic system must be’ essentially a
porous-media model. Field tests are directed at providing these equivalent-
porous-media permeabilities for the modeling effort. .
There are two basic approaches for obtaining equivalent permeabilities.
The first method is to do large scale tests which automatically average the
effects of individual fractures., To produce representative data these tests
must be performed on a volume of rock at least as large as the represen—
tative elementary volume. Bear (1972) has defined the size of a represen-
tative elementary volume (REV) (FigurelA—l), If the test is performed on
a volume smaller than the REV, the effect of adding a small volume to the
test volume will have a significant effect on the value of'the‘perameter
measured. This dis the domain of microscopic or single fracture effects.
The volume is representetive when small increases in the test volume have no
significant effect on the value of the parameter. ' This is the domain of

porous media or equivalent porous media effects. .
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In tHeofy the size of the test.can always be increased; for example, by
increasing the packer interval. However there are practical limits to this
process. In rock such as the Columbia River basalts, the dimensions of a REV
may easily exceed the thickness of thé unit being tested. vAiso, in order to
perturb a large Qolume of rock, the test may take a long period of time.
Furthermore, methods for obtaining vertical permeability with 'large-scéle
tests are limited to two-hole tests and inclined-borehole tests. The availa-
bility of twin holes and inciined boreholes will be limited and it may take
very long periods of timé fo do two-hole tests. Finally, the interpretation
of both tests will be in doubt if there are a large number of thorougﬁgoing
fractures neither perpendicular nor para11e1 to -the hole.

Because of the above difficﬁlties, it will be necessary to also use a
second apprbach. In this méthod,.small~scale tests on individual or small
groups of fractures are run -in order to measure apertures.and orientations.
The distribution of aperfure and oriéntation is'tﬁen uséd to build a statis-

.tical picture of the permeability tensor.’ _

Storativity can also be measured in large or small scale tests. The
large scale measurementé‘are accomplished by perforﬁing a pumping or injec~
tion test with an observation well, Without an observation well it ﬁayvonly,
be possible to estimate storativity;‘ Small scale tests measure stress-
conductivity relationships in individual fractures. These individgal mea-
surements plus a measurémént_or estiméte of the total distribution and volume
of the fractures can be ﬁsed.to estimate storativity; o

Effective porosity is measured in order to.calculate particle velocity.
As mentioned above, the velocity calculated by eduation (2) is‘an.appatént
velocity and not the true intergranular velocity. The latter is equal to
the volumetric flow rate divided by the. effective cross-sectional area. of
the pores (ratﬁer than the gfoss area.of pores and grains). Inva rand om
and relatively uniform porous medium, the:average true veloéity is essen-
tially equal to the apparent velocity diyided by effective pofosit&, defined
as the ratio of interconnected pore voiume to gross volume. .Effectivé»poros-
ity values can be obtained from tracer tests. »

This simplified relationship breaks down,'hpwever, in a fractured
mediuﬁ where void spaces occur in the form of open fractures and are often
highly irregular in size. In comparing a volume of rock containing ten

fractures of 10u apertﬁre.and one'fracture of 100u . aperture, the true
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velocity in'the‘single~large fracture’will be 100 times the velocity in the
small fracture because velocity isia‘functiontof fracture aperture.squared.
Therefore, .dividing the total tlux per unit area by the total porOSity
would give a meaningless value for velocitya It thus becomes very important
when identifying ‘true flow rates in a fractured medium to consider fracture
apertures rather than gross porosity data.

The flux or head must be determined. along all boundaries - of the flow
region as a function of time. T0vdetermine these conditions, data are needed
from wells both across and along the houndaries. A boundary may be either
aribitrary or'natural but it is essential’that7precise conditions along the
boundary be determined. The placement ‘of wells necessary for this purpose is

discussed in Section II Cl of the 1main report. Long term xnonitoring of

.pressure and chemistry in some some of these wells will be necessary for

understanding the time dependerice of the boundary conditions.

d. Independent Veriflcation of Theoretical Models

Three methods can be used to verify or calibrate the theoretical models

which will be developed. The first is to monitor'pressures with time to see

it they correspond with predicted values.  The second is to use,tracer tests

" to get independent values of local velocity and direction and again_see if

they correspond to values calculated_hy_the model. The third is to_use"dating-
and geochemical analyses to obtain historical values of regional velocity and
direction and again check against thé values predicted in-the model.  Adjust-

ments can then -be made in' the model(s) to minimize the difference,between

predicted and measured values.

2. SELECTION OF FLELD TESTS

a. Data Requirements — Test Matrix

Data required for'geohydrologic characterization of  the Paeco‘Basin are

. related to a suite of geohydrological, geochemical' and - geophysical field

tests in. Table A-l. An effort has been made to limit matrix entries to
direct relationships between required data and tests which produce such

data. However, some of the more important indirect-relationships regarding

.combinations of tests from which required data may'be inferred are also

indicated and are foothoted. The purpoSe of”thislmatrix is to serve ae a
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reference guide to data reduirements and tests and 1s not intended to be
exhaustive of all possible data-test relaﬁionships. Discussions of each of
the seven types éf ﬁests shown in Table A-1 are presented in Section 3 and
long~term monitoring is discussed in Section 4 of this Appendix. A discus-
sion of general considerations in test selection which apply to most types of

geohydrological, geochemical, and geophysical tests follows.

b. General Considerations in Test Selection.‘

A number of physical and economic constraints must be considered
in the selection of field tests to provide the basic data required for
geohydrologic evaluation of the Pasco Basin. Most of these constraints are
general in nature and apply to all fypes of field tests. The process of
test selection involves achieving a balance which best satisfies thé re~

quirements of accurate data acquisition while at the same time satisfying

.the physical constraints of the enviromment in which testing occurs and the

economic constraints of reasonable testing times and costs. A proce-
dure which is highly suitable for permeability testing in large boreholes
within near surface aquifers, forvexamplé, may not be at all acceptable from
both physiéal and.economic standpoints in deep'3—inch NX boréholes. Specific

constraints which must be considered in test selection are discussed below.

i. Borehole Environment

The required test equipment must be capable of operating in the en-
vironmental conditions of the borehole. These conditions include bofehple
diameter, depth, sidewall roughness, water chemistry and water,témperature.
Certain types of tests may be precluded because the hole may be too small or
too deep, the temperatures may be too high, or the chemicai environment too
caustic. Pumping drawdown tests, for example, may be precluded for highly
permeable zones in small, deep boreholes because of a 1ack'of_high_capacity

pumping equipment. In such environments, formation rpermeability would be
obtained by other types of data.

ii. Drilling Techniques and Testing During Drilling -

Drilling techniques affect the roughness of the borehole wall,  the
degree of physical disturbance of the rock mass around the borehole, and the

degree of infiltration of drillingvfluids,énd cuttihgs into the rock mass.
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TABLE A-1
DATA REQUIREMENTS - TEST MATRIX

Boreholé Tests

Required Data

Geophysical : Fracture . Hydraulic .

Logging - Pressure  Permeability Tracer. Geochemical Studies! '~ Fracturing Monitoring4
.Hydraulic Gradieat ) ' x -X
Permeability & A ' } ) .
Storativity x x klz xlz : x5 x6

p T
Porosity & Density x13 X 13
State of Stress & 10 10 N ¥
Elasticity x X o x
Geochemical Evolution X X
Flow Direction and " ] 3 8 x x7 x
Velocity. ) X X X
Ag'e of Groundwater ) X X
- - - ' 9 9 '
System Geometry . S X . X X X X X X
Witer Chcmiscry &
x X X

Temperature
FracturebDescriptiohs X b4

.llncludes analysis of core.

2Directional permeability of porous media and
individual fractures obtained by selected
peracability tests using results ‘of borehole
logging geophysics and hydraulic fracturing.
“Pressure data provide flow diréction only.
aIncLudes long term pressure testing, geochemical
sampling, anqvtraéer testinge.

SPruvides data on fracture apertures, orientation )
and frequency used in establishing permeability tensor.

6P‘rovides data fot:application of 1ndépendent1y

- determined stress-aperture relationship for fractures.

-9

May provide information on source of groundwater based om .
age or characteristic constituents.

8Provides flow direction‘velbéity-déta when gradienfs are known.
Anomolous data provide'indirect 1ndications‘o£ system gecmetry.

oTest'provide elastic properties only.

uTest provides state of stress énly.

12Permeability data may be Inferred from geochemical sampling
operations and tracer tests under certain conditions.

13Tgst provides total porosity only.



Rotsry driliing; for example, generally results in a rougher hole walls.
The degree of physical disturbance of the borehole wall .also affects the
success of downhole devices for fracture orientation and eperture'identi~
fication. | '
Drilling.affeots hydrologic testing and sampling in the following ways:
1. Reduction of permeability”through invasion of cuttings'into frac-
tures. :

2. Contamination of native groundwater through drillwater invasion.

3. Invasion of drilling mud into borehole wall causing a positive skin
effect.

4. Change in formation pressures due to influence of fluid pressure in
the well. : : :

Af ter drilling is complete factorsd(Z) and (5) may continue due to crossflow
between strata of different hydraulic potential. | d »
| ToASOme extent these broblems'can be alleviated through choice of
drilling technique or fluid. Use of air or aerated water for drilling
: meintains a lower nead’in the hole than'in:tne formation thus reducing water
invasion to the formation. Such drilling, however, does not generallyvallow
retrieval of core and may'result in a positive skin dus to well wall dauage.
If water is used for the drilling_fluid as in core drilling, lost
circulation material can and should.be added:as required to limit contamin-
~ation and mud invasion to the’formation. Sucn material may,'however,-
be difficult to remove. - -
Hydrologic testing'and‘groundWater sampling-in previously contaminated
boreholes generally require time-consuming 'expensive cleanout procedures.
Estimates of the time necessary to remove contaminants from a formation have
been made_assuming contaminstion.inﬁlow at a constant head differenoe of 75
meters into the formation and removal by swabbing et'a constant head diff-
erence of 1000 meters into the well, Figure A-2 shows: the number of invasion
volumes, i.e., the volume of drilling fluid that invaded the formation during
drilling,»that are removed by swabbing as a function of time. It may not
be unusual for 20 invasion volumes to.befremoved before“the_water is clean
enough for geochemical sampling. vAssuming thettthevsampling éone was
exposed to drilling fluid contamination. for one month during driliing, it
would take about 45 days of constant swabbing to remove 20 invasion volumes
and produce an acceptable sample under the above assumptions.

Most measures designed to limit contamination may have an adverse effect
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on permeability and pressure measurement. One alternative is to have separ-
ate holes dedicated to core, geochemical sampling, and permeability work
using drilling techniques best suited to the purpose of the hole. However,
the number of holes is limited and individual holes will need to serve
multiple purposes. The most practical alternative is the sampling of test
zones and measureﬁent of pressures and permeabilities as the hole is drilled.
Since deterioration of water sample and pressure measurement quality increase
with time, allocation of time during the drilling schedule is imperative.

The sequence in which field tests are performed must be considered from
the standpoint of the effect of -each test on subsequent tests. It would be
undesirable, for example, to contaminate the formation with injection test
fluids prior to geochemical sampling. Similarly, it would be undesirable to
perturb the formation by sampling prior to making static preessure tests.
Therefore the order of testing should be pressure teéting, then water samp-

ling, then injection testing.

iii. Hole Preparation for Testing

For previously drilled holes where the opportunity to test during drill-
ing has been lost, cleanout procedures will be required prior to testing.
If during drilling a large positive head was maintained in the borehole,
drilling fluids, cuttings and lost circulation material will be forced out
into the rock from the hole. Before testing begins certain steps must be
taken to remove the introduced drilling materials and make the hole stable
for packer operations.

Béfore hole cleaning begins a caliper and temperature log should be
made. The caliper log is necéssary to pick packer setting points. The
temperature log, when compared to subsequent logs run during the cleaning
process, will be used to determine flow zones where the cleaning has been
most effective. ‘

For cleaning, a relatively low head must be established in the bore-
hole, to draw the drilling materials out of the rock into the hole. Heavy
particles will settle to the bottom of the hole and fluids will be lifted
out of the hole. This can be accomplished with either swabbing or air
lifting while a single packer is set in the hole. For a hole that extends
more than 1000 feet below casing, it is recommended that a single packer

be set about 500 feet above the bottom of the hole and at subsequent 500 foot
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intervals up the hole. This will ensure that the low head affects all parts
of the hole. As each interval is cleaned a temperature log should be run to
determine what part of the hole has been producing water. Depending on the

length of the open part of the hole this preparation should take from two

days to two weeks.

iv. Equipment Availability and Sensitivity

Test selection must be compatible with the availability of necessary
equipment and desired accuracy of the resulting data. The problem. of
inappropriate or unavailable equipment to meet specific testing demands
within the deep borehole environment has already been noted and specialized
testing equipment' has been designed and fabricated by LBL for the Pasco
Basin field program. Also of importance is the availability of commercial
equipment on a timely basis. The selection of field tests must take into
account the lead time required to obtain necessary equipment and to assemble
a working test unit in the field.

