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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 National Was~e 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 1). The overall feasibility ,study has

been directed to the concept ofa mined repository at a depth of about 3000

feet, possibly in the Umtanum Unit, a dense 200 foot thick basal t flow. The

feasibility of this concept largely depends on the degree of hydrologic

isolation afforded by the basalts. Hydrologic isolation can be determined

only by actual field testing and subsequent modeling.

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

thi.s section. In addition to these subtasks an analysis of existing geo

physical data is summarized here. Hydrologic work by LBL ceased at the end

of FY 1978.

A physical testing program desigrted to· provide hydrologic information

for mathematical modeling of the deep basalts in the Pasco Basin was·initi

ated in FY 1978. LBL performed hydrologic testing on several deep drill

holes on the Reservation and obtained and analyzed water samples from drill

holes and surface water. A technical approach was developed for obtaining

and integrati~g the hyd~ological, geophysical, and geochemical data required

for modeling. A field program oriented toward the collection of needed data

was then initiated. A full hydrology testing program was planned for imple

mentation· over a period of several years. Included:in this program were:

pressure measurements to determine hydraulic 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

- I -
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Figure 1. Location map of the Columbia River Basalt (after Rockwell, 1977).



tests on b'othmultiple and single fractur~s; and a modular-type long-term

monitoring system was recommended for development and installation in selected

wells.

II. FY 1978 ACCOMPLISHMENTS

A. Hydrology FJeld Program

'1. "Equ_~mentDeve10pment

During FY 1978 LBL designed down-hole instrumentation and packer systems

fo1." pressure, temperature and perm'eabilitytesting. Pressure measurements at

depths less than 3000 feet were made with a packer-mounted probe containing a

single pressure and temperature s.ensorwith 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 in~luded downhole' solenoid

, valves to deflate packers, and to bleed the test cavity of pressure pulse due

to packer, inflation,and an extra' pressuretransducet ,f6r 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-2

Well DC-2 is ,a 3300 foot deep' hole drilled abou t 40 feet from Well DC,,:,1,

a 5661 foot hole. Five standpipe piezometers were installed in DC-1 in 1972

and water levels have since been measured periodically.

Pressure measurements were made in 11 zones in DC-2 between depths 2269

feet and 3273 feet. The, LBL test data, shawn on Figure 3,appear to indicate

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 fal,ling open hole head and the test zone

measurements. This influence is thought to result from either vertical cir

culation of water through the formation or from residual effects of formation

prepressurization which Qccurred 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

'- 3 -
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complete dissipation of the overpressure induced by packer inflation and

by well cleaning in the lower permeability test zones. Increased testing

times and :i,ncreased sophistication of' test equipment will be required to

determine the degree to which residual effects of wellbore pressurization and

the influence of vertical permeability affect test results in '.Jell DC-Z.

The open hole water level in DC-Z fell throughout the test period arid

.was at an elevation of about 360 feet when the tests were concluded. This

indicates that: (1) the minimum natural formation head within the .open part

of DC-Z is equal to or less than. 360 feet elevation;. and (Z) this minimum

head probably occurs below the Umtanum Unit. Pressure measurements made by

La Sala and Doty in Well DC-1 before the piezometers were installeq (1971),

. and piezometer levels in DC-1 at the time of testing in DC-Z are also shown

on Figure 3. Based upon these data and upon observer! dynamic changes in DC-1

due to swabbing in DC;"Z, it ma,y be concluded that:

(1) Piezometer Z 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 Z.

(2) The true formation pressure head elevation at the depth of piezo

meters Zand 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 least the

. depth of piezometer 1 (4800 feet) to approxiirlately the depth of

piezometer 2 (4000 feet).

(6) The Umtanum Unit appears to be a~ting as a ~a~tial barrier to

vertical flow.

b. Well DC-8

Pressure testing was performed in Well DC-8 at nine zones petweendepths

1710 feet and 2700 feet ,w:f.th a constant packer interval of 30 feet. Open

hole measurements were made immediately prior to packer inflation and subse

quent to packer deflation. Filling of. the w.ellbore during testing resulted

in considerable variations in· open hole water level during the early part of
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the testing period. The lowest water elevation recorded during the test

period was an open hole head elevation. of 413 . feet. This measureinent indi

cates that the formation pressure head within sane part of the open portion

of the well is at least as low as 413 feet. Data coll~ctedin DC-8 is shown

in Figure 5.

The tests generally appear to be less influenced by open hole pressure

than in DC-2~ perhaps indicating a lower vertical permeability at Hell

DC-8. A downward gradient was measured within the depth range 1500 - 2100

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

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

c. 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.

Water pressures were measured in 15 zones between 2240 and 4336 feet

of depth. Artesian discharge fran the well was measured in 12 zones between

2483 and 4336 feet, and permeabilitieswerecanputed for these zones. The

groundwater pressure, flow, and· permeability data are . shown in Figure 4.

All pressure measurements indicate artesian heads above the .elevation

6f 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 n9t allow reliable definition

of either an upward or a downward gradient. Below 3055 feet heads decline

reaching. a local minimum elevation of approximately 430 feet in. a water

producing zone at abotit 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

Lynes and W. K. Summers Associa.tes in March, 1978 and the values determined

by LBL (see Figu~e 4A).

Th~ 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 fl,ow breccia. Flows on the order of one

gallon per minute were also measured fran 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· resu1 ts ar.e shown in Figure 4C and represent the average f or the

zone tested. The largest permeabl1itie~ were on the order of 10-4 em/sec,

measured in the zone between 3650 and 3800 feet. This zone is about 400 feet

below the Umtanum Unit. The lowest average permeab:l.1ities were on the order

of 10-7 em/sec, me~sured in and above theUmtanum Unit.

d. 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 5. These data show a down

ward gradient between the Vantage interbed and the Umtanum'unit in DC-1/DC-2.

The gradient is poor~y defined; however, i.n the same zone in DC...6. DC-8

shows a downward gradient between the Mabton and the Vantage interbeds. Head

elevations reach a local minimum in DC-l/DC-2 and Dc-6 about 3QO feet below

. the bottom of the Umtanum and there is evidence that .gradients may be llpward

below that. depth. The low pressure zone encountered below the Umtanumwou1d

ac t as a drain for any vertical flow converging upon it, .thus the recharge

and discharge ar.eas of thi.szone are ·of great interest.

Pressure data for· the zone immediately below the Umtarium is 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 Mountain

antiel ine to the nor th and Ra t i:1esnake Hills anticline to the southwest (s ee

Figure 2). The water level elevations measured in and below the Umtanumin

DC-1/DC-2range 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 an<i adjacent lands from the Tri-Cities area to Wallula Gap. The most

1:f,ke1y flow path from DC-l/DC-2 toth!s discharge area is. through Cold Creek

Valley.