Test selection must also be compatible with the availability of equip-
ment which is sufficiently sensitive to meet required levels of accuracy.
In testing the permeability of fractures with very small apertures, for

example, it may be necessary to shift from a procedure which relies on

measurement of flow rate to one which relies on measurement of pressure

decay. The flexibility to vary the field test procedure as required 1is an
important prerequisite for a successful field program. _

When all hole cleaning is completed a caliper log should be run to see
if the hole has been enlarged or blocked by the flow into the wellbore. If
the hole is open or blocked by the flow into the wellbore. If the hole is
open a complete suite of geophysical tests should be run. These data,

combined with the temperature logs run during cleaning, can then be used in

picking sampling intervals.

v. Value of Observation Wells and Inclined Holes

Observation wells or inclined boreholes are needed for determination of
certain hydrologic parameters. One of more observation wells are required
for accurate determination of the storage coefficient. Vertical perme-
ability may be inferred from tests in inclined boreholes or, under certain

circumstances, from ratio tests in pairs of holes. The availability of
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observation wells and inclined holes at a test site will influence the types
of test which can be performed and to some extent the type of data which can
be obtained at that site.

vi. Economic Constraints

Economic constraints affecting the selection of £field tests are an
important and well~recognized part of any program. Economic considerations
limit the number and duration of field tests, and affect to some degree all
aspects of the testing program from the size and depth of boreholes to the
selection and availability of testing equipment. The field tests have
beenvselected and the testing program formulated to assure that thé max imum
amount of reliable data will be acquired within the economic constraints
imposed. For example, tests are planhed to .minimize the requirements for
duplicate equipment, the size of the field staff, and the number of trips
which must be made into and out of the hole.

vii. Time Constraints and Maintenance of Schedules

 Time considerations and maintaining program schedules are especilally
important to the Pasco Basin hydrology projecﬁ because of the:natioﬁal goals
which have been established for solution of the nuclear waste storage
problem., These time constraints require thét’field tests be selected on the
basis of the reliability. of the test procedure and equipment to yield
the required data on schedule. Time constraints can best be met through the
formulation of a realistic program. . Successful formulation of such a
program requires extensive experience with the testing equipment, test
procedures, site conditions, the stores, support services, and geologic

environment within the Pasco Basin.

3. DESCRIPTION OF FIELD TESTS

a. Borehole Geophysical Measurements

i. Introduction

Wireline borehole measurements have two functions in a project such as
the hydrological investigations at Hanford. Firstly, geophysical logs
furnish background data wupon which the physical features of the geology
can be inspected and evaluated and detailed plans for test work can be

made. This has been the dominant (but not exclusive) use of the borehole
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methods at Hanford and is referred to in the petroleum industry as "openhole
logging." Openhole logging is done before the hole is cased or altered for
engineering purposes. A ‘

Secondly, and just as importaht, a wireline facility is the only way
that subsidiary information required during the course of the drilling and
testing program can be obtained. We shall refer to this mode as "operational
logging."  Typical réquirements are the examination of the flow profile,
inspection of casing or tubing for damage, cerﬁifying the effectivenéss of
acidization or hydroffacturing, etc. - Typical tools include the flowmeter,
thermometer, gradiomanometer and caliper. However, the actual requirements
are rather unique and more important in the case of an investigatory hydro-
logical program. Also, since this aspect of wireline measurements has been
neglected in the past at the Hanford site and in most similar field investi-
gations, it is worthwhilg to discuss a few examples to iilustrate the utility
of such a measurement system. :

In hydrologicai investigationé the drilling history and the consequent
modifications to the borehole wall cén be quite important and iﬁ fact
constitute part of the hydrologiéal datébbase. Fop‘exampie, a major flow
‘vzdne encountered during drilling must often be sealed off before the dril-
ling can proceed. Hence wireline méasurements are important to determine
the exact horizon of the fiuid .exoduég ‘usually accomplished with a flow
sensor or a temperature profile; ‘After cémeﬁting the hole to Stop the
circulation loss, another temperature profile can determine where the
cement was éctually emplaced by fmserving the heat produced exothermally
during the curing process. As another example, if deep hydrofracturing
becomes an important method of determining the in situ stress at Hanford,

then a method of inspecting the wall of the borehole both before and after
‘the fracturing operation is necgssary. Such an inspection can be accom-
plished with either optical or sonic techniques. And as a third example,
a sensitive caliper inspection of the boreﬁole wall can show where packer

setting may be hazardous.

ii. Comparison of Open-Hole and Operational Logeging

The distinction between open-hole and operational logging will, of

course, not be clear in some applications, but in general the distinction is
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clear enough that there are some obvious practical implications. One of
these 1s that the open-hole requirements can more or less be planned and
scheduled well in advance of the actual required logging operation. Hence it
can be budgeted on a footage basis, depending upon the logging program
selectede On the other hand; the operational logging is necessarily an "ad

hoc"

requirement which can and will change from day to day and even from
hour to hour. It cannot be budgeted on a footage basis, but must be ac-
counted for on an equipment and manpower basis, and is in practice much

better done by the personnel doing the hydrological test work.

iii. Previous Logging Programs at Hanford

A large number of borehole logs have already been obtained at Hanford
over the past 8 or 9 years. In fact, almost 100 logs have been run on DC~1
aléne. However these existing logs have been obtained and used on an "as
needed" basis. A review of these logsvhas been conducted by LBL, and is
reported in detail in Section IIB2 of the main report. The following general
statements can be made concerning éuccess of various techniques:

o The dominént features of all the oﬁeﬁ-hole logs reflect the start-
ling contrasts between the massive basalt flows to the vesi-
cular and interbed zones. In this respect all the logs reflect
the'marked chaﬁges in pore volume and any one of the suite of
logs can be used to pick the basalt flow (pérosityf boundaries.
Porosity contrasts become even more apparent when the logs are
compafed to the photographs of the core. Hence the ability to
pick lithologic changes from the logs is well in hand and the logs
have been used for this purpose for some time.

o On the other hand, the correlation of individual flows between
boreholes is unsatisfactory, being based on geochemical analysis of
the rock. For this reason, other types of logs have been run
recently which may be sensitive to subtle changes in mineralogy,
but these results have not yét been completely analyzed.

o Other logs such as the dipmeter and televiewer have received only
limited use at Hanford, but the results are highly encouraging and
need to be assessed more carefully before specific recommendations
can be made in regard to thelr use.

o Several flow-sensitive logs have been run with radioactive tracer

and temperature tools. These logs are very useful and data quality
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is quite good. The results would be even more useful if more
detailed descriptions of the test circumstances were available.
o The users of logs at Hanford are diverse; the types of logs run and
the range of commerical suppliers are equally diverse. Hence the
analyst must work with data supplied by different physical measure-
ment methods from tools from different manufacturers, even in the
same borehole. This problem is not especially severe as long as the
logs are used‘in‘a qualitative fashion, but if quantitative data are

to be extracted from the logs, some standardization would be desir-
able.

b. Borehole Fracture Logging

i. Introduction

Fracture logging gathers detailed data on fractures intersecting bore-
holes. Such logs are used to construct a pilcture of the fracture system at
depth primarily for hydrologic and'engineering purposes. Fracture logging
techniques include core logging, TV camera logging, borehole camera logging,

‘televiewer logs and oriented impression packers. Detailed caliper logs can

also sometimes be used to interpret fractures.

ii. Core Logging

Core logging is a widely accepted means of studying'fracture systems.
Core loggiﬁg procedures currently used at Hanford are reasonably thorough
‘and complete. A useful addition to the log, however, would be a photograph
of each box taken at the time the core is logged. Numbers now being given to
fractures should be shéwn on the photographs. A sketch can be used instead
of a photo (Goddman, 1978).

For hydrologic purposes, core provides useful insights, but it can
be misleading. As discussed in the section on permeability, aperture cannot
.be determined in core exceﬁt’for fractures that are clearly healed. Coring
tends to create fractures but such fractures can generally be recognized by
a trained observer if they are in intact rock. Healed fractures that have
been opened may, hoWevef, be difficult to reéognize. Coring also tends to

disturb fracture filling and coatings; this can be minimized through triple
tube drilling.
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iii. TV Camera Logs, Borehole Camera, Televiewer ‘

TV camera logs have come a long way towards providing a very useful
product. TV logs have high resolution (<0.l1 mm) and, unlike core, provide a
record of fracture aperture to guide hydrologic testing. The drawbacks are
the expense and a depth limitation stemming from problems in transmission
cable length and deterioration of image quality in clouded water. They also
have a large number of conductors which tend to'be bulk?, thus requiring
large reels and very heavy power winches.

LBL has used two different caméraé; one manufactured by Undervattens
Foto in Sweden and the other by Sperry Services of Huntsville, Alabama.

Both provide continuous video records with depth recorded on the image.

. Currently, the Swedish camera claims a depth capability of about 5000 feet

versus Sperry’s 1600 feet. The Sperry camera provides higher résolution and
méy be adaptable to deeper applications.

Borehole camera surveys'do not have the depth limitations of TV logs,
but they are discontinuous, do not provide immediate readout, and are some~
what more cumbersome for data analysis.

Televiewer logs record i¥regularities of the borehole wall acousti-
cally (Zemanek, et al, (1969). The televiewer log has two major advantages
over television: it can be run with standard four conductor logging cable,
and it does not require clear water in the hole. They provide continuous
records. like TV logs, but do not have the same degree of resolution, hence

they are not as useful as TV logs for aperture distribution studies.

ive Impression Packer

Impression packers are packers with soft rubber or wax coatings which
record the impression of the borehole wali when the packer 1is inflated.
They can be equipped to work with standard orienting tools, such as Sperry
Sun magnetic and gyroscopic compasses. Because impression packers generally
require separate trips into the hole for each impression, they are imprac-
tical as a means of making fracture records over long intervals of holes.
They are most suitably applied to recording the orientation and appearance
of major fractures or discontinuities that appear in the core (Harper and
Hinds, 1977).

Where core 1s oriented totally or partially by core reconstruction,

as 1s now being done by Hanford geologists, impressions of major
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features can be used to orient the core and provide a check on the remnant

magnetic methods currently in use.

Summary
Fracture logging from core is the basic fracture mapping tool but 1is
not entirely adequate due to core damage in drilling and an inability to
determine fracture apertures. TV logs serve as a useful complement in
providing the in situ aperture data. For hydrologic studies, TV logs are
used to select fractures for small scale injection tests and to facilitate
meaningful interpretation of large scale injection tests. This is especial-
ly true when one or two fractures are dominating flow into or out of a -
particular zone. If apertures determined by a TV log show strong correla-
tion with hydraulically determined apertures, much of the small scale
injection work discussed 1in the permeability section may not be necessary,
thus saving much cost and time. Impression packers should be limited to
major features due to the long time involved in testing one zone. The
televiewer and borehole camera will be neceesary bniy if TV logs prove

impractical due to cost, unavailability, or water clarity constraints.

vi. Time Requirements

The time required for fracture logging of core will not be covered here
because this aspect is within the scope of other RHO contractors. TV
logging should be done on all holes and can be done at about 500 feet per
day, thus requiring 8 days for a 4000 foot hole. Im addition, one month per
hole should be allowed for interpretation. The logging equipment should
include hoists and tower, making a service rig unnecessary.

Impression packer work will require 0.5 days per run and will require a
service rig. | .

Orientation should be done by a service company such as Sperry-Sun or
Eastman, either of which has a minimum fee whenever an engineer is sent.
Therefore as many impressions should be run during a given block of time as

possible.

Ce Permeability Tests

i. Introduction

‘Analysis of ‘the permeability of the deep strata of the Pasco Basin is a
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complicated mix of porous-média and fractured-media problems; Interflows
and flow-tops act as porous media and may lend themselves to classic tests
such as the pump test. Massive basalts with their complicated fracture
systems will require severél approaches. '

The basic questions are:

o How to determine the permeabilities to be used in realistic regional

groundwater flow models. N

o How to characterize specific flow paths for determination of flﬁid

velocities.

The following discussion of permeability begins with a genéral discus~
sion of fracture flow concepts (an understanding of porous media flbw on the
part of the reader 1is assumed) and follows with descriptions of specific
tests and thelr applicability to the basalt problem. Tracer tests are

discussed in section 3d.

ii. Basic Concepts of Fracture Fléw

Apefture ,
The permeability of a single fracture, kg, based on the parallel plate

flow analogy can be given by

2b.2
Kk = 8 (2b)
f 12v
where g 1is the gravitational constant, Vv 1is the kinematic fluid visdosity,

and 2b is the effective opening or aperture of the fracture. In terms of a

flow rate in a single fracture per unit width, q, this relationship is

3
.8 (2p) 1
12v

where i is the pressure gradient. This cube relationship of flow rate and
fracture aperture has been confirméd for natural joints in experimental
studies by Iwai (1976).

The fldw equation for the porous medium equivalent of a fractured

medium has the form

v} = [kp) {1}

where {v} is the velocity vector, {i} is the potential gradient vector and

[Kp] is a second order tensor that can.-be formed from the permeability

terms of each fracture or fracture set. Whereas most permeability tests
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measure flow rate, q, and gradient i, we can define the area permeability,
Kp by the following relationship

qy = kpi
Where qp is the flow rate per unit area. For a set of fractures with
aperture 2b and frequency A , the single fracture permeability K and area
permeability K, are related by: |

[kp] = 2bv[k])

Assuming a uniform set of fractures oriented in the X-Y plane with

aperture 2b, - 5 - _ 5 -
g (2b) o o A8 (2b) o o
12V 12 v '
[Kp] = 2b ) o 8 (2b) o = | o 28 (2b) o
12v : : 12v
o o ., O o. . , o o |

The ﬁrincipal permeabilities and their ofienfationé are the eigenvalues
and eigenvectoré of thevpéfﬁeébiiity téﬁsor.formed from the combination of
the tensors of the individual fractures. |

Natural fractures differ fron parallel plates due to surface roughness
and other aperture variations. A natural fracture' and a parallel-plate
fracture having the same distance between the walls will have different
hydraulic characteristics. The aperture (2b) used in computing permeability
of a real fracture is an effective aperture, equal to that of a parallel-
plate fracture having the same hydraulic behavior as the natural fracture.
For natural ffactﬁrés; true aperture and effective aperture may differ by an
order of magnitude, the true aperture'generally being greater (Gale, 1975).

The significance of the squared and cubed relationships between frac-
ture aperture, velocity and flow rate can be seen by analyzing a simple
fracture system as it might be encountered in a well (Figure A-3). Suppose
a well penetrates a jbint system oriented normal to the borehole with
a spacing of 1lm and aperture of 10u. Suppose one fracture in this array
has an aperture of 100u. Under the same gradient the larger aperture
fracture will maintain a flow velocity which will be 100 times that of the
smaller fracture. Volume flow rate will be 1000 times that of the single
smaller fracture. '

Extending this example further, two test zones, one with a single 10u

fracture, the other with 1000 1y fractures, will have the same permeability.
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Figure A-3, Joint system with varying fracture apertures;
larger aperture fracture will have 100 times

the velocity and 1000 times the flow rate of
each small fracture.
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Under identical hydraulic gradients each system will have the same volume
flow rate, but the particle velocity of the flow will be 100 times greater
in the system containing the single 10u fracture. Fracture aperture,
therefore, has the same control on flow velocity as porosity does in porous
media.

This points out an important difference between fractured media and
porous media, namely, that in porous media porosity and permeability can be
independent, whereas in fractured media porosity and permeability are
strongly coupled with fracture aperture. Further discussion of the aper-
ture-velocity problem can be found in Maini and Hocking (1978).

Core analysis and fracture logging are not sufficient to detect varia-
tions 1in the aperture of small fractures. Nor. do most geophysical tools
have the resolution to distinguish such features.  Hence in borehole test
zones that appear lithologically and geophysically identical, permeability

test results can vary by several orders of magnitude.

Orientation

Given .the strong dependence of flow properties on aperture, it becomes
crucial to know the orientation of fractures being tested and if there is
variation in aperture with fracture orientation. The orientation of the
large aperture fractures with respect to the potential gradient makes a
major difference in groundwater flow velocity and direction. For basalts,
several aperture-orientation relationships may exist. For example, in the
colonnade, vertical fractures ére likely to have larger apertures than
horizontal fractures. If the regional stress field at Hanford is highly
anisotropic, it may be that fractures in some orientations are closed
while others are not.

The problem of aperture-orientation relationships make the drilling of
boreholes in a variety of orientations essential. Whereas the number of
fractures intersected by a boreholg varies with the sine of the fracture dip
relative to the borehole axis (Terzaghi, 1965,) well tests in fractured
rock tend to be dominated by fractures normal to the wells and will be
unlikely to yield much information on the permeability of fractures parallel
to the well. The ratio test, however, is an exception to this statement (see
section 3ciii).

Orientation considerations affect as well the choice of large scale

versus small scale permeability -tests. "Small scale" refers to tests on
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short zones containing one or two fractures; "large scale" refers to tests
with larger packer spacings (>10 feet). Snow (1968) devised a method for
determiniﬁg the average spacing of hydraulically significant fréctures from
large scale tests of those fractures. It is difficult, when using a large
test zone, to determine which fractures are responsible for the flow and how
the fractures are oriented. Figure A~4 shows an example of how such data
can be difficult to interpret. Imagine a rock mass containing a steeply
dipping joint system and a horizontal fracture system. In (a) the hori-
zontal system has on the average, one tenth the aperture of the other
system. In (b) this relationship is reversed. In a large scale test as
shown, the two zones, labeled 1 will have the same measured permeability as
will the two zones labeled 2. However the orientation of the permeability

tensor will remain ambiguous. The orientation of the permeability tensor of

the rocks in (a) will be quite different than in (b), but large scale tests

cannot detect this. The problem can be alleviated by use of ‘a downhole TV
camera or possibly seisviewer logs 1f resolution is sufficient. Small scale
tests would resolve this question.

The determination of anisotropic permeability depends on the inter-
relationship of fracture aperture, orientation, and spacing, as well as
knowledge of single fracture properties. This distribution can be used to
calculate directly the permeability tensor, as was done by Bianchi and Snow
(1969) or Louis and Pernot (1972). Another alternative is to determine the
statistical distributions of aperture and orientation as input' to a sto-

chastic model.

Continuity
The results of fracture mapping in many geologic environments have

shown that fractures cannot be assumed to be continuous within their own
plane. - This continuity may be decreased depending on the ektent of fracture
coatings and fillings. - Continuity is the most difficult fracture parameter
to measure in situ. Many well tests affect only a zone close to the well-

bore, hence a change in aperture at a distance from the hole cannot be

detected. Tests that affect large volumes of rock mass are the best way to

evaluate continuity. Deviations from type curves for pump tests, slug
tests, and pulse tests can be qualitatively interpreted in terms of con-
tinuity (Wang, et al, 1977). Additional tests for continuity can be made

using single fracture cross~hole tests (Figure A-5).
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Figure A-4. Ambiguity of large-scale permeability tests
- a. permeability of zones 1 and 2 differ due to
intersection with steeply dipping fracture
system :
b. permeability of zones 1 and 2 differ due to
aperture variation in horizontal fracture zone

A-29



L4

A\

g P

v,

4

/ % -
. d
///\
Packers
XBL 788 -2633

Figure A-5. Schematic diagram cross hole fracture
continuity test
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Large Scale vs. Small Scale Permeability Tests

Sma;l scale tests have the function of determining orientation-aperture
relationships, statistical aperture distributions, and single fracture
continuity. A statistical description of fracture aperture, continuity,
spacing, and orxientation will provide a means of assigning a probability to
the occurrence of a specific large aperture fracture flowpath extending from
within a nmssive basalt to more permeable overlying and underlying inter-
beds. Identification of specific fracture systems will also permit direct
computation of transit times for contaminant transport and the assignment of
a probability of occurrence to these transit times.

The disadvantage of small scale tests is that they are time consuming
if statistically signifiéant numbers of fractures are to be tested. Fur-
thermore, single fracture tests are dominated byvconditions near the well
bore. : '

Larger scale tests (packer spacing greater than 10m) smear the effects
of the individual fractures and are intended to give a permeability of a
volume of rock more representative of the rock mass. Bear’s (1972) concept
of a representative elementary volume (REV) is useful in determining what
size of test should be done. Tests of volumes smaller than the REV show

‘large variations in value; tests of volumes larger than the REV are more

constant. The results of sequential tests along a borehole are additive and
may be cumulated to determineé the REV. Larger scale tests should have the
following functions: | | |

o} When done over the entire length of each borehole at ~10m spacing,

they’can be used to determine the size of the REV and, crudely, the
spacings of major fractures'(Snow, 1968) . - '

o They can be used to verify pérmeability conclusions based on small

scale tests.
.0 dnly large scale, cross-hole tests can be used to evaluate con-
tinuity within large rock volumes.

Thé major types of permeability tests are discussed in detail below.
The types of data which can be derived from the various tests are summarized

in matrix form on Table A~2.

iii. Pump Tests, Ratio Tests

Pump tests are the most widely used type of permeability test. Stan-

dard‘pump test analysis follows the classic solutions of Theis (1935) for
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TARLE A~2

PERIEABILITY DATA - TEST MATRIX

PERMEABILITY - ’ STORATIVITY
Test (1) Hori7ontal Vertlcal Complete
- Tensor
Punning Withdrawal Tests
Constant Discharge (Standard) X (3 L ‘ No(2)
Constant Discharge (Ratio) X (5 X (N X (3 X (2)
Constant Drawdown (Standard) X (5) X (2)
Constant Drawdown (Ratio) X (5 X (N X (5 X (2)
Steady State Injection Tests
Large Scale ' X (5 X (2)
Small Scale X X X (3) X (2)
Slug Tests X ' X (6)
Pulse Tests X X X (3) X (&)

(1) All tests are single hole tests unless otherwise noted.

(2) Determination of storativity (storage coefficlent) requires response
at an observation well.

(3) Determination of complete permeability tensor through small-scale

injection requires a large number of tests on sinnle fracturcs of known
orientation.

(4) Storativity may be approximated from the elastic response of the system
to pressures of varying magnitude.

(5) The horizontal two-dimensional permeability tensor may be determined if
drawdown data from a number of observation wells were available.
Otherwise an effective radial permeability 1s obtained. When combined
with results of ratio tests, a three~dimensional permeablllty tensor
may be detcrmlned for confining layers. :

(6) Slug or bailer tests are generally insensitisve to storativity but may
be used to approximate this parameter in a well .of constant diameter.

(7) Vertical permeability may be estlnated for relatively impermeable
layers above or below an aquifer.
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confined aquifers and Hantush (1956) for leaky confined aquifers.

The procedure involves withdrawing water from a well, maintaining
either a constant discharge rate or é coﬁstant drawdown. Levels are moni-
tored in the pumped well and in observation well(s). Tests involving either
stepped or continuously varyilng discharge can also be analyzed, but gener-
ally with some loss in accuracy. After pumping is ended, water level re-
covery can also be monitored and yields the same type of permeability data
as the drawdown portion of the test.

"Standard pumping tests yield data on horizontal permeability, and, if
an observation well is available, storativity may also be measured. If the
pefmeability of a particular stratigraphic zone is required, the part of the
weli within that zone must be isolated with péékers, and water bumped only
from that zone. The same zone must ‘also be -isolated in the observation well
if a meaningful measure of storativity is to be made. These procedures are
mos t suécessful if the stratigraphic zome being tested 1s relatively more
permeable than the zones immediately above and below. 7 |

- Standard pump test assumptions include cdmﬁléte aquifer penetration,
radial flow, and homogeneity and isotropy on the part of the aquifer. Where
penetration is incomplete, results are generally considered valid provided
the horizontal vpermeability is significantly greater than the vertical,
thus assuming radial flow. '

Pump tests are limited to highef transmiséivity formations, and have
historically had a limited application to fractured rock. Although methods
for interpretation of pump tests are now being developing (Gringarten and
Witherspoon, 1972), the problems of application to massive ﬁasalt are two-
fold. First, vertical flow 1s likely to bé significant,;especially in the
colonnade, hence radial flow solutions are not applicable. Second, low
transmissivity formations have significant wellbore storage, which renders
the early part of the drawdown data unusable. A test using the configuration
shown in Figure A-6 may have a. significant pumping period before weilbore
storage is‘overcome, depending on transmissivity. For a typical transmis-
sivity of 10*3cm2/s, 33 days will bevrequifed. Because of these two problems,
pump tests appear inapplicable for direct use on the massive basalts.

The more permeabie flow tops and interbeds, on the other hand, are
ideal for pump testing provided their transmissivities are greater than

about 10=2 cm?/s. Such stratigraphic units lend themselves to porous
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media type analyses.

A useful variation of the standard pumping withdrawal test is called
the ratio test (Neuman and Witherspoon, 1972). This variation permits a
measure of vertical permeability in the less permeable zones above and below
the pumped aquifer when the permeability contrast bet&een the zones and the
aquifer is so large that flow in the less permeable zones becomes essentially
vertical. Vertical permeability is obtained by measuring the change in water
pressure in these zones while the aquifer is being pumped. This‘water
pressure change must be measured in isolated zones in either the pumped well
or in an observation well. A schematic drawing of the ratio test downhole
equipment is shown on Figure A-7.

Pump tests can provide a measure of vertical fracture continuity not
.only through the ratio test anaiysis but also through analysis of obser—
vation well response by leaky aquifer methods. Another way of obtaining
vertical permeability in vertical wells is to do injection testing in the
non-horizontal fractures intersecting those wells. '

Time required for ratio testing is currently being studied numerically
at LBL. It is doubtfﬁl that a ratio test would last less than two weeks
based on preliminary analysis.ffDue7t6 the time involved in each test,
applicability of pump~ratio tests might be limited to highest priority
zones,'épecifically flow tops bounding or near the Umtanum.

The system LBL has proposed consists of a submersible pump with a
pressure transducer level indicator in the pumping well, and a multiple
packer system instrumented with transducers to monitor pressure in the
aquifer and zones above and below the aquifer (Figure A-7). The zone to be
pumped will be isolated with packers on 2 7/8" tubing. The upper 1000 feet
of the string will need to be 4" I. D. tubing to allow installation of a
Reda Submersible pump capable of 100 feet of 1ift. This pump will be lowered
into the 4" tubing on 2 7/8" tubing. A constant flow regulator will be
installed at the surface and will recycle part of the pumped water back into
the 4" tubing to maintain the flow rate. Details of this flow regulator are
in Gale (1975).

The observation well will contain a four packer string with three
pressure transducers to monitor zones in, above, and below the aquifer. The
system will contain solenoid valves to bleed off any preséure built up due
to packer inflation. Discharge will be monitored using an electronic flow

transducer. All data will be recorded on a data logger capable of sampling
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all data channels at programmable intervals and transferring the data to

computer compatible format.

ive Steady State Injection Tests

Steady state injection tests are the most commonly used tests in
evaluating crystalline rock permeability for engineering investigations.
They are gxtensively discussed in Zeigler (1976), Snow (1966, 1968), Louis
and Maini (1970) and Banks (1972). Alternate names for the test include
Lugeon test and pressure test.

Procedures consist of injecting water between packers at constant
pressure. When the flow rate becomes constant, it is assumed steady state
has been reached and the pressure 1is increased to obtain another steady
state flow. Three to six such points are obtained. 1Ideally the pressure-
flow rate curve should be linear; non-linearity may be caused by.fracture
deformation, turbulent flow, or packer leakage (Louis and Maini, 1970).
Permeability can be calculated based on any one data point on the linear
portion of the curve.