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 basal ts in Cold Creek Valley and the higher pressu,res measured in DC-6

suggest higher water tables to the north and eas t of DC-6. . The most likely

source of recharge for these high heads is the Columbia River from Sentinel

Gap to Priest Rapids Reservoir. The ba.salt units beneath the Umtanum are at

or near the ground surface in this area, and the river is a source of abun

dant voliJmesof water. The most likely flowpathto '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 ou tcrops of the Umtanum and

underlying units. They are therefore less likely to be primary recharge

areas.

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

imply 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 is 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 is 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 elevationso£ several thousand feet, but like the Saddle Moun

tains, are relatively dry. Further, the Unitanum Unit is at least 1000 feet

deep in all of thes.e areas. Some underflow in the deep basal ts may be· occur

ring through structural valleys paralleling Yakima Ridge, but as noted by

Newcomb and others (l972,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 high heads at Juniper Springs and Rattlesnake

Spring versus the relatively low heads measured in DC-l/nC-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

further investigated.

e. Comparison of Flow Data

Radioactive tracer and temperature logs in Well DC-l have indicated three

zones of relatively high permeab ility at depths of 3228 - 3234 feet, 3972

... 3980 feet, and 4824 - 4854 .feet. The average permeability of these zones

is 9.4 }t 1O-~ cm/sec. The first two of these zones are 50· feet and 794

feet belo(y the bottom of the Umtanum Unit.

In. Well DC-6 the maj or flowing zone was determined to have a permeab il ity

greater .than 10-4 cm/sec and occursb etween depths of 3650 and 3700 feet,

which is 442 feet below the Umtanum. There are likely to be, in addition,

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

-11 -



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 th~se zones may be hydraulically interconnec

ted through a continuous "Vleathered horizon, through faults, or through primary

fractures will 'be important toradionuclide migration from a repository and

should be the subject of further studies.

B. Pasco Basin Modeling.

The Pasco Basin hydrOlogy modeling effor·t 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 fori Regional Flow System

The literature survey was undertaken to help define such flow model

inputs as boundary conditions, initial, conditions, geometry as defined by

structural geology, and material properties. The system boundaries' are

apparently complex and, irregular. The groundwater flow, system is. further

complicated by numerous folds and faults and bas~ltflO"Vlsof variable con

tinuity. Although primary porosity may ,be of importance locally, by and

large the flO"Vl paths are governed by fractures of widely variable pattern

(horizontal, columnar, etc.) and spacing. The system is probably character

ized by time dependent boundary conditions and a variable, three dimensional

distributic;>n of ,fluid potentials.

Such input data will always be ac~ompanied 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 the LBL models would therefore be the accomodation of statis

istically e~pressed input parameters and the statistical e~pression of output

parameters indicating the distribution of possible system responses. Further

work on the development of such models is reconunended to permit adequate risk

assessment of repository safety.

I

2. Recommended Well Drilling and Testing Program

Based on the resul ts of the field work, the I Hera ture survey, and the

input requirements, a well drilling and testing program was developed for

further study of the Pasco Basin. In order to achieve the immediate objec-

, tive 'o{ prOViding an overview of, the regionaL flow system, su first stage

wells, DC-12 through DC-17, were proposed (Figure 6). These wells, when

combined with existing wellS, are des'igned 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 is 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 system. It would also provide an

important data point in the Wahluke Syncline. 'The role of the Rattlesnake

Hills as a recharge zone in the basin needs to be investigated., Well DC-14

would provideinformati,on on .the extent ,of this recharge and the possible

e~istence of perched waters. The southwestern boundary of the basin can also

be examined.

Well,DC-1S examines the e~tent of recharge from the Sentinel Gap area.

The area is important because basalt flows which lie deep under the center of

the Basin crop out at Sentinel Gap. This weil in conjunction with DC-4wi11

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 e~amination 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 more detailed analysis of the ,flow

system.

- 13 -
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3. We11bore Storage Effects

Pumping tests were planned for several wells on the Reservation and·

analyses were made of two anticipated wel1bore storage problems. The ·first

problem was to describe the response of an observation well in a pumping test

where we11bore storage was signif:i,cant. The· second problem was to see how

we11bore storage would affect the data collected in a leaky aquifer test.

the LBL groundwater flow program TERZAGHI was used for both problems.

a. Observation well response with wel1bore storage

Dimensionless drawdown curves were obtained for values of dimensionless

storage parameter, a, of 10-1 , 10';'2, 10..;3, 10,..4, and lO-s~ A sample is shown

in Figure 7. The ciurvesapproachthe Theis solution ~ith decreases in

rad ius of the well and increase in a. The time necessary to ob tain a

response in the· observat:Lon ·we11 increases with an increase in wellbore

storage effect.

b. Leaky aquifer response with we11bore storage

Fifteen different cases were analyzed f or times up to 100 days, com

prising three different pumping well radii (.05, .09 and .ll2sm) and five

different values of a(lO-l, 10-2 , 10-3 , 1O~4,and 10-5). A sample of

resu1 tsis plotted in Figure 8 showing. the ratio of drawdown in the aquitard

(s') todrawdown in the aquifer (s) as a function of wel1bore radius.

Observation well drawdown with wel1bore storage can he as little as half the

drawdown predicted witholltwe1lbore· storage.

Figure 9 shows the time it would 1;ake to get a drawdown, s', in an aqu1

tard 9.0 . meters from a· pumping well and 0.5 meters from ·an aquifer. The

parameters and geometry used are typical of what might be found in the Pasco

Basin. 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.

-15 -
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C. Groundwater .Chemistry Program

1. In tr oduc tion

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

provide information that W'0uld 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 pred ic ting the rate and type of chemical evolu tion .of the groundwa ters

during flow. Such an evaluation is a necessary prerequisite for quantitative

predictions of radionuclide migration in the same environnient.

2. Previous Groundwater Chemistry Studies

Earlier drilling activities in the Pasco Basin by Fenix and Scisson Inc.

indicated a minimum of three zones between 2888 feet and 3392 feet that

appeared to justify further investigation 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. The evidence given 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 f or the groundwa ter samples included all

maj or 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 coexistingaltera

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 test~dfor their value as tracers for given aquifer

waters or horizons.

A number of stable and radioisotopic analyses w~re also plartned includ

ing those for n/H, 180/160, 13c/12c, 34S/32S, 3H, 14c, 36Cl, 222Rn, 226Ra,

and 234U/238U. Each of these isotopic analyses contributes to.an interpreta

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 36Cland 234U/238U as

tools for dating groundwaters.