Steady state injection tests can be used with any packer spacing--~large
spacing for gross measurements, small spacings for single fractures or other
features. Solutions exist for rock mass permeability in large tests or
fracture aperture in small tests. Steady state tests have been used for
permeability stress-depth determinations (Davis and Turk, 1964), anisotfopic
permeability from multiple oriented holes (Louis and Pernot, 1972; Snow,
1966), and to determine spacing of major fractures (Snow, 1968).

Drawbacks include such factors as uncertainty over whether steady state
is indeed reached and the dominance of near-field fracture characteristics
due to the rapid pressure drop away from the borehole. These tests can be
run quickly and the amount of time required for testing does not depend
on permeability. The lower limit of permeability depends on the ability to
measure flow rate. Equipment already obtained by LBL can test permeabili-
ties as low as 5x10~9 cm/s based on a 10m packer spacing. The steady
state injection test 1is best when used as a reconnaissance test, with large
packer spacings (10 to 15 meters), for testing the entire length of each
borehole. This approach assures no major flowpath has been overlooked and
provides a measure of the distribution of hydraulically significant frac-
tures. To be most effective, holes of at least three different orientations

are essential'(Snow, 1966).
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Based on a testing rate of three to four tests per day, complete
testing of the open part of boreholes DC-4, DC-6, and DC-8 would require one
month each. _ _

Small scale tests can be used on single fractureés to determine aniso-
tropic permeability. The current lower limit of effective fracture aperture
detection is about 10U and single fracture tests should be limited to zones
of greatest interest. Based on a.testingvrate of three to four per day,
sixty to eighty tests can be run in a month. Fractures to be tested are
chosen on the basis of core analysis and preliminéry aperture surveys with
TV log or televiewet.

The current system designed by LBL (Figure A-8) consists of a double
packer assembly with packer spacing mounted below an electronics package
containing a pressure transducer for injection pressure and pécker pressure,
a solenoid valve for packer deflation, and a temperature sensor.

Once the solenoid valve is field proven, two more packers will be added
to isolate zones above and below the test zone. Each of these packers will
be monitored to check for leakagé. When the packers are inflated, the
zones, 1f of very low permeabiiity, are pulsed at 200 to 300 psi. Because
this pressure must decay before a reading can be taken, solenoid valves will
be installed to each zone to bleed off this pressure.

A possible variation of this instrument which may be fabricated is the
four packer system of Louis (Sharp, 1970). Water is injected into all
three zones but flow is measured only in the central section (Figure A-9).
The purpose of the. apparatus is to assure that only radial flow is moni-
tored. Louis’ system is bulky due to the need for éeparate injection lines
for each of the zones. This can be avoided by installing an electronic flow

meter downhole and dividing the injection fluid at the tool.

ve Slug Tests
Slug tests consist of the instantaneous addition or withdrawal of water

from a well or the packed-off zome of a well and monitoring the transient
head response (Cooper et al., 1966); Type curves vary only slightly with
storativity; hence permeability is the only value that can practically
be computed. '

Because slug tests afe generally of short duration, the results, as
with steady state injection tests, tend to be representative of the ma-

terials close to the well. It is therefore important that the well be fully
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developed. Slug tests in formations of very high permeability tend to decay
so rapidly that meaningful data cannot be obtained, while those performed in
formations of low permeability may require an exceptionally long time to
decay. Decay time versus permeability for a 10Om test interval is shown in
Figure A-10. A rock of transmissivity of 10=4 cm2/s would require about 6
days to test.

The standard analysis of slug test data 1s, like pump test data, based
on complete penetration of a confined aquifer. Papadapoulos et al. (1973)
urge caution in other applications, especially where the horizontal perme-
ability is not significantly greater than the vertical. This factor must be
recognized when running slug tests on fractured basalt. The downhole test
equipment is identical to that of the steady state injection test. As with
other injection tests, four packer systems will provide assurance against

undetected packer leakage.

vi. Pulse Tests ,

This test was specifically designed (Wang et al., 1977) for rapidly
measuring hydraulic conductivity within single fractures of very low conduc-
tivity. The test involves monitoring the decay of an instantaneous increase
in pressure within a small isdlated interval of the wellbore containing a
single fracture. This test differs from the standard slug test in that the
pressure decay being measured is that of a small volume of water within the
isolated interval of the wellbore rather than the slowly declining head of a
large column of water feeding into the interval. The pressure decay in thé
pulse test is due solely to the compressibility of water Stored within the
isolated interval of the wellbore. The time required for 10% pressure decay
in pulse tests vs. permeability is shown in Figure A-~1l. A permeability as
low as 10710cm/s can be tested in less than one hour.

Early data from the pressure pulse test may be used to measure hydrau-
lic conductivity, while later data give an indication of fracture geometry
beybnd the wellbore. The results of a number of tests performed on single
fractures of different‘orientations can provide an estimate of the three-

dimensional fracture permeability temsor in the same manner as for the

small injection tests. The two tests are, in fact, complementary because

the upper limit of accuracy for the pressure pulse test coincides with the
lower limit of accuracy for the small injection test.

" The LBL pressure probe may be useable as a pulse tester. The probe
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contains a solenoid valve between the test zone and the drill pipe. By
pressurizing the pipe with the valve closed and then quickly opening and
closing the valve, a pﬁlse will be generated which may be interpretable by
Wang’s curves. Laboratory testing of the tool using the simulated borehole
developed by Dr. John Gale at the University of Waterloo may be required ﬁo

prove the concept.

d. Pressure Measurements

i. Introduction

As Darcy’s law states, fluid flow is dependent on pressure gradient.
Measurement of pressure, or hydraulic potential, provides basic information
for determining in three dimensions the direction of groundwater transport.
Such measurements provide, as well, qualitative insight into the hydrologic

role of geologic features such as faults, folds, and fracture systems.

ii. Procedures and Equipment

Quantitative hydraulic potential data have been traditionally gathered
through the measurement of water levels in standpipe piezometers. These
plezometers consist of either a single open well cased to the zone of
interest or a well with individual standpipes open to isolated zones of a
single well. Standpipe piezometers have the following drawbacks:

o High cost for each sampling point.

o Difficulty of obtaining large numbers of sampling points.

o Long time periods to achieve stable values.

Qualitative hydraul@c potential can be obtained through spinner logs or
radioactive tracer logs, which provide information on the vertical movement
of water in the well. The direction of movement indicates the direction of
the vertical component of potential gradient. This information is qualita-
tive and does not allow comparison of absolute potential values between
wells. It cannot therefore be used to determine the magnitude or direction
of horizontal pressure gradient. |

Packer systems with downhole pressure transducer are an alternative tb
standpipe piezometers. In these systems packers are used to isolate a zone
of a borehole; a pressure transducer in the closed interval is used to
determine hydraulic potentiél. In standpipe the attaimment of a stable

value requires movement of a volume of water equal to AHAy where AH is
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the head difference between the standpipe and the formation and Ay is the
standpipe cross section area. In packer systems, the volume of water in the
packed off section does not change. Only a small mass from exchange will
equilibrate pressure since the compressibility of water is very low.
Equilibration of pressure is rapid.

The system used by LBL for pressure measurement consists of double
inflatable packers with a housing containing a pressure transducer (Figure
A-12). A separate small diameter inflation line‘for the packers allows
resetting of the tool at different zones without removing it from the
hole. An electrical 1line provides continuous pressure readout at the
surface. Equilibration ‘time can be lengthened by the pulse of pressure
caused by packer inflation. The magnitude of this pulse increases with
decreasing permeability of the zone being tested. A typical record of such
a test including the inflation pulse is shown in Figure A-13. The LBL
pressure measurement system solves this problem by including a solenoid
valve to bleed the pressure from the test zone after paeker inflation.

The basic advantages of packer systems are:

o Less time required to reech a stable value.

o Ability to do a large number of zones in a single well.

Major uncertainty in pressure measurements centers on criteria estab-
lished for deciding when a stable value equal to the undisturbed hydraulic
potential has been reached. As soon as well drillers penetrate a zonme the
hydraulic potential at the wellbore is disturbed. Initially the disturbance
is due to the injection of drilling fluids under higher pressure. After the
well is completed, perturbations are due to communication between intervals
of different initial potentials within the wellbore. The radius of in-
fluence of these perturbations, extends radially with time. Therefore the
longer the well has been open, the longer the period of time required
to achieve a reading of tﬁe undisturbed pressure in any given interval. 1In
such wells, it is possible to quickly determine the relative pressures in
each interval; however the time required to reach the undisturbed value is
difficult to predict.

The solution to this problem lies in taking pressure measurements over
two time intervals. In the first, pressure measurements for a given =zone
are made as soon as possible after the zone has been penetrated by drilling.
This requires building into the drilling program frequent pauses for tes-

ting. In the second, measurements will be made during long term monitoring
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of the well after all other testing is complete. Equipment specifications

and procedures for this testing are included in the section on monitoring.

iii. Time Required

The actual duration of a pressure measurement once the packers are set
can be anything from a few minutes to a few days depending on the perme-
ability of the rock, the period of time the well has been Opén, and factors
of equipment design (e.g,, packer inflation pulses). 1In addition, three to
six hours should be allowed for running the tools in and out of the hole.
As an alternative to taking pressure measurements after the hole is com-
pleted, pressure measurements could be obtained at specific intervals by
interrupting the drilling process. Dépending on the permeability, such

tests would require one to two days each.

e. Tracer Tests

i. Introduction

Depending on the configuration of wells available, tracer tests can be
used to obtain values of permeability, effective porosity, local water flux
and dispersivity. By using radionuclides along with conservative tracers it
may be possible to obtain in situ values of the partition coefficient.
Tracer arrivals can also indicate the degree of continuity between fractures.

Permeabillity can be obtained from a hydraulic test, thus the need to
know permeability alone does not justify doing a tracer test. Effective
porosity, however, is difficﬁlt to measufe in situ in any other way.
Effective porosity is needed for calculation of particle velocities where
the water fluxes are known, thus it is a necessary parameter in calculating
the arrival time of contaminants. Local values of water flux can be mea-
sured directly with tfacers. The measurement of dispersivity will probably
not be important to regional hydrology but could be useful in site specific
studies at a later date.

There are, ‘however, major problems with tracer tests. In fractured
media the results may be ‘difficult to interpret because the actual flow
paths cannot be readily defined. It may be possible to overcome this problem
by doing the test on a large scale so that the effects of individual
fractures are averaged and an equivalent porous medium can be assumed.

However, large scale tests may take years to complete and in low perme-
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ability rocks tracer tests may be completely impractical. .Alternatively, it
may be possible to do tracer tests on individual frééfures or a small number
of fractures that have been packed off. Interpretatibn;ofvthe test would
then be easier but a large number of tests would be needed to obtain repre-
sentative values. ‘

Tracer tests should be approached cautiously and on a. site specific
basis. As much as posssible should be learned aboﬁt the local hydrology
before .a tracer test is chosen and performed. Permeability should be
measured and  the geometry of the system described as fully as ﬁossible.
When this has been done, two major configurétions of tracer tests can be

considered: one well tests and two well tests.

ii. One Well Tests

The one well tests are the point dilution test and the pulse test. In
the point dilution test a tracer is introduced into a packed-off section of
.a quiet well, and the decline in tracer concentration is monitored. Dilution
of the tracer is be due to flow of water through the well under the natural
gradient. The magnitude of the natural Darcy velocity and water flux can be
calculated. If either porosity or fracture aperture is known the particle
velocity may be calculated. If a tracer such.as strontium is used and an
absorptive well screen is placed between the packers, the well screen
can be pulled up after the test and analyzed for the location of greatest
strontium concentration, In this case both the magnitude and direction of
flow can be measured.

In the pulse test water containing a tracer is pumped into a well for a
certain amount of time. The well is pumped out at the same rate and the
concentration of tracer in the effluent is monitored. If a conservative
tracer is used the shape of the concentration vs. time graph will yield a
value for dispersiyity. If both a radionuclide and ‘a conservative tracer
are used it may also be possible to determine the partition coefficient for
the radionuclide.

There 1s a distinct advantage associated ﬁith single well pulse tests
in fractured media as opposed to two well tests. The flow path into the
well i1s ‘just the reverse of the flow path out., 1In a -two well test there

will in general be uncertainty about the flow path between the. two wells.
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iii. Two Well Tests

There are three possible two well tests: divergent flow, convergent
flow and doublet flow. In the divergent flow test water containing a tracer
is pumped into one well and concentration 1s monitored in the other. In the
convergent flow test tracer is supplied at a low rate in a hole some dis-
tance from a pumping well. 1In the douBlet test one well is pumped and one
is injected at the same rate with tracer being added to the injected fluid
and monitored in the pumped fluid. For all three tests the induced flow
rate must be much larger than the natural background rate. For simplicity
of analysis and conservation of the tracer the convergent flow test is
preferable to the other two. However, the doublet test is faster given the
same puﬁping rate. All three tests will provide values of permeability and
porosity.

A.major problem with two well tracer'tests may be the difficulty in
analyzing results in a fractured media. In this case it may only be possible
to obtain qualitative results as to the degree of hydraulic connnectivity

between fractures.

iv. Time Requirements

The time required to do tracer tests in high permeability formations
may be quite reasonable, but in low permeability formations years may be -
required to get a result. However, by not getting results over a certain
time period it may be possible to assign upper bounds to the permeability or
velocity. ' '

Ve Choice of Tracer

The choice of tracer determines the type of sampling and analytical
system necessary and the cost of monitoring. Tritium must be analyzed
off-site at approximately $200 a. sample. Dyes or fluorocarbons could be
analyzed on site at much less cost. There are many factors to be assessed
in the correct choice of a tracer. The most reliable;‘sensitive tracers
on site that can presently be analyzed are fluorocarbons which can be
detected with gas chromatography. This technique would be adaptable to a
wide range of synthetic fluorocarbons. Several fluorocarbons could be used
simultaneously which would allow monitoring of several effects at once.

Tritium may be practical for long term tests requiring infrequent sampling.
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vi. Equipment needs:

The following equipment would be necessary for performing tracer
tests:

o Tracer injector system and flow detection screen in a packed off
zone: '

o Downhole sampler and winch or pump for bringing samples to the
surface; '

o TField laboratory for sampling and analysis;

o Gas chromatograph and extraction system coefficient for the radio-

nuclide.

f. Geochemical Sampling and Analysis

i. Introduction

Subsurface waters on the Pasco Basin should be sampled and analyzed
in order to determine their origin and history. This can be accomplished
through coordination with other projects involving hydrological and modeling
studies to establish the flow paths of subsurface waters in the Pasco Basin,
and also through‘detéiled mineralogical studies of the chemical alteration of
Hanford basalts and associated rocks.

The subsurface waters should be obtained from specified horizons from
existing and new deép wells drilled through the basalt horizéns on the
Hanford Reservation and vicinity. Selected horizons within these wells
should be sampled, primarily from (but not necessarily restricted to) the
Saddle Mountains, Wanapum, and Grande Ronde basalt formations. In additiom,
samples should be obtained from springs and artesian wells, and other water
sources that may require analysis for interpretive purposes.

If lost-circulation materials or other techniques are not employed
during drilling; extensive invasion of the aquifer by drilling fluids can
occur. Calculations given in Section 2b indicate that as much as 10 days of
swabbing may be required in order to obtain a sample of sufficient size
relatively free of contamination. Although insufficient work has been done
to date to verify that this amount of swabbing may be required, it is clearly
possible that such may eventually prove to be the case. ~Sampling techniques
for subsurface waters should be modified to take into account the problems
resulting from prior drilling and the use of swabbing. This should be
accomplished through:

1
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0 Quantification during sampling of the degree of contamination due
to sampling procedures.
o Additional time for sampling a given horizon to insure freedom from

contamination.

iii. Alternative Sampling Techniques

Improved downhole sampling techniques, such as the use of samplers
designed specifically for recovery of fluids from the formation as opposed
to the wellbore, and specially engineered samplers to collect large samples
(several liters) froﬁ packed-off intervals within the wellbore, should be
investigated. Downhole pumps, either at the level of the formation to be
sampled or at other levels below the hydraulic head of the formation, may
also alleviate the sampling problem. Special downhole samplers will be
required for gas analyses, even if swabbing continues to be the only prac-
tical process for water sampling, because of the danger oﬁ contamination from

the atmosphere.

iv. The Use of'Non-adsorbinngracers During Drilling

To measure the concentration of contaminants in the groundwater sample,
a chemical tracer that can be detected by simple procedures in the field must
be added to the drilling fluid. The tracer should possess the following
characteristics:

o It should be readily detectable at very low concentrations by
simple procedures in the field.

o It should be chemically stable, i.e., it should persist without
significant decomposition for at least the interval between drilling
and subsequent sampling. ' '

o It shouid be chemically inert, i.e, it should not be-adsorbed on the
rock, or react chemically with rock or with other groundwater
components. '

o It should not occur naturally. ‘

o It should remain with the drilling fluid, and not partition or
separate by diffusion or by phase separatiom.

o It should be cheap, readily obtainable, non-toxic, and easy to add
to drilling fluids in the field.

Fluorocarbon compounds miscible with water appear to possess the required

properties, and may prove to be ideal tracers. A technique is under develop-
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ment by Glen Thompson of the University of Arizona, Tucson, Arizona, to use
gas chromatographs for detecting fluorocarbon tracers at the PPT level after
stripping by helium from the water. This method possesses the disadvantages of
not allowing continuous monitoring, although samples may be processed at 10
minute intervals. -A continuous monitoring technique for fluorocarbon tracers,
using diode laser and/or Raman Spectroscopy has been proposed, and may be

developed as part of an independent LBL project.,

ve  Quantification of Contamination Due to the Sampling Procedure

Analytical techniques have increased both in‘precision and sensitivity
to such an extent during the last decade that the weak link in the data
gathering process is now the sampling procedure. In order to evalute the
effect of sampling on sample contamination, various potential contaminants
should be investigated in the laboratory and their effect on subsurface water
sample dintegrity quantified. Potential sources of contémination include:

o drilling muds and detergents;

o grease, pipe dope and lubrication fluids; ‘

o rubber packers, swabs, metal tubing, and housings filters;

o sample bottles and handling procedures.

Contamination can be studied through a series of leaching studies using
either Hanford groundwater or synthetic £fluids corresponding closely in
composition to Hanford groundwaters. Experiments should be conducted at
120°F to simulate sampling temperatures. During the leaching process,
periodic solution samples should be taken for analysis for such trace ele-
ments, as Zn, Pb, Cu, Fe, Mg, Si, Ca, and Al. Partial to complete chemical
analysés should be made of potential contaminants in order to identify those

elements that are more likely to affect the groundwater composition.

vi. The Uses of Chemical and Isotopic Analyses

The chemical and isotopic composition of a groundwater provides much
information that can elucidate the origin, age and subsequent history of the
water. To get this information successfully requires a number of samples
taken from various parts of the aquifef system. In addition, the ground-
water hydrology, including the direction of flow, expected flow rate, and
magnitude of flow must be known.

Chemical analyses of groundwater in the aquifers can be used to:

o Estimate the temperature of the water at its point of origin.
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o Identify trace elements characterizing specific horizoms.

o Infer mixing between aquifers.

‘o Determine if the water has been subjected to higher temperatures.

o Establish the degree of equilibrium with the country rock matrix,
and to correlate with coexisting alteration products.

o Determine the nature of chemical reactions likely to proceed
between the groundwater and the country rock, thereby providing
support for dinterpreting isotopic data for age determinations.

Isotopic analyses of groundwaters can be used to:

o Estimate the apparent age of the water.

o Determine the source of the water.

o Estimate the origin of the water in terms of temperature, contact
or reaction with organic materials, geographic location, and
climate.

o] Interpret the extent that chemical reactions and/or mixing have

 occurred during transit through the aquifers.

o ‘Establish relative ages.

o JIdentify boiling or vapor phase separation.

gs Hydraulic Fracturing

i. Introduction

Hydraulic fracturing is the only generally acceptedbmethod of obtaining
in situ stress values at great depth in boreholes. The basic method as
discussed by Haimson and Fairhurst (1970), and Kehle (1964), consists of -
isolating an unjointed section of a borehole and pressurizing it with water
until a fracture 1is generated. The pressure required to first maintain the
opening of the crack, is theoretically equal to the minimum horizontal prin-
cipal stress. The maximum horizontal principal stress can be calculated from
the breakdown pressure and intact rock tensile strength based on elastic
theory. It is assumed that one of the principal stresses 1is vertical and
equal to the vertical lithostatic load. Because the crack will propagate
normal to the-minimum horizontal stress, the orientation of the stress field
can be determined through use of oriented impressions of the crack.

In situ stresses affect the hydrology both in a regional sense and in
the immediate vicinity of the repository. High differential horizontal

stresses will definitely influence the effect of excavation and thermal
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loading on fracture éperture and thus on the rock-mass permeabilities.
Discrete fracture models which include the response of fracture flow systems
to stress perturbations require in-situ stress as an input. In a regional
sense, Stress data can be used to predict decrease with permeability with
depth, and given knowledge of basalt stress-permeability relationships, a
basis for predictiﬁg the orientation of relatively open fractures.

In situ stress data i1s also esssential for repository deéign; rock
displacement and the response of fractures to excavation depend strongly
- on in situ stress state. If the stress state is known prior to excavation,
tunnels can be favorably oriented to assure maximum stability (Haimson,
1975).

ii. FEquipment constraints

The technology of hydrofracturing is well developed for 3-inch bore-
holes. Two commercial sources exist--Terra Tek of Salt Lake City and Prof.
B. C. Haimson of the Uniﬁefsity of Wisconsin. The USGS has conducted numer-
oué hydrofracturing experiments (Bredehoeft et al., 1975) as part of its

tectonics research and maintains a mobile unit for hydrofracturing.

iii. Test Procedures

The steps 1in the hyd:ofracturing test consist of first setting two
straddle packers over the zone of interest, then pressurizing the zone with
water until the rock fractures. This fracturing can be detected either
through the pressﬁre drop read at the surface or with downhole acoustic
monitoring instruments (Zobach and Pollard, 1978). After fracturing, the
shut~in pressure 1s recorded; the rock is repressurized and additional
shut-in pressures are obtained.

Later an impression packer 1s set over the fractured zone to obtain the
orientation of the fracture. While the packer 1is set it is oriented with a
gyroscopic borehole survey tool. A borehole television camera or a borehole
seisviewer may be used in place of the impression packer. The orientation

of these tools is more difficult and. less reliable in the magnetic basalts.

ive T ime .
If a packer system that can be reset downhole is used, it is possible
to test as may as four zones per 12 hour day. The fracturing of 12 zones

between the Vantage and the bottom of the deep holes at about 4500 feet
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would require, conservatively, one week. Obtaining the orientation requires
removal of the impression packers between zones; hence about two impressions

can be done per day. Total testing time dis about 1.5 weeks for a 4500-
foot hole,

IV. LONG TERM WELL MONITORING

a. Site Selection of Monitoring Wells

Wells for monitoring long~term regional hydrologic trends should be
situated at key locations throughout the study area. If properly selected,
the number of monitoring wells need not be large. An ideal site for iden-
tification of regional trends would be one from which data could be accu-
rately extrapolated thfough the use of models_or other means to estimate
regional trends in other parts of the basin. Data from such a site should

therefore be generally representative of conditions in as large an area as

vpossible and should ‘not be located near some natural anomaly such as an

unusually permeable fracture system or an isolated saline intérbed.

A monitoring well should also not be located in an area where the
formations have been or aré likely to be disturbed by human activities, such
as deep well drilling or mining. The drilling of a deep well néarby, for
example, could perturb the local flow regime by inducing anomalous water
pressures, and could contaminate the local groundwater by loss of drilling
fluids into the Bedrock. The effect of these disturbances could take yéars
to subside, during which data from the monitoring well would be of 1little

value in identifying regional trends.

b. Need for Long-Term Monitoring

i. Water Pressure

Fluid pressure should be monitored to observe the decay of man-made
perturbations during dfilling and testing. When man-made perturbations are
negligible, monitoring should proceed to detect the changes in pressure due
to the dynamic state of flow in the system. This monitoring should be
commenced as soon as it is practical to do S 0.

The rate of change of pressure in the monitored wells will be used for
interpretation of the original pressure measurements in all wells. These
original measurements represent the base line data used in the analysis of

the groundwater flow system. However these pressure measurements cannot
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actually be taken all at one time. They will be taken over a period of
several years. The significance of the error caused by this procedure can
be evaluated using the pressure vs. time &ata from the monitored wells.,
Pressure vs.time data are also invaluable for calibrating the models used
for analysis. If the model predicts changes in pressure that are signifi-
cantly different from those measured, the model parameters, initiai condi-
tions, geometry and/or boundary conditions can be re-evaluated or refined
until a more accurate match is obtained. This procedure shouid greatly

improve our confidence in the predictive ability of the model.

ii. Geochemistry

Sampling and partial analysis of wells on a regular‘basis would satisfy

the need tb: ,
o Monitor the decrease in levels of contamination due to drilling.
0o Observe any changes or trends in groundwater chemistry over time
caused by mnatural variation or man-made perturbations.
o Check on the reproducibility of sampling and anélysis techniques.
Ideally, such a monitoring program should involve a minimum of time,
costs and logistics. A simple solution may be provided by choosing a well
under artesian conditions and using the hydrostatic head to railse water to
the surface. It will be much easier to obtain clear, clean, uncontaminated

samples from a freely flowing well than from a swabbed well, although this

‘criterion should not be paramount in site selection.

The following partial chemical analyses could be made on samples reg-

ularly taken from a monitoring well:

0o Every two months: Neutron Activation Analysis, X-Ray Fluorescence,
Atomic Absorption Analysis, Dissolved Gasses,
including CO0y, H9S and 09, pH, Alkalinity,
Temperature, Redox, Conductivity.

o Every six months: Isotope Analysis for age dates and ratios.

ce Monitoring Systems

i. Equipment
The ideal system for well monitoring would have the following charac-

teristics:

o Allow accurate long-term measurement of water pressure in multiple

zones.
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o Allow extraction of water samples for geochemical analysis.

0 Permit isolation of monitored zones from one another and from the

surface.

o Be usable in pre-existing wells.