LBL staff recognized the need for adequate laboratory services readily

accessible from the sampling site, in order to perform analyses for fugitive

components, separation procedures for isotopic analyses, and the filtration

of samples •. A mobile field laboratory was therefore designed and constructed

to perform all necessary on site analyses and sample preparation. An8x20

foot box trailer was leased for this purpose and adequate facilities for two

. chemists were provided. The mobile laboratory proved tobe very satisfactory

from the functional standpoint, but the need for a tow truck to move it and

lack of intrinsic 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 a.nd field sampling methodology. Thesemeet

ings, combined with an exhaustive literature survey of groundwater sampling,

resulted in the drafting of Field Operating Procedures for the groundwater

chemistry 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 by swabbing, as no

other technique had been developed that would permit recovery of large

samples from the depths specified in the narrow diameter wells available for
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sampling. Only Well DC-2 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 conta,mination.

Springs were" identified from topographic maps~ and chosen following

discussion with Rockwell geologists. Only. those springs were sampled that

issued directly from geo1Qgic formations. A total of four springs were sam

pled in the time available. Access to the spring sites was difficult and

required A-wheel drive vehicles. Three flowing artesian wells (DC-6, Ford

and l1cGee) and the Columbia River were also sampled usirtg similar techniques

to those developed for spring samples. Chemical and isotopic analyses were

performed on the nine samples collected. Thechelll.ica1analyses covered most

of the elements and aqueous species originally specified. Analyses of some

minor components were not performed, primarily because the proj ect was termi

nated before the work could be completed. However, all maj ot 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 the results of a given analytical method for each 'element that

gave the greatest accuracy for that element. In all cases except one, the

discrepancy between total cation and anion equivalents was less than 5% of

the sum.

The major components and some important minor cbmponents 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 C032-/HC03';' pairs." With minor exceptions, results were good.'

Isotopic analyses for D/H, 13cj12C, 18o/160,and3H wer~ also determined.

However, 14c analyses were not performed owing 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 14c in C02

evolved from one liter samples. The detection of 36C1 was also attempted,

and a limit of 10-12 for 36C1 /35Cl was achie'1edwith. poseibilities of improve

ment using a new ion source. Measurement of the 434uj238u ratios on the"

water samples is continuing using a .5 foot radius high-"precision masS spec

trometer. A precision of about 2% is ad~quate fot the 234u/238u ratio

and can be achieved.
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4. Conclusions and Recommendations

An evaluation of the chemical analyses in terms of their origin, his

tory, and age are not possible owing to the small number of samples taken,

the incomplete isotopic analyses, and the diversity of regimes from which the

samples were ob tained. No spatial relationEil between samples can be worked

out until more sarp.ples have been obtained and analyzed, over more horizons,

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

to date leads to the following recommendations.

1. Because of the low concentration of many important components in

the deep waters of the Pasco Basin, great care should De taken in

avoiding contamination both during and after sampling.

2. Drilling methods that minimize contamination of aquifers should be

used.

3. On-site contamination monitoring should be developed using tracers

incorporated in the drilling fluids.

4. All sources of contamination should be identified.

5. Downhole sampling devices should be designed and construe ted that

eliminate contamination from that sburce.

&. Collectiori procedures for carbonate samples for 14Canalysis

should be improved.

7. Improved isotopic techniques requiring smaller sa1nples should con

tinue to be developed; this applies particularly to 14C, 36Cl t

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 •

. 10. A more sensitive technique for analyzing aluminum in solution

should be developed, par ticularly in the presence of large amounts

of fluoride ion.

11. Soluble organic components, a~d Li, B, NH4+, and P205 should be.

analyzed to determine their significance.

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 yearby 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 logs to the basalt in

the 2800 - 3400-foot interval in Well DC-I. As porosity increases, all

,quantities measured by the four sondes deflect to the left. For example, the
, '

large deflection from 2950 to 3000 feet is an in terbed of much higherporos-

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

calibrated for sedimentary sequences. Further work with the available logs

and core could soon overcome this problem. '

Figure 11 shows temperature logs and flow profllesfrom the entire

5000-foot length of hole DC-I. Breaks in the temperature, gradient oC,cur

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 is measured by injecting a tracer into the water

column and detecting its transit 'time past detectors in the sonde. The

abrupt drops in velocity occur where fluid leaves the wellbore and, enters the

formatiori~ The obvious zones in Figure 11 were detected on several logs run

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., 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
basal t; ,

o composite the existing well logs and auxiliary data onto base
sheets;

o continue to pursue those logs, such as spectral gamma and magnetic
susceptibility, which promise correlative geological da,taamong
holes.
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SUMMARY

Afield tes ting program des igned to provide 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 Depait~

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 the

integration of hydrological, geophysical, and geochemical data gathered from

a number of deep wells scattered throughout 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 determine

hydraulic potential gradients; tracer' tests to determine flow directibnand

velocity; borehole fracture logging to quantify the geometric parameters of

the fracture systems; hydraulic fracturing to determine in-situ stre~s

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, the design and fabrica

tion of a test probe capable of measuring pressure and permeabilities at

depths up to 5000 feet. As an interim measure to expedite initiation of

field work, a single-function pressure test probe originally designed by LBL

for another proj ect was fabricated and equipped f or use in well DC-2 to

depths of 3300 f.eet. An' ambitious field program for performing tests' 1n

eleven deep wells waa 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 inadequ&te funds to provide a second

support rig required a curtailment of the planned program. Hydrological

tests were performed in wells DC-2, DC~6, and DC-8 between May and October,

geochemical sampling was perf ormedin ,DC-2 and DC.,.6, and hydrofracturing

tests were performed in DC-Ii. In addition, earlier hydrological and geo

physical tes ts performed by others were reviewed and evaluated in interpre

tation of test results.

Tests performed in DC-2 and observations of water level response in

neighboring DC-l suggest the possibility of leakage between the three lower
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piezometers in DC-i. The conclusions are generally supported by earlier work

performed by others in DC-l and indicate the presence of a downward gradient

in the upper basalt layers extending to a depth of about 4000 feet, beneath

which there is evidence for an upwa.rd gradient. A sharp steepening of the

downward gradient in the vicinity of the Umtanum Unit suggest that the

Umtanum may be actin~ as a barrier to vertical flow. Ambiguities in avail~

able data immediately below the Umtanum suggest the need for additional

testing.

Drilling was suspended for abou t one week to permit pressure tes ting

in well DC-8, in the basalts above the Vantage sandstone. These tests were

perf ormed between 17 00 and 2700 feet of depth and ind ica te a downward

gradient within that interval~ Water level elevations were found to be

higher and downward gradients. steeper than in comparative lithologic units

in wells DC-l/DC-Z.