There are two systems that may prove useful: muitiple standpipes in a
large diameter hole such as currently exists in DC-1; and a multiple-ported
single pipe such as that developed by Westbay Instruments of West Vancouver,
British Columbias | |

Multiple standpipes (Figure A-14A) could be installed in either DC-5 or
DC-7 which are both large enough to accommodate such a system. Four to five
standpipes could be installed in ten to twenty foot sand filled zones of thé
borehole. These zones would be separated by cement or other grouting mater-
ial. Pressure data would be monitored from water levels in the standpipes
and serve as a check on the other pressure measurement data. . A disadvantage
of using these wells for moniforing is that companion wells DC-4 and DC-8
would have to be plugged to minimize communication between zones. Ground-
water samples can be obtained by swabbing the tubing if an adequate sand
filter is installed. ‘
| The advantages of standpipe sYstems include: (a) proven fechnology;
and (b) relative simplicity. The disadvantages are: (a) large diameter
holes are required; and (b) the number of monitored zones is limited by the
number of standpipes which £it into the well. |

A second potential monitoring system is the ﬁultiple ported piezometer.
The basic system‘as developed by Westbay Instruments (Figure A-14B) consists
of a single tube with spring loaded ports for pressure and groundwater
samplinge The zones to which these ports open are isolated from one another
by packers permanently filled with grout. Except for the monitored zoneé,
the areas between the packers are also grouted. Tools for pressure measure-
ment and sampling pumps are lowered inside the piezometer tube to the zones
of interest, and there, using a downhole electric motor, are clamped to the
tubing wall making a seal over the port and opening it in one step. The
major advantages of this system are:

o rapid time for pressure equilibration.

0 potential for multiple port spacings as close as five feet or 20

per 100 feet in a small diameter (NX) well.
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The disadvantages are: v

o the system has only been developed thus far for shallow (< 1000°)
wells, o ) ‘ '

o the iong term reliabilitj‘of the system has not been proven.

- A Westbay systém has been installed at LBL for evaluation.
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82

DC - 1 LOGS

Log ' ' Date Run Depth Remarks
Caliper Log (1) 5-6-69 t# 2 300'-596" A1l Birdwell Logs
' (2) 5-17-69 #3 . 300'-890" S

(3) 5-18-69 # 4 300'-886"
(4) 5-24-69 i+ 5 300'-914"
(5) 5-25-69 6 © 300'-945"
(6)- 5-26-69 7 300'-1180"
(7) 6-3-69 it 8 300'-502"
(8) 6-8-69 #9 300'-2224"
(9) 6-15-69 #10 300'-2520"
(1.0) - 6-19-69 $11 300"-3101"
(11) 6-27-69 #12 - 300'-3222"
(12) 7-1-<69 #13 24471-3447"

- 4 (13) 7-5-69 #14 - 2597'-3597"

r : (14) 8-18-69 #17 300'-2820"
(15) 4-6-72 #17 1200'-5550"
(16) 4-6-72 #20 ©1200'-2820" (2 copies)

Casing Collar Locator(l7) 8-31-69 # 1 400'-1443" Birdwell lLogs
(18) 9-2-69 #2 1350'-1447"
Electric Logs (19) 4-30-69 #1 0'-362" Birdwell Logs’
(20) 5-6-69 #2 350'-693" ' ’
(21) 5-18-69 # 3 450'-890"
22) 5-26-69 # 4 700'-1179"

(23) 6-8-69 #+5 350'-2224"
(24) 6-19-69 # 6 "1970'-3104"°
(25) 7-12-69 # 7 2900'-4273"
(26) 8-19-69 #8 300'-2814"
(27) 8-19-69 9 300'-2810"
(28) 4-6-72 #10 4000'-5550"



ng ' Date ) Run Depth » Remarks

]

Microlaterolog (29) 6-7-69 # 1 364'-2230" Schlumberger-Microcaliper,
. Resistivity (2 copies)
Dual Induction (30) 6-7-69 F 1 364'-2238" . Schlumberger-SP, Gamma Ray,
Laterolog (31) 7-18-69 # 2 Laterolog 8, Medium Induction Log,
Decep Induction Log
Elastic Properties (32) 4-30-69 #1 190*-348" Moduli-Shear, Bulk, Young's,
(33) 5-6-69 t# 7 T 364'-670" : Density, Poisson's Ratio
(34) 5-18-69 #11 _ 669'-884" (unknown ‘authors)
(35) 5-26-69 . #13 885'-1174" ;
(36) 3800'-5550" (Birdwell)
"Radioactive Tracer (37) 5-20-69 # 4 361'-886"' (Computations) All Birdwell Llogs
Log (38) 5-26-69 # 5 450'-1171" (Computations)
{39) 5-26-69 # 6 390'-1171"' (Computations)
(40) 6-9-69 # 7 970'-2214"' (Data log)
(41) 6-10-69 # 8 420'-2184" (Data log)
& : (42) 6-10-69 # 8 420'-2184' (Computations)
o : (43) 6-20-69 #9 570'-3018' (Data log)
(44) 7-13-69 #10 570'-4180" (Computations)
(45) 4-8~-9-72 #11 1000'-5470" (Static)
(46) 4-8-9-72 #12 1060'=5550" (Dynamic)
(47) 4-8-9-72 #11-12 1060'-5550" (Computations)
Density Log (48) 5-6-69 #2 350'-692' , * All Birdwell Logs-Bulk Density,
(49) 5-18-69 # 3 450'-890" Proximity Index
(50) 5-26-69 t 4 700'-1182"
(51) 6-8-69 #5 350'-2224"' (2 copies on #5)
(52) 7-12-69 7 2900'-4271" . t
(53) 8-18-69 # 8. 3G0'-2824"
(54) 4-7-72 #9 0'-5550"
Gamma Ray & Caliper (55) 7-12-69 # 1 300142741 Birdwell-Gamma Ray-2 copies

(5¢) 7-12-69 #15 300'-4274" : Bi:dwell-Gamma_Ray—Z copies



Log

Nuclear Log 7N
(58)

Compensated Formation(59)

Density Log . (60)

Sidewall Neutron (61)

Porosity Log (62)

Lithology-Strength (63)

Index

Index

(64)

| ﬁithology—Pofosity (65)

(66)

- Log Formation (67)

we
Factor

Temperature Log (69)

Velocity Log

(68)

(70)
(71)
(72)
(73)

(74)
(75)
(76)
(77)
(78)
(79)
(80)
(81)

Date

4-6-72
4-7-72

6-7-69
7-18-69

6-7-69
7-19-69

12-1-69
7-15-69

-7-15-69
10-1-69

7-15-69

6-7-69
7-21-69
7-21-69
1-22-70
4~5-72

4-30-69
5-6-69
5-18-69

5-26-69

6-8-69

6-19-69
7-12-69
4=-26-72

#
#

#
#

i

4
it

3

#
#
#
#

9
1

4
i
ir

#

N =

N

O~ N WN -

Depth

0'-5550"
4000'~-5550"

364'-2228"'
2238'-4438"'

364'-2228"
2228'-4438"'

380'-2233"'

2010'-4450"

380'-2238"

2010'-4435"

380'-2238"
2000'-4437"

364'-2230"
200'-4602"
600'-46G0"
364'-2230"
0'-5550"

190'-348'
364'-668"
669'-884"
885'-1173"
1174'-2218"
2219'-3099'

3100'-4267" .

4000'-4267"

Remarks

]
Birdwell-Gamma Ray-Neutron
Birdwell-Epithermal Neutron

Schlumberger-Caliper, Bulk Density

Schlumberger~(2 copies) Caliper, Gamma Ray,
Porosity (%)

(2 copies)-%Z Bulk Volume, Porosity,
Deformation Modulus, Caliper, Matrix Set
Index. (Schlumberger)

Schlumberger-% Bulk Volume, Neutron Porosity
Caliper Secondary Porosity Index

Schlumberger—Cammé Ray, Caliper, Log Fcpf%e

Schlumberger (2 copies)

Schlumberger (2 copies)

Schlumberger - Differential Temperature
Schlumberger - Differential Temperature
Birdwell '

All Birdwell Logs

Synthesized . N



Log

3-D Veloecity Llog (82)
(83)

Sonic Log (84)
(85)

Borehole Compensated (86)

Sonic Log (87)

Dual Mineral (88)
(89)
(90)

Borehole Televiewer

Composite for Corre- {(91)
lation

Shear Amplitude
Variable Density -

(92)
(93)

3-D Denisty Computa- (94)
tions

Date Run Depth Remarks
6-8-69 #17 350'-2215" 12' spacing - Birdwell Logs
4-7-72 #27 4000'-5550' 6' spacing
7-21-69 # 1 2229'-4593' Schlumberger-SP, Caliper, Shear Amplitude, Compressional Amp.
7-21-69 # 1 2229'-4593' Schlumberger-SP, Caliper, Shear Amplitude, Variable Density
6-7-69 . # 1 364'-2229' Schlumberger-SP, Caliper, Interval Transit Time
7-19-69 # 2 1808'-4428' Schlumberger (2 copies)
7-15-69 # 1 380'-2238' Schlumberger-SP, Caliper, $ep’ $ . P e
7-15-69 # 2 2000'-4440" prs m
6-7-69 #1 1139'-2226" Schiumbergér
8-8-69 350'-4271' Birdwell-composity of 3-D, Density, Caliper, Electric,
Gamma Ray
2350'-4600' ARHCO

2000'-4600"

4260'-5550"

ARHCO

-

Computer printouts-V,, Vg, Shear, Bulk, Young's, Poisson, RHO,
Poem 1 -2,-3, Porg -1,-2,-3, Density '
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DC - 3 LCGS

Schlumberger

(1)

(2)

(3)
(4)

(5)

(6)

(7)

(8)

(9

Birdwell

(10) -

(11)

(12)
(13)
(14)
(15)

(16)
an

Compensated Neutron Formation Density: Calipef, Gamma Ray,
Gamma~Gamma, Neutron. 9-6-77 (560-2582 feet)

Compensated Neutron Formation Density: Caliper, Gamma Ray,
Gamma-Gamma, Neutron. 9-10-77 (2380-3097 feet)

Temperature. 9-6-77 (1420-2582 feet)
Temperature. 9-10-77 (2380-3096 feet)

Induction-Electric Log: Spontanecus Potential, Conductivity, -
Short Normal. 9-6-77 (1448-2582 feet) :

Induction-Electric Log: Spontanebus Potential, Conductivity,
Short Normal. 9-10-77 (2377-3096 feet)

Borehole Compensated Sonic Log: Caliper, Gamma Ray, AI, Variable
Density, Amplitude. 9-6-77 (1448-2580 feet)

Borehole Compensated Sonic Log: Caliper, Gamma Ray, AI, Variable
Density, Amplitude. 9-10-77 (2380-3095 feet)

Continuous Dipmeter. 9-28-77 (1450-3571 feet)

3-D Velocity. 9-77 (3000-3365 feet)
3-D Velocity. 10-4-77 (3500-3627 feet)

Induction Electric Log: Spontaneous Potential, Conductivity,
Short Normal. 9-28-77 (3000-3566 feet)

Induction Electric Log: Spontaneous Potential, Conductivity,
Short Normal. 10-4-77 (3575-3631 feet)

Density Borehole Compensated: Caliper, Gamma Ray, Gamma-Gamma.
9-28-77 (3000-3570 feet) -

Density Borehole Compensated: Caliper, Gamma Ray, Gamma-Gamua,
10-4-77 (3550-3635 feet)

Caliper and Temperature Log. 9-28-77 (3000-3568 feet)

Caliper and Temperature Log. 10-4-77 (3500-3632 feet)

B—lO



DC - LOGS

Birdwell

(cont 'd)

(18)
(19)
(20)
(21)

(22)

(23)

Neutron Borehole Compensafed: Gamma Ray. 9-28-77
(3000-3571 feet)

Neutron Borehole Compensated: Gamma Ray. 10-4-77
(3550-3634) feet)

Interval Transit Times and AI Shear/AI Pressure.
11-9-77 '

Interval Transit Times and AI Shear/Al Pressure.
(3575-3627 feet)

Elastic Properties Log. 11-3-77 (3000-3627 feet)

Com-Pro Log. 10-4-77 (3000-3568 feet)
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DC - 5

—Compensated Neutron .
Log

1-25-78

(610-2604)
Schlumberger

-Compensated Density
Log (Neutron)
8-10-78
(2636-3962)

WELEX

~Compensated Acoustic

Velocity Log
8-9-78

~includes Caliper
WELEX

~Dual Inductibn

Guard Log
8-9-78
(2636-3962)
~includes SP,
Resistivity,
Conductivity

-Temperature

8-14-78
(0-3100)
WELEX

~-Temperature

8-14-78
(0-3960)
WELEX

e}

DC - 6

Washington State
University
(0-4300)

-RESTS/SP

~Caliper

-Fluid Resistivity
=Fluid Teﬁperature
—Neutroq-Neﬁtrqn
-Nuetron-Gamma
—Gamma-Gamha
~Natural Gamma

(Casing extends to
2260 Teet)

D¢ -7

-Compensated Density
Log (Neutron)
8-1-78
(2780-4097)
-~includes Gamma Ray,
Cowmpensated Gamma
Density, Neutron
Porosity

~Compensated Acoustic
Velocity Log

8-9-78

(2780-4089)
-includes Caliper

WELEX

~Dual Induction
Guard Log

8-9-78
(2780-4097)
-includes SP,
Resistivity and
Conductivity
WELEX

-Temperature
8-13-78
(0-4099)
WELEX

-Borehole Gravity

- Meter Survey
6-16-78
(3240-3870)
EDCON

DC - 8

~Sonic
6-13-78 .
(1612-2734)
EDCON

-Magnetic
Susceptibility
6-13-78
(1612-2734)
EDCON

~Resistivity/IP
6-13-78
(1612-2734)
EDCON

"o

DC - 2

1

-Temperature
6-12-78

- {0-3300)
EDCON
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Water Pressure Measurements with Pneumatic Packers:

Water pressure measurements with pneumatic packers shall be carried out in
accordance with these procedures, with particular regard to considerations

of quality assurance outlined in the introduction.

Any deviation from these procedures must be referred to an approved 1in
advance by the LBL engineer responsible for field testing. These changes
must be documented in the field log book. Any permaneﬁt changes or revi-
sions in these procedures, that may develop from experience or necessity in
the field, must be approved according to quality assurance conditions
established by Lawrence Berkeley Laboratory. These addenda shall be written
up on an approved change sheet, and distributed to all parties holding

controlled copies of these Field Operating Procedures.

Prepared by P ) 3 b Engineer, LBL
Thomas Doe/Date

Independent Review by ' _University of Waterloo

John Gale/Date

Reviewed by

s - :incipal Investigator

Paul A. Withekspoon/Date

QA Review by_| v QA Engineer, LBL.
' - Vincent McMehon o \
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1.0 Scope

This procedure applies to all pressure measurements where air is

used for packer inflation.
2.0 Introduction

The ohject of pressure measurements is to obtain data of the spatial
variations in hydraulic potential. These data define the basis for
determining directions of ground water movement. Pressure measure-
ment testing consists of 1) lowering a packer or set of packers to
tﬁe desired test zone, 2) inflating the packers to isolate the zone,
3) continuously recording the water pressure in the cavity until a
stable value is reached, and 4) deflating the packers and moving to
the next zone.. These procedures are intended to minimize the
possibility of error due to such factors as drift of electrical
instrumentation or packer failure and to standardize recording of

the data.
3.0 Description of Fquipment

The test sysfem consists of a water tight pressure transducer
housing mounted on packers. A single packer 1is used for measure-
ments. at the end of a borehole (Fig. la). Double packers are
employed for straddling zones within a borehole (Fig. lb). Signal
transmission and packer inflation are provided by a multiconductor
electrical cable and a high strength nylon tube respectively. The
downhole system is supported by drill rod or high strength tubing.
The uphole data system consists of a time-hased strip chart re-
corder, constant-current transducer power supply, and a digital

voltmeter. A complete equipment list is given in Table 1,

Cc-3
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4,0 Procedures
hor

General Considerations

4.1.1

4,1.2

h.1.4

4.1.5

All data shall be recorded on LBL data sheets and main-
tained in a field notebook. At regular intervals of no
less than one week copies of data sheets are to be for-
warded to the program manager at LBL in Berkeley for

permanent storage.

All testing procedures are to be carried out with regard
to LBL Document 2077, "Health and Safety Regulations" and
any regulations which may be enforced at the drilling site
by other contracting companies. ‘ ‘

A daily log of all field activities is to be maintained by

the LBL field engineer and kept in the field notebook.

Pressure measurement involves a transient decay or buildup
of pressure to a stable value. The decision as to when
this value is reached or when a test should be terminated
shall be the responsibility of the LBL field engineer.

A1l test records shall be reviewed for content and

accuracy by the LBL field testing supervisor. The re-
viewer shall sign and date the form in the spaces provided.
Records shall be reviewed at intervals of no less than one

week.
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4.2 Transducer Calibration

h,2.1 The pressure transducer is to be calibrated before and

after it is run into the hole.

y.2.2 The transducer is to be calibrated against a Bourdon gage
accurate to within 0.5 psi which has been calibrated to an

instrument traceable to the National Bureau of Standards.

y,2.3. Calibrations shall be done from 0 psi to the pressure
rating of the transducer and back to 0 at intervals of 5%
of the transducer pressure rating (e.g. at 50 psi inter-

vals for a 1000 psi transducer).

y.2.4 " All calibrations shall be done at the same input current

and within the same electrical cable used in testing..

4,2.5 Transducer input shall be set to the current specified on

the power supply-monitor for that transducer.

§.2.6 " Output shall be recorded using a digital voltmeter ac-

curate to 0.1 mv.

y.2.7 Transducer shall be checked for drift by operating it

at 0 pressure 15 minutes before calibration. Transducer

- shall not be calibrated until drift ceases. All calibra-

tions shall be done at the same input current and with the

same electrical cable used in testing. Calibration data

is to be recorded on a transducer calibration sheet
(Attachment 1).

4.3 Pressure Transducer Operation

4.3.1 Transducer output shall be read with a digital voltmeter

C-5
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4.3.2

accurate to 0.1 mv and recorded on the pressure data
sheet (Attachment 2) at the following times in the test

procedure:

a) beforé lowering into the hole

b) before each packer inflation

¢) when a stable reading is reached
d) after the packers are deflated

e) after the instrument is removed from the hole

During each test the output of the transducer shall be con-
tinuously monitored with a strip chart recorder. Output
readings detailed in 4.3.1 should be reooﬁded on the strip
chart paper. The strip chart record shall be stored in an
envelope stapled to the pressure data sheet. The hole
number, depth interval, date, and recorder are to

be recorded on the strip chart paper.

b,y Packer Operation

4.4.1

4.4.2

Prior to running the packer into the hole, all "O" ring
seals shall be inspected where possible, and each packer
shall be inflated to 300 psi in a steel pipe immersed in
water to  check for air leakage. After the transducer
housing has been'mounted on the packer, the-system'is to
be immersed in water and the packer mandrel pressufed with

air to 300 psi to check for leakage.

During testing packer pressure shall be maintained at
500 or a pressure appropriate to the‘packer specifications
psi above the ambient water pressure except as speci-
fied in U4.4.4,

C~6
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h.4.3 Infiation shall be done with a nitrogen bottle and a
- 0-1000 psi pressure regulator. The packer inflation line
shall consist of nylon tubing with a minimum working

pressure pf 2600 psi; oﬁly high pressure stainless steel

tube fittings shall be used in the inflation line.

b.y.y After a stable water pressuﬁe has been reached, the
packer(s) shall be inflated with an additional 100 psi.
The stable pressure reached after this second inflation

will serve as a check on the packer seal.

4.5 The LBL field engineer shall be responsible for proper
inflation of the packers.

4.4,6 The packer line is to be secured during deflation to pre-

vent whiplashing.
4.5 Handling of Equipment in the Hole

4.5.1 To assure that the intended depth zone is reached the LBL
field engineer shall record the following on the pressure
data sheet:

a) 1lengths of all instrument components
b) number of lengths and subs required for the test

¢) total amount of tubing on site

4.5.2 The LBL engineer shall specify the number of tubing
lengths to be used in each test and the amount 1left
sticking out of the hole. This data shall be recorded on

the pressure data sheet and kept in the field notebook.

Cc-7
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4.5.3 A polaroid photograph shall be made of each instrument run

into the hole. Lengths shall be recorded on this photo-
graph as well as pipe diameters and threads for reference
in fishing operations. . The photographs shall be kept on
site in the field notebook.

c-8
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Figure 1 (a) Single packer arrangement for bottom hele Pressure measurement

(b) Double packer arrangement for pressure measurement in discrete zones
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Attachment 1

TRANSDUCER CALIBRATION SHEET

Date 1BL Field Engineer

Transducer No. Input current mA

Transducer. Manufacturer Input Voltage \
» Initial reading ny

Transducer Range psi Calibration psi/v

Cable No. o o

Cable Length - feet

Pressure Gage Transducer Output Pressure Gage Transducer Output

(psi) . ) ' (psi) W)
 Reviewed by " Date

b
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Attachmenc 2

Pressure Data Sheet

Hole Date
LBL Field Engineer

Depth Data
Elevation of Drill Collar feet above MSL
Length of Transducer Hbﬁsing -
Length of Packers feet
Length of Straddle Pipe feet
Number of Tubing lengths on site
Number of Tubing lengths downhole
Length of tubing unit feet
Length out of hole feet
Top of straddled zone : feet of depth
Bottom of straddled zone feet of depth

Zone lithology

Packer data
Inflation fluid air ] water
Inflation pressure ps
2d inflation pressure psi

Transducer data
Transducer No. range
Electrical Cable No.
Calibration psi/mV Calibration Date
Output with transducer at surface _ mv
Output before packer inflation v
Stable output after inflation v
Stable output after 2d inflation v
Output after deflation \
Output with transducer returned

© to surface \

Reviewed by

Date

C-11
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Table 1
EQUIPMENT LIST

PRESSURE TEST WITH PNEUMATIC PACKXERS

- Drill rod
- 10-conductor electrical cable
- high pressure packer inflation line

1 LBL Piezometric Profiler

1 LBL fracture hydrology pressure monitor

1 l-channel strip chart recorder

2 NX pneumatic packers

1 bottled Nitrogen pressure source for packer inflation

C-12
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Groundwater sampling ffqm wells and springs for geochemical analysis shall
be carried out in accordance with these procedures, with particular regard

to considerations of Quaiity Assurance outlined in the introduction.

Any deviation>fr0m these procédures must be referred to and approved by the
LBL engineer responsible for field'sampling. These changes must be docu~-
mented in the field log hook. Any permanent changes or revisions in these
procedures, that may develop from experience or necessity in the field must
be approved according to Quality Assurance conditions laid down by Lawrencé

Berkeley Laboratory.

These addenda shall he written up on an approved change sheet, and distri-
buted to those parties holding controlled copies of these Field Operating

Procedures.

Prepared by _ Engineer, LBL
‘ Allen Kearns

Reviewed by __ Geologist, LBL
/ Harold Wollenberg yd
( v o
Independent Review by : Geochemist, LBL
John A. Apps p
- 7
0A Review byl 0A Engineer, LBL

Vincefrt McManon -
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1.0 GENERAL CONSIDERATIONS

l.1

1.2

1.3

1.4

1.5

1.6

1.7

C LD

1.8

Aquifers shall be sampled in a manner that eliminates or minimizes
contamination from surface water, drilling fluid, other aquifers,
or the atmosphere.

On-site analyses and sample treatment shall be carried out to deter-
mine, or stabilize, those parameters which may be expected to change
with time or during shipment to analytical laboratories.

Methods to continuously monitor the level of contamination shall be
developed and carried out to ensure the accuracy and reliability of
samples, and their conformity with the formation water being sampled.

Each sample shall be labeled with an approved code number on the
body of the sample vessel. The label on the body shall indicate
sample number, date and time, source, required analysis, treatment,
relevant comments concerning the integrity of the sample (e.g.,

possible contamination) and the name of the sampler.

Each sample point shall be documented with details on swabbing and
sampling times, results of field analyses and evaluations of conta-
mination levels. This information shall be maintained in a bound
notebook. A log shall also be maintained on the time and amount of
any drilling lubricant additions. An accurate record of such
additions. is essential for determining the potential interference
of contamination on analysis and dinterpretation of data.

Duplicates where possible, shall be routinely sampled, treated and
stored.l These duplicates may be analyzed in the event of loss or
damage of the primary sample, or as randomly selected "blind"
samples for analytical verification. Analytical blanks shall be
performed on sample bottles for atomic absorption, neutron activa-
tion, and X~ray fluorescence analysis.

Well water used as the basis for drilling fluid shall be sampled and
analyzed as an unknown, so that its potential for contamination may
be assessed.

For spring samples, a record of the location of the spring, air and
water temperature, exact time and position within the spring and
depth of sample at each spring site shall be recorded in the field
log book. A photograph of the spring site shall be taken.

1 y.s. Environmental Protection Agency Manual of Methods for Chemical Analysis
of Water. EPA-625-76-74-003a.
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1.9 All sample vessels shall be labeled, sealed with plastic tape,
packaged in suitable containers to avoid damage and shipped by an
approved carrier. All containers shall be clearly addressed to
ensure safe and speedy delivery to the analytical laboratories.

1.10 All sampling procedures shall be carried out with regard to
LBL/2077: Health and Safety Regulations and other regulationms
which may be enforced at the drilling site, by the contracting
companies. ‘

1.11 All field analysis data shall be recorded at the time of analysis
on an approved data sheet, and maintained in the field log book.
A copy of this data shall be forwarded to the Program Manager’s
office for record.

2.0 PROCEDURES

2.1 SAMPLE ACQUISITION

2.1.1 Minimization of Contamination

2.1.1¢1 All procedures shall be carried out to minimize
or avoid any mixing of produced water with
the atmosphere, surface waters, drilling waters
or introduced fluids. Considerations unique to a
specific analysis shall be mentioned in that
section.

2.1.1.2 A closed gas system shall be maintained during the
' swabbing process to avoid atmospheric contamina-
tion. This shall be nitrogen gas in the well
system above the swab as it travels upwards.
This closed gas system shall be maintained at a
positive pressure to be determined and documented
by the LBL engineer on site.

2.1.1.3 An argon closed gas system shall be maintained
within the sampling apparatus in the field FO
laboratory. The LBL engineer on site shall be
responsible for the maintenance of the closed gas
system. '

2.1.1+.4 Atmospheric contamination shall be assessed? by
the determination of dissolved oxygen in the
formation sample, and results recorded in the
field log book.

2 Horizon Ecology: Dissolved Oxygen Meter Manual.
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201-105

2.1.1.6

2.1.1.7

" 2.1.1.8

2.1.1.9

2.1.2 Swabbing

ADrilling fluid and groundwater contamination may

be evaluated by tritium levels or inferred from
neutron activation analysis and X~ray fluorescence
data.

For on-site determination pH, temperature, Eh, and
conductivity shall be monitored during swabbing.
This is not sufficient for determining formation
water and is only a rough guide. Total organic
carbon may be useful in wells_where detergents or
polymeric drilling muds have been used.