Well DC-6 was found to be artesian, with a steady-state openhole pro

duction rate of a1Jout 17 gallons per minute. Single-packer tests showed that

about 75 percent of this. £low was coming from the depth interval 3650-3800

feet. Pressure tests 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 ground surface. Water level elevations measured in

the Grand. Ronde basalts in DC-6 were higher than water levels measured in the

same stratigraphic zones in DC-l/DC-2. As in DC-l/DC";2, there appears to be

a local head minimum within 600 feet below the bottom of the Umtanum with

higher heads at greater depth.

Comparison of data from the three wells tested indicates that the Gable

Hountain anticline may be acting as a flow barrier separating . Cold. Creek

Valley from the Columbia River Valley to the north and east. Recharge to the

deep .basal ts in Cold Creek Valley appears tob.e small, with dra.inage probably

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

syncline. The lowes t pressure head eleva tion measured in DC-2was aboti t 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 drilling and testing

will be required to verify these hypotheses.

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

Columbia River and three flowing artesian wells. The limited. number of·
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samples taken in FY 1978 does not allow any regional interpretation. 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 present after swabbing

approximately 64 t OOO gallons of water from the pack~d-off zone over an 8-day

period.

A literature review and evaluatlonof previous groundwater studies at

Hanford is presented. The scarcity and uncertainty of this data t combined

with the experience of the FY 1978 LBLstudy. emphasizes that contamination

problems must be overcome in deep~drilledwells 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

and testing program at Hanford. Specific drilling ~:md testing schedules for

FY 1979, based on completion of a rough model of the deep flow systeins by

1980, were presented in Long and Wilson (1978). The. program recommends

continuation of a. basin-wide approach· to hydrological studies to permit

identification of hydrologically-optimum repository sites. Subsequent

second-stage studies are also recommended for ref ii:lement of available data.

Recommendations are given for· refinement of hydrology testing equipment

and procedures based upon experience gained in FY 1978·field operations. The

need for the multiple-packer test probe which had been planned forFY 1979

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. Experien~e has also indi

cated that considerably longer testing times. on the order of days or perhaps

weeks in tight formations, will be required to obtain accurate pressure data.

Finally, recommendations are made regarding a comprehensive technical

approach to the collection and interpretation of data from a deep fractured

reservoir. Th,ese recommendations include the development of specialized

equipment and techniques for in-situ pulse testing ot single. fractures t for

inj ection and tracer testing of multiple fractures, for downhole identif ica

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,

was ini-tiated by Lawrence Berkeley Laboratory for Rockwell Hanford Operatibns

(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 National Waste Terminal Storage Program . bf the Departnient ·of Energy on

the feasibility of nu~lear waste disposal in the Colum~ia River Basalt

underlying the Hanford Reservation.

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

the Columbia River flood basal.tphystographic province,which spans parts of

Washington, Oregon,and Idaho (Figure I-I). The generalized basalt s trati

graphy .within the Pasco Basin is shown on Figure 1-2. The overall feasibl,.ity

study has been directed to the concept· of a mined repository at a depth of

abolit 3000 feet, possibly tn the Umtanum Unit, dense, 200-foot thick basalt

flow. The feasibility of this concept largely depends on the degree of

hydrologic isolation affqrdedby the basalts. Hydrologic isolation can be

determined only by actual· field testing and subsequent modeling.

In October 1977 a wbrk plan was formulated which included three hydro

logic subtasks: Physical Testing, Geochemical 8.ampling, 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 Septem~er 1978

is presented in this section. In. addition to these sub tasks an analysis of

exis ting geophys ical data and a recommended well dr illing and tes ting 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 •

*Other FY 1978 work by LBL on waste' isolation for Rocl~well 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

.1' During FY 1978 LBL designed down-hole instrumentation and packer systems·

The systems assembled

...

for pressure, temperature and permeability testing.

include:

a) Packer qystems with independent inflation lines.

b) A single pressure transducer formation pressure instrument.

c) A double pressure transducer instrument with dmmhole valves

for packer and test zone pressure relief for use in both in

jectortests and formation pressure measurements.

d) A pressure tank for constant head injection tests~

a. Packer System

The packer system consisted of two inflatable packers with an inflation

line separate from the testing rod. This separate inflation line allo~vsth.e

packers to be reset without removing them from the hole thus saving consider

able workover rig time. The original packer choice was the Lynes 25/8 inch

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

"TaS chosen for its proven durability, its differential inflation pressure

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

• I

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

to deliver of the the Lynes packers but they could only withstand 13,·600 psi

pressure differential. In four inch holes, LBL found thatNX packers "7ere

unusable after approximately four inflations.

b. Pressure Probe 1

A schematic drawing of Pressure Probe I is shown oIl Figure II-I. The

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

a thermistor. A four conductor cable t:rom 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 logger capable of

recording all channels at programabletime intervals, an~ a single pen strip

chart recorder. A schematic drawing of the entire test setup is. sho,m in
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Figure 11-2. Pressure Probe 1 lacks a downhole packer release, therefore its

use is l:Imited to water depths where air can be used for packer inflation.

A typical test consisted of lowering the system to the test zone, infla

ting the packers, and recording the shut in pressure until it reached 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 systems that rely on measurement of a water level in a stand

pipe.

Figure 11-3 shows the typical shape of a pressure tes t record using

Pressure Probe 1. A major factor in the length of time required for 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.
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digital voltmeter mounted in the control box. The uphole electronic controls

for this instrument are the same as those of Pressure Probe 1 with the add

ition of switches for the solenoid valves. The schematic. for this injection

test system is given in Figure 11-5.

d. Injection Pressure Tank

An injection.pressure tank has been designed 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 one would get from most pumps, especially at low flow rates. Flow

.rates can be measured in three ways:

(1) By monitoring the change'in the water level in a side mounted

standpipe.

(2) Using a differential pressure transducer ported at the top and

bottom of the tank.

(3) Using electronic flow transducers.

Two electronic flow transducers, manufactured by Flow Technology of

Phoenix, Arizona, .allow measurement of flow over . a range of 0.001 to 20

gallons per minute.. The relative location of the inj ec tion pressure tank

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

2. FY 1978 Field Activites

Rockwell's proposed. drilling schedule for the 1978 fiscal year was

received by LBL in January 1978 and is shown on Table II-I. 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 rot:arydrilled 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,

two core rigs were employed for most of the 1978 fiscal year. Also, one

workover rig was to be employed to fa.cilitatethe hydrology testing program

from May 1st 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 II-2

and consisted of pressure tests, geochemical sampling, and/or permeability

tests in DH-4~ DH-5, DC;"2 , DC-3, DC-4, DC-5, DC-6, Dc-i, DC-8, DC-lO,. and.

II-7
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RHO-CD-132

TASK Drilling and Coring

SUBTASK Drilling of Core and Rotary· Boreholes
at Sites 1. 2. and 3 (Figure IV-l)

MILESTONES

FISCAL YEAR 1978

OCT NOV DEC JAil· FEB JlPR ~IAY SF.P

A A A
1 2 3

4

1- DC-7 completed.

2. DC-5 completed.

3• DC-6 completed.

4. .DC-8 completed.

5. DC-4 completed.

FY 1978

3. Core Hole DC-6
..;..-+-_.~_ .. --

4. Core Hole DC-8

5. Core Hole OC-4 Ha-il--.--1HI~+---1r{;:1-;----;
I .

" p

Cl= CORE RIG 1
C2= CORE RIG 2

Ca = CABLE TOOL

.'

R= ROTARY

XBL 794-9381

Table II-I. Rockwell Hanford Operations, January 1978
Draft drilling program schedule (from RHO
CD-132, 1978, Rough Draft). . .
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Testing Schedule. Pasco Daain Hydrology FY 1978
March Ap-ril May June July August September October.

DH..4 ~'ft.~ n.R

DH-S clean o s

DC-2 s·n k drill

DC-3 '+

DC-4 d~'ll '0 .0

I S.I
DC-5

DC-6
,,~., 8 p,k

DC-7
s o k

DC-8 • 0 s ok
• ,

k
DC-1O

DC-ll
k

I

WOrk-OYllr rig I s- sample

Longyear 44 ) P - pressur
I Other riga ) k -permeability (Injection)

XBL 794-9380

Table II-2. Lawrence Berkeley LaborCltory March 1978 proposed hydrology
testing program.
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DC-11. Specif ically, DH-4 and DH"':S were to be cleaned in Apr n and May and

pressure tested and geochemically sampled in July. DC-IO and DC-11 were to

be permea~ility tested (by injection) in August and September, and the

remaining wells were to be variously tested arid 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 hasis, would have been

needed to assist them.

The actual FY 1978 work plan w<;lsquite 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,

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

of test equipment at LBr.. The actual field· program consisted of pressure

testing DC-2, DC-8, ~nd DC~6, geochemical sampling of DC -2 and DC~6,and

hyd r of r ac tur ing of DC-l1 •.
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 att~ched 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 was completed· on

June 5th~

The geochemical sampling cr.ew arrived in Hanford on June 1st to set up

the geochemical laboratory trailer for testing in DC-2. On June 13th a Lynes

production-injection packer system with a 30 foot straddle zone was .run into

DC-2 on 2 l!16-inch drill pipe to the first sampling interval depth of 3243 

3273 feet. Th.is packer assembly had to be taken back out of the well when

the circulating valve failed to open. In releasing the packers, the bottom

packer's rubber element was torn too badly to use again. On June 14th, 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 swabbing process was then started, and water samples were taken at

11-11
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regular intervals. These water samples had a pH of 9.8 - 9.9 and appeared to

be contaminated with diesel fuel. W~ter levels were monitored in DC-l

piezometer ·113 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 Incorporated· (SAl) could

begin permeability testing. Ten days of swabbing were insufficient for

removing the apparent cutting oil arid diesel fuel contamination. Since no

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

coming out of the hole the Tower packer became stuck possibly due to caving

of the formation during swabbing. The tubing broke and fishing proceeded for

one day with no success.

On June 14th,dri1ling to the Vantage Member was completed in Well DC-8.

On June 15th, the hydrology field cr.ew 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 ttlbing and became tangled around the probe~ The resulting

damage consisted of a severed electrical line, kinks in the electrical cable,

and a few punctures in the airline. On June 16th, 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 time 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-II to acquire field stress data. Dr. B. Haimson

of the University of vlisconsin 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. In 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 pressurized at depths of 55, 144,

11-13



172, 194, 200, and 226 feet. Caving of the hole in the Selah bed prevented

de_epertests from being performed. Impressions of the hydrofractures were

then made; these were oriented using a gyrocompass survey tool opera ted by an

engineer from Sperry Sun.

Fr om July 21s t to Augus t 13th the geochem ical sampl ing field crew

collected spring samples from locations in and surrounding the l'asco'Basin.

Specifically these samples were collected from:

(a) DC-6 (artesian flow) on July 21st.

(b) The Columbia River at the "Old Hanford Townsite" on July 25th.

(c) Juniper Spring at Umtanum Ridge on July 23rd.

(d) Rattlesnake Springs at Dry Creek by 'Battel1e's radioecology field
station on July 31st.

(e) Benson Spring at Rattlesnake Hills on August 1st.

(f) Bennett Spring at Rattlesnake Ridge on August 3rd.

(g) Ford Well (ar:tesiannow) at Cold Creek Valley on August 11th.

(h) McGee Well (artesian flow) at Cold Creek Valley on August 13th.

Sample treatmenJ: and field analysis was then done in the geochemical labor

a tory trailer.

From July 10th to August 15th no hydrological testing was done due to

the unavailability of theworkover rig. On July 13 a packer was set at 30

feet depth in Well DC-6 and a flow meter installed. Artesian flow from DC-6

was thus monitored until August 11th.

On August 5 ththe workovet 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

detec·ted by observing the N2 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 bottom 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:

(a) Flow tops.

(b) Rubble ZOnes.

(c) Poker chip zones (disced zones of numerous closely spaced, hort;..
zontal fractures). .

(d) Zones noted for lost circulation or water outflow in the drillers'
logs.
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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 31st this tool also fa·iled due to a leak. The

cable head was replaced and the l;ingle transducer tool run 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. Between 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.

On September i2th and 1.3thfiveflow 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 mE:\asured from the zone above the packer.

From September 18th t:020th 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 tooh 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,

single transducer probe to a specified depth in a well, inflating the packers

to about 300 psi over the water pressure in the hole, arid 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 before 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

II-IS



May 15, and June 20, 1978, and in Well DC-6 between 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

cond itions.

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 prqbe, 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. resul ts front 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 ± 0.01 feet. These

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

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

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

. foot was used in all pressure tests. The steel is specified as N80, which

has a modulus of elasticity of approximately 30 x 106 psi. For the range

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

ranges frOll1 0.12 feet to 0.42 feet. The magnitude of this correction becOll1es

large enough to be significant only in those tests made with water-filled

drill tubing. This correction was therefore only applied to certain tests in

Wells DC~6 and DC-8.

The packer mandrel and lines leading to the pressure transducer from the

test zone are unvented above the uppermost perforation in the straddle pipe,

resul ting 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.