For reliable assessment, a tracer shall be added

in the parts per billion range to the drilling
fluid at the time of drilling. This shall be
preferably a fluorocarbon to be detected by gas
chromotography or a fluorescent dye to be detected
by a fluorometer.

Temperature and pH may also be monitored to ob-
serve the stabilization of these properties with
time during swabbing. -Stability may indicate the
presence of formation water, which shall be moni-
tored by the fluorometer.

All conventional polyethylene vessels with which

a sample shall come in contact shall, unless speci-
fically stated, be acid-leached and washed and dis-
tilled-water rinsed before usage.

from Wells

2.1.2.1

2.1.2.2

Well samples shall be obtained by swabbing except
when production is too low to provide a sample.

" In this case, at the discretion of the LBL engineer

on site, a downhole sampler shall be used to obtain
a reduced volume sample. This shall be documented
in the field log book.

The swabbing system shall be closed to atmospheric
contamination by a positive pressure of nitrogen.

A siphon tube leading from the wellhead into argon-
flushed polyethylene carboys shall be used for the
collection of groundwater, when it has been deter-
mined that contamination is at an acceptable mini-
mum. These carboys shall be used for temporary
storage of groundwater prior to sub-sampling.
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2.1.3 Sampling from Springs

2,1.3.1 Springs shall be sampled at a recorded depth with
a portable Masterflex pump using silicone tubing
and avoiding unnecessary aeration, turbulence and
the air-water interface. Any sediment or turbi-
dity present in the spring should be avoided,
where possible. Samples, except those for gas anal-~
ysis, shall be filtered at the time of sampling.

2.1.3.2 Samples shall be collected in polyethylene carboys
for temporary storage prior to sub-sampling.
Field analysis for unstable parameters shall be
carried out at the spring where possible, or at
the earliest opportunity following sampling.

2.1.3.3  In all cases of delays in sub-sampling or field
analysis of unstable parameters, a record shall
be kept in the field log book of times and
conditions between -sample procurement and analysis.

2.2 FIELD ANALYSIS QF SAMPLES

Analysis shall be carried out at the time of sampling to determine
those parameters which may change with time or tramnsit. All analyt-
ical data shall be recorded on the approved data sheet. Any treat-
ment used to stabilize samples shall be approved and documented.

2:2.1 pH and Tempefature

2.2.1.1 These measurements may be made in a flow-through

cell at the same time as redox potential is being
determined.

2.2.1.2 The Orion specific ion meter and combination pH
" electrode shall be standardized before operation,
according to the instrument instruction manual « 3

Two different pH buffers shall be used for stan-
dardization, the first with a pH of 7 and the
second to bracket the anticipated sample pH.

2.2.1.3 Temperature shall be determined by a conventional

thermometer immersed in the spring or sample at
the same time as the pH determination.

3. Orion Research (1977): Form IM4O7A/F/L/7721

D-6
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26242 Redox Potential

Redox potential shall be determined as described by Jenne4,
using an Orion combination redox electrode standardized

o~ ' according to Orion Research specifications. Measurements

shall be made at the same time as pH and temperature are
determined. :

2.2.3 Sulfide

2.2.3.1

224302

2.2.3.3

2'2.3.4

2+2¢3.5

Total sulfide and dissolved sulfide shall be deter-
mined as follows.

Total sulfide - add 0.15 ml 2 N zinc acetate to a

100 ml glass bottle if analysis is to be delayed

for more than one hour. Add sample and mix gently
by rotating about a transverse axis. Then proceed
with 2.2.3.4.

Dissolved sulfide - filter 100 ml sample through a
0.2 nuclepore filter. Add zinc acetate as above
if delays are necessary then proceed with 2.2.3.4.

Sulfide levels shall be determined By an iodometric
titration as soon as possible after sampling’.

Sulfide shall be determined at a later stage in
the analytical laboratory and cross-checked with
field analysis data. A 100 ml sample shall be
collected as in 2.2.3.2 and 2.2.3.3.

2.2+4 Carbon Dioxide

2.244.1

2.2.4.2

Carbon dioxide shall he determined as soon after
sampling as possible, by a titrimetric method®.

Carbon dioxide shall also be determined at a later
stage in the analytical laboratory and cross-—
checked with field analysis data.

4 E. A. Jenne, USGS (Methods in Tface Element HydrobiogeOChemistry: No. F-2).

5 Standard Methods: For the Examination of Water and Wastewater: 428d.
14th Edition, 1975. APHA-AWA-WPCF.
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2.2.5 Alkalinity

2.2.5.1 Alkalinity shall be determined by titratiom to
pH 8.3 and pH 4.5 end points with a back titratiom
to correct for interfering anions.

3.0 ISOTOPIC ANALYSES OF SAMPLED WATER

3.1 Tritium

3

3.1.1 . Al litre sample shall be siphoned into a new amber glass

bottle filled previously with argon.

Samples shall be col-

"lected outside the field laboratory leaving a 1" headspace
and tightly capping with Polyseal polyethylene caps. Any
information concerning contamination by drdilling fluids or
surface waters shall be sent with the sample.

3.1.2 A1 litre sample shall be taken in a new glass bottle that
has no previous use or cleaning treatment. Bottles shall

be flushed with argon and the sample
bottle outside the field laboratory.
be left in the bottle which shall be
Polyseal conical polyethylene plugs.

siphoned into the
A 1" headspace shall
tightly capped with

3.1.3 Under no circumstances shall a luminous faced wrist watch
be worn by a sampler during sampling for tritium levels,
nor should such watches be worn inside the field laboratory.

~3.1.4 When samples are tightly capped there are no special time
or temperature restraints during transit.

3.2 34g/32g

3.2.1 These samples may be taken at the wellhead from the poly-
ethylene carboys used for sub-sampling. A 5 litre sample
is required but a 10 litre sample is preferable if sulfate

levels are low or water is plentiful.

3.2.2 Ratio in SO4 - a 2-1/2 gallon Cubitainer prewashed with
1 N HC1 shall be added to limit biological growth and re-
move carbonates. The acidified sample shall be bubbled
with argon for 30 minutes to remove HpS. If HyS is
present, then the acidified sample shall be bubbled with

argon for 30 minutes to remove it.

6Brown, E. et al. 1970. USGS, TWRI; Bk 5, Pt 1A, p. 41-44: (Methods in

Trace Element Hydrobiogeochemistry, No. F-4.)
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3.2.3 Ratio in S8H/H3S - a 5 or 10 litre sample shall be taken

3.3.

3.4

3.5

and a 1 ml litre 10% cadmium acetate solution added to pre-
cipitate cadmium sulfide and ensure there shall be no
biological oxidation to S04

Containers must be clearly labeled with treatments.

Analysis shall be made on gas evolved from the Lag

A separate sample may be evolved by bubbling argon into the

Cubitainer sample in 3.2.2 for 4 hours and trapping evolved

COp in 1 litre of carbonate-free 507% NaOH, held in two

Both analyses shall be carried out in the same laboratory
on an unfiltered sample collected in a 15 ml glass bottle

The sampling and extraction system for 14c shall be en-
closed to avoid atmospheric contamination, with a positive
pressure of nitrogen used to remove CO9 into NaOH traps.

Two 13-gallon polyethylene carboys prewashed with 1 N HCL
and rinsed with distilled water shall be used to collect
swabbed water. A 100-litre sample shall be collected in
these carboys which shall be flushed through for 5-10

3.2.4
lZC/13C
3.3.1
sample.
3.3.2
consecutive traps.
180/160 and Hydrogen/Deuterium
3401
rinsed twice with formation water.
l4c
3.5.1
3050‘2
minutes with COp~free nitrogen.
3.5.3

The extraction system shall include two 13-gallon polyethy-

. lene carboys with three tall form gas washing bottles

connected in series with tygon tubing. The gas shall be

delivered to the bottom of each carboy by silicone tubing.
The gas delivery tube in the first gas washing bottle
shall be open-ended and the second and third tubes shall
be extra porous sintered glass blocks. A nitrogen flow
rate of 1-2 litres/minute shall be maintained.
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3.544 Extraction shall be carried out as follows:

3.6

3.7

3.5+.4.1 Allow 50 ml concentrated reagent grade sulfuric
acid to enter each carboy from the separating
funnel under a flow of nitrogen.

3.5¢4.2 With minimum aeration and under nitrogen flow,
add 1.0 - 1.5 litres total volume carbonate-free
8 N NaOH solution into the three gas washing
towers.

3.5.4.3 Seal off the extraction system and adjust flow
rate to 1.5 litres/minute, and extract for 16
hours or overnight.

3.5.444 Pool the three gas washing vessels into two
l-1litre Nalgene polyethylene containers previous-
ly given a 1 N HC1l acidic wash and distilled
water rinse. '

3.5.4.5 Seal with plastic tape leaving a small space for
expansion during transit.

222gn
3.6.1 The sample shall be taken from the middle of the swab pull
and collected in two 500 ml polyethylene containers. The
containers require no washing or treatment procedures
beforehand. The sample shall be sealed with plastic tape.
3.6.2 Owing to the short half life of radon the time of sambling
- must be accurately recorded. Transit time shall be as short
as possible with the analytical laboratory beilng advised of
the arrival of the sample at the carrier depot.
234U[238U
- 3.7.1 Samples shall be taken from the sub-sampling carboys and
filtered through a 0.2y Nuclepore filter directly into
cleaned, numbered and preweighed 50 ml polyethylene
bottles.
3e7.2 Exactly 10 ml1 6 M HC1 shall be added to each bottle at the

time of sampling. Sample volume is not critical but exact
acid addition is essential for subsequent determination of
volume in the analytical laboratory.
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3.7.3 Bottles shall be tightly closed to avoid evapora-
tion or leakage but no labels or tape shall be
used which may alter the weight of the bottle.

3.7.4 There are no special restraints during shipment
' apart from sample bottles remaining upright.

4.0 CHEMICAL ANALYSES OF SAMPLED WATER

0
4.1
4.2
el
:l
4¢3

The following determinations shall be made on evaporated solids
derived from the same filtered water sample.

4elol

4e1.2

4.1.3

bk

Neutron activation analysis:

Values for elements in basic waters: Na, X, Rb, Cs, Ca,
Ba, Sr, Zn, As, Mo, Se, Sb, W, Mn, U, Br.
Limits for elements which may or may not be detected in

~basic waters: Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Ga, Ag, In,

La, Ce, Nd, Sm, Eu, Tb, Dy, ¥Yb, Lu, Hf, Ta, Ir, Au, Cd, Th.

Soft X~-ray fluorescence:

Na, Ca, K, Si, Mg, Al, Fe, Ti, total S, total P, Cl.

Hard X-ray fluorescence:

Pb, Sr, Rb, As, Zn, Cu, Ni, Fe, Mn.

The sample shall be filtered (0.2l Nuclepore) from the sub-
sampling carboys or directly from the spring into three
l1-litre LPE containers. These containers shall be previous-
ly washed with distilled water and AR Acetone and rinsed
twice with the formation water at the time of sampling.

Zeeman Atomic Absorption:

Pb, As, Cu, Cd, Ag, Cr.

4-2-1

Determinations shall be made on evaporated solids derived
from the water sample described in 4.1l.4.

Carbon Rod Atomic Absorption:

Ag, ¢d, Cu, Fe, Ni, Pb, Zn.
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4.3.1 The sample shall be filtered (0.2 Nuclepore) into a 1-
‘litre CPE container previously ethanol washed and leached
for 3 days with l:1 HCl; rinsed with distilled water and
leached for 3 days with 1:1 HNO3; rinsed with distilled
deionized water and leached for 3 days with 0.5% HNOjg; -
rinsed and stored with distilled deionized water until
used and supplied with 5 ml of NBS 15.8 M HNOj3 for pre-
servation of sample until analysis.

4.4 Mass Spectrometry of Gases:

Hy, Ny, Oy, Ar, CO, CHy, COy, SOy. H,S, He.

4.4.1 Samples shall be collected in l~litre stainless steel
vacuum bottles (Whitey 304-HDF4-1000) previously evacuated
at LBL. Helium-3 and krypton shall be added in carbon
tetrafluoride carrier gas at the time of evacuation. This
shall serve as an internal standard for the recovery of
other noncondensible gases in the sampled water.

4e4.2 The sample bottle shall be connected to a stainless steel
cross which has arms to a carbon tetrafluoride supply for
purging the sample line, a vacuum pump for evacuating the
cross and a teflon sample line connected to the sampling
system or into a spring. This line shall carry swabbed
water which has no atmospheric contamination into the sam-
ple bottle when the valve is opened to release the vacuum.

b4eb.3 The actual purging and filling process shall be carried

out in accordance with directions laid down by the analyst
in charge of mass spectrometry of gases.
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FIELD ANALYSIS LOG SHEET -

GEOCHEMISTRY Log Number:
Location: Well: Sample Number:
Interval depth: Spring:
Dates:
Average Discharge: Total Discharge:
Sampling Remarks:
Contamination Monitoring
Time
Method
Sample Analyses
pH Redox Temperature| Carbonate | Sulfide [Alkalinity|Dissolved 0, Conductance
(mV) (C) (mg/1) (mg/1) (mg/1) (mg/1) (uS/cm)
Sample Collection
CHRMISTRY " ISOTOPES
NAA/XRF| AA [Gases|l“C | 3H | 222Rn |23%y/258y|12¢/13¢|180/160| u/p |3%s0,/3250,|3%sH/32sH
Analysis Remarks:
LBL Engineer:
Date:
LBL Pasco Basin Hydrology Study =~ 5.1.78 D-13 HFOP 02 U.5.GPOS 19 /9-659-058 ( £) 40