II-16
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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

± 7 psi at 1000 psi and ± 9 p~i 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 the DC...;2 data, a

linear variation in time between the two calibrations was used. Only one

calibration was made during the testing of DC-8, and this calibration was

used on all the DC-8 data. Calibrations for DC-6 were made by measuring

the constant open-hole pressure prior to each test.

The effect of temperature changes on the transducer calibration was

investigated in the field. Temperatures in the range of 25° C to 65 0 C

.were imposed on the transducer~ producing .a seemingly random variation in

transducer output which corresponded to i: 1 psi at both zero and full

scale pressure. This, .. in turn, corresponds to a variation of about

±2.3l feet of water. Because of the random nature of the variation, no

temperature corrections, except for determination of the air-water interface,

were made.

The effects of baxometric' pressure changes were relatively minor.

Barometric pressuresmea.sured daily at 12:00. 11oon, Pacific Standard Time,

were obtained from Battelle Northwest Laboratory in Richland, Washington.

Barometric pressure change for the period in question was typically 0.14 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 were available to

determine barometric efficiency.

A summary of the various corrections considered in analysis of pressure

data is presented below. From these 4ata an overall accuracy of about ± 3

feet of water may be inferred.
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Cause

'SUMMARY OF CONSIDERATIONS IN DATA ANALYSIS

Effects on Water Levels

Transducer Calibratic;m:

Drill String Stretch

Air Pocket

Temperature

Barometric Changes

Changes water level by 0 to 40 feet

Lowers water level by 0.12 to 0.42 feet

Lowers water level by 0.66 to 0.91 feet

RandOlIl variation of ± 2.31 feet (no ,Cbrrec tion)

RandOlIl variatipn Of ± 0.25 feet (no correction)

c. Discussion of Results for Well DC~2

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

T13N 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.\.Jell DC-1 isa 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-l has been directly

applied to DC-2. ,Well' DG-2 has not been surveyed as of this wr;l.ting and the

dis tance between the two wells at, depth is not known. Five standpipe

piezometers were installed in DC-1 in 1972 and wate~ levels have since been

measured periodically.

The basic data for, pressure test results in Well DC-.2 are presented in

Table 11:"4. Testing was performed during the period 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 which 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.

II-18



"
4' . \

TABLE 11-4

DC-2 PRESSURE DATA

Depth
Water Elevation(l)

Permeability Estimated
Interval Relative to % of
of Test Test Test Open-Role Open-Role 80% Pulse Other Test Permeable

Zone Starting Duration Before Test Test Zone After Test Decay Time Zones ~n) Rock in (4) Zone
(feet)(2) Date (Hours) (feet) (feet) (feet) (r'oinutes) Well 3 Test Zone Lithology(4)

2269 - 2299 5/25/78· 14.51 456 470 453 2 High 50% Vertical Fracturing.

2306 - 2336 5/26/78 93.45 453 505(5) 453 >5600 Low 33% Flow top; highly vesicular.

2340 -2370 5/30/78 1.88 441 443 441 1 High 70% Flow top; highly vesicular.

2625 - 2655 5/30/78 19.78 434 438 433 5 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 14.98 416 421 415 38 Medium 67% 3 highly vesicular zones;
vertical fracturing.

2798 - 2828 6/2/78 4.95 413 (6) 414 (6) (6) 67% 3 highly vesicular zones;
H vertical fracturing.
H
I

2860 - 2890 6/2/78 63.40 409 525 410 >3800 Low 67% Flow top; highly vesicular.t-'
\0

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 55% Rubble zone.

3243-3273{7 ) 6/5/78 15.28 366 362 360 1 High 100% Flow top; highly vesicular.

(l)Surface referenc·e elevation is 572 feet above mean sea level.

{2)A 30 foot interval was used in all tests.

(3)As inferred from pressure· pulse decay times.

(4)Asinferred from core photographs.

(5)Anomously high reading; equilibrium pressure not established.

(6hest 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 well.

The test in zone 2795- 2825 was partially repeated in zone 2798 - 2828

because it was felt that: vertical fractures observed in core photographs may

have been causing leakage around the top packer. When 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 equilibriUIil pressure was established.

Open hole and test zone 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 aft.er 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 zOne data, Shown as solid bars on Figure 11-6) appear to

indicate that the vertical 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 zone measurements.

The entire wellbore was filled to ground. surface for cleaning operations

prior to pressure testing and in so 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 level 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:;o;one

pressure in every zone in which equilibrium is thought to have been reached

indicates a strong influence of open hole pressure upon the test results.

Such an influence can resul t from vertical c ircula tion of wa ter· around

the packers, either thr{)ugh 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 increasing 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

area 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 conununication between the test zone and open hole
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may be demonstrated by these checking procedu.res, and a good packer seal was

indicated in virtually 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

wa tch f or 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 th?t systematic packer leakage was nbt

occur ing, ver tical c ircula tion of water around 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 Hi. unftac tured mater

ials outside of these zones where vertical circulation' of water would be

minimized. Such vertical movement of water implies that vertical permeabili

ties in the vicinity of the zones' tested maybe significant. The magnitude

of such permeabilities should be carefully analyzed in future testing programs.

Residual effects of formation prepressurization may also be responsible

for the close correlation observed between open hole pressure and test zone

pressure, expecially iIi the less permeable zones tested. The tests were

generally continued until the effects of the packer inflation pulse were

essentially dissipated, however tiine 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 permeabi.lity test

zones. Significantly increased testing times and increased 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 pu.lse 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 11-4 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 zones tested; one test had a decay

time of 38 minutes and is considered to indicate an in.termediate 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 permeab iU.ties came to equilibrium within allowable time

constraints.

A number of interesting conclusions may be drawn from analysis of DC-2

data and from comparison with piezometric data from Well DC-I. 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

. ind ica te tha t: (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-l were ob-

.tained from the files of the Basal t Waste Isolation Program Library, Rich

land, Washington, and are shown on . Figure 11-7. These data were taken on

March 27, .1978 and represent conditions before cleaning and testing bega.ri 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

with time, as shown on Figure 11-8, and are compared with equivalent zones in

DC-2 in the following tab~lation:

COMPARISON OF WATER HEAD ELEVATIONS

Well DC-l 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 3117-3242 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 a tthe 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.

Well DC-1 piezometer water elevations are plotted as a function of time

on Figure II-8. Water levels maybe seen to be reasonably stable with time

until June and July, 1978, during which ~.,ater levels in the three lower

piezometers, 1, 2, and 3, changed relatively abruptly. This. time period

coincides with initiation of swabbing· in the zone 3243 ':" 3273 in Well DC-2
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for the purpose of obtaining 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-1, and the

water level in that· piezometer was observed byLBL to rapidly rise and fall

about 45 feet with each swab. in Well DC-2. Although changes in water level

in piezometers 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

significantly from the March measurement, that piezometer 1 had been slightly

affected, and that piezometers 4 and 5 had not been affected.

This evidence indicates that there is hydraulic continuity between

piezometers 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 Dotyin Well DC-l before the piezometers were installed

(1971). Their data indicates that a general downward gradient exists from

3300 feet, which is the bottom qf DC-2, to at least 4000 feet where a

pr.essure 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

tes1:s made in DC-l in July 1969 which indicate significant natural downward

hydraulic .gracii~nts and water losses at depth intervals 3228 -: 3234 (within

the test zone of piezometer 3) an~ 3972 -3980 (within the test zone of

piezometer 2). Logs of these tests are shown on Figure 11-16.

Pressure data from La Sala and Doty, from DC-1 piezometers, and from

LBL's testing program may be coinpared on Figure II-9.· 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 Umtanum. Unit. 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

. Umtanum, both LBL and La Sala and Doty measurements show a similar pressure

drops, although there >is a disagreement as to the depth at which the drop
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occurs. Water levels in piezometers 2 and 3 are higher than those derived

from pressure measurements at corresponding depths, and indicate gradients

opposite to those demoitstratedby the tracer tests. The indications of

leakage between the three lower piezometers suggests that piezometers 2

and 3 readings are erroneously high and are being influenced by a higher

pressure zone intersecting DC-l at some point deeper than piezometer 2. The

dashed line drawn on Figure II-9 indicates a subsurface pressure distribution

which maximbes conformance with all available information. A sharp decline

in head is evident in the ~icinity 6f the Umtanum, indicating that the

unit may be acting as a partial barrier .to vertical flow. Further testing

.will be required to more precisely identify the distribution of pressure in

this vicinity.

In summarizing the foregoing datq., ;it is conclud~d that:

(l) Piezometer 2 and 3 readings are erroneously high because of ver

tical flow through leaks in the cement seals in Well DC-l 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 f~et.

(3)

(4)

(5)

The seal between p iez orne ter s 3 and 4 is apparently tigh t.

The seal between piezometers 4 and 5 is apparently tigh t.

The accuracy of piezometer 4 measurements is generally subs tan-

tiated.

(6) 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.

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

depth of piezometer I (4800 feet) to approximately the elevation of piezometer

2 (4000 feet).

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

vertical flow.

d. Discussion of Results for Well DC-8

\.Jell DC-8 is an NC oversize corehole located in ·the SEl/4 sec 36 TUN

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 aborit 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 •. A geophysical

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

\Vas not otherwise disturbed.

The basic data for pressure test results in Well DC~8are 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 duririg 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 shott a time as possible.

With the exception 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 - 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 pr ior 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. pr ior to tes ting in zone 1810 - 1840 • This fill ing has resul ted

in considerable variations in open hole water level· during the early part of

the testing period, and was done to check instrument calibration. The lowest

water elevation recorded during the test period was an open hole head eleva

tion of 413 feet. This measurement indicates that the forma·tion pressure

head within some part of the open portion of the well -is at least as loW as

413 feet.

The test zone measurements were made after packers has been inflated and

equilibrium was reached. Zone 1710 - 1740 is consider~d to be of medium per

meability relative to the other . zones in the well, based .upon the prE!ssure

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 II-5

DC~8 PRESSURE DATA
.

Depth
Water Elevation(l)

Permeability Estimated·
Interval Relative to %of
of Test Test Test Open-Hole Open-Hole 80r. Pulse Other Test Permeable

Zone Starting Duration Before Test Test Zone After Test Decay Time Zones tn Rock in Zone
(feet) (2) Date (Hours) (feet) (feet) (feet) (Minutes) . \~e11 3) Test Zone(4) Lithol ogy(4)

1710 - 1740 6/16/78 63.30 447 433 430 ··10 Medium 55% Flow top; highly vesicular.

HI10 - 1840 6/16/78 0.35 548 431 483 0(7) High 100r. Flow brecci a•.

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 501- Ash interbed.

2033 - 2063 6/19/78 0.50 428 422 428 6 High 60% Flow breccia.

H 2235 - 2265 6/19/78 1.57 427 (8) 434 - (8) (8) 67r. Flow top; highly vesicular~
H-
I 2290 - 2320 6/19/78 1.67 434 (6) 433 (6) (6) 871- Flow top; highly vesicularw

0
724(5)2630 - 2660 6/20/78 2.10 413 413 >126 _ low 20r. Poker chip (disced) core.

2670 - 2700 6/20/78 1.65 413 584(5) 412 >99 Low 8% Vantage: Lithic tuff

(1) Surface reference elevation is 545- feet above mean sea level.

_(2)A 30 foot _interval was used in all tests.

(3)As inferred from pressure pulse decay times.

(4)As inferred from drill core photographs.

(5)A~omously high reading; equilibrium pressu~e not established.

(6hest tenninateddue to packer air leak. No data available

(7)Hole filled with water imeediately prior to test. Negativ.e pressure pulse observed when packers inflated.

(8)P~essure data unstable. Suspected packer seal and/orair le?k.
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considered the final equilibrium value after 29 hours and thereafter trans

ducer output drifted over. a range of about ± 1.2 millivolts for the balance

of the test period. This range. is equivalent to. about± 0.5 feet of water.

ay the end of the test period 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 packer seal and

low vertical permeability.

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. Although this

test was 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 medi4m permeability, relative to the

other zones in the well, and the test had to be terminated befor~ full

equilibrium 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

after the test. This testresul t 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 is 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.

e. Discussion of Results fox 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 Tl3N 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 ofde.pth. 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. After completion of 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 0 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 single transducer Pressure Probe 1 using packer spacings of 30

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

.3341 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 lIlain zone of outflow. The Inject

ion-Pressure Probe was used f or these tests in its inj ection 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 solenoid valve. . As in the previous test,

flow rates from above the packers and between the packers were r-ecorded.

The groundwater pressure data expressed as head apove mean sea level are

shown in Table II-6 and in Figure II-llA~ All measuretnents 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 flawls essentially radial to

the hole and no significant cross flow should be occurring t~rough 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 re1i-...
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 II-11A).

Flow data were recorded whenever possible both for" the zone above the
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TABLE II-6

DC-6 PRESSURE DATA

Water .Eleva tion <1)
Depth In terval Test Test Open Test

~

of Test Zone(l) Starting Duration Hole Zone '- .•

(feet) Date (tninutes) (feet) (feet) Type of Equipment

2240 - 2270 8/29/78 74 402 450 Pre.ssure Probe 1

2400 2430 8/29/78 37 402 447 II '11 II

2454 - 2484 8/29/78 ·32 402 456 II II II

2483 - 2513 8/29/78 15 402 (2) ·11 II II

2538 - 2568 8/29/78 .. 1128 402 (2) ·11 II II

2708 - 2738 9/8/78 48 402 423 II II II

2896 - 2926 9/8/78 16 402 454 II II II

3025 - 3055 9/8/78. 26 402 460 II II ·11

3343 - 3373 9/8/78 24 402 443 " II II

3620 - 36'50 9/14/.78 32 402 421 Injection-Pressure Probe

3650 - 3680 9/19/78 33 402 432 II II II

3683 - 3713 9/20/78 . 88 402 429 II II· II

-
3692 - 3722 9/14/78 976 . 402 432 II II II

3769 3799 9/18/78 205 402 (2) II '11 II

3341 - 4336 9/12/78 180 402 426 Transducer at surface

3477 - 4336 9/12/78 1020 402 437 II ·11 II

3601 - 4336 9/13/78 180 402 434. " II II

3802 - 4336 9/13/78 1020 402 466 " II II

(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 f19W from beneath or between the

packers, hence the flow rates given in Table 11-7. and Figure II-lIB are based

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

f10wrate for each zone is equal to the incremental increase iritota1 flow

above the top packer for successively deeper packer settings. The 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 breccia. Signif ici:m t

flows also came from similar breccia zones between 3650 and 3692 feet.

Hydraulic conductivities were estimated using the following equation for

rad ia1 steady flow (Zeigler, 1976):

K = ..JL
LH

1
21T

1n
R

o

r

where:

K = hyd raul icconduc tiv i ty (LIT)

Q = flowrate (L3/T)

L = test zone length (L)

H = hydrau1 ic· 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 ininus 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 Ro/r; hence the solution is relatively insen

sitive to· this term.·

The hydraulic conductivities are shown in Table II-7 and Figure II-11C.

Note that no correction was made for frictional pressure losses 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 10-4 and 3.8 x 10-4 cm/s. The lowest permeability was 1.1

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

entire open hole (i.e., the Grand Ronde Formation to 4336 feet of depth) can

be calculated from the total flow frOID. the hole and ::i.s 1.2 x 10-6 cmls 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 VALUES

Depth Interval Hydraulic
of Tes t Zone (1) Flowrate Head Conduc tiv i ty

(f eet) (gpm) 1£.!xlL . (cm/s)

2240 - 2483 (2 )
.

10-5,ft 2483 - 2538 0.53 1630. 1.3 x

2538 - 3341 0.05 1260 1.1 x 10-7

3341 - 3343 0.08 1260 7.0 x 10-5

3343 - 3472 0.22 1080 3.5 x 10-6

3472 - 3601 0.25 980 4.4 x 10-6

3601 - 3620 0.49 980 5.8 x 10-5

3620 - 3650 0.05 930 4.0x 10-6

3650 - 3683 1.82 840 1.5 x 10-4

3683 - 3692 0.80 910·. 2.1 x 10-4

3692 - 3769 12.83 . 920 3.8 x 10-4

3769 - 3802 .98 920 7.1· x 10-5

3802 - 4336 .28 1950 2.7 x 10-7

(1) Refer~nce surface eleva·tion is 402 feet above mean
sea level.

(2) Not measurable.
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The zones for which c.onductivities are calculated include both permeable

rubble zones and flow tops. as well as less permeable co11onade and entabla

ture zones. The conducti~ity values reported above, ~herefore, include

neither the high nor the low extremes. More detailed testing using smaller

packer spacings will be required for better definition ~f variation of

hydraulic conductivity in the hole.

Comparison of Pressure Resul ts

The resul ts of pressure measurements in Wells DC-l/DC-2, DC-6 and DC-8

are shown in relation to stratigraphy on .Figure 11-12. These data show a

downward gradient between the Vantage interbed and the Umtanum Unit in DC-l/

DC-2. A downward gradient was found in DC-8 between the Mabto.n and the

Vantage interbeds. Head elevations reach a local minimum in both DC-l/DC-2

a.nd DC-6about 300 feet below the bottom of the Umtanum and there is 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.

Pressure data for the zone immediatelY below the Umtanum are presently

available only for Wells DC-l/DC-2 and DC-6. Well$ DC-l/DC-2 are iri the

northern flank of Cold Creek Valley syncline, formed between Gable ~ountain

aritic1ine to the north and Rattlesnake Hills anti~line to the southwest (see

Figure II-13) ~The water level elevations measured in and below· the Umtanum

in DC-l/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 adj acen t lands from the Tri-Cities area to Wallula Gap. The

most likely flow path from DC-l/DC-2 to this discharge area is through Cold

Creek Valley.

Pressure head elevations measured in DC-6 in and below theUmtanum range

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

basalts in Cold Creek Valley and the higher pressuresmea.ured in 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 Ral'ids 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 e1evatioriare sources of abundant 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-6fran this

potential recharge area would be along the Wah1uke syncline, a structural and

topographic valley between Gable Mountain-Umtanum Ridge anticline and the

Saddle Mountain anticline. The Eagle Lakes-Scooteney Reservoir area to the

northeast of DC-6 is at about 900 feet elevation and has relatively abundant

surface water, but is in an area where the Umtanum 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 ~ync1irie are substantially

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

erence would suggest the existence of a barrier to groundwater flow in .the

general vicinity of the Gable Mountain-Umtanum Ridge anticline. This hypo

thesis is 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 is low and provides essentially no recharge. The

Yakima Ridge area to the east of the valley and the Rattlesnake Rills to the

south rise to elevations of several thousand feet, but like the Saddle

Mountains, are relatively dry. Further, the Umtanum Unit was estimated to be

at least least 1000 feet deep in all of these areas. Some underflow in the

deep basalts may be occuring. through structural valleys paralleling Yakima

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

in a number of deep artesian wells near the wes tern boundary of the Ranf ord

Reservation sugges t the presenc~ of a second flow barrier cutting across

these structural valleys. The presence of relatively high heads 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 further investigated. Recommendations for

future field programs are presented in Section 11C1 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 indicated three it9nes 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 10-4

em/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 maj or flowing zone was determined to have a hydraul ic

conductivity greater than 10-4 em/sec and occurs between depths of 3650 and

3700 feet which is 392 feet below the Umtanum. There are likely tobe other

zones with conductivities greater than 10-6 between the bottom of the Umtanum

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

zones encountered are below the Umtanum, but these zones do not appear to

occur at the same stratigraphic level,s relative to the Umtanum Unit in the

two wells. The similarity of geochemical stratigraphy f or 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 interconn

ectedthrougha continuous weathered horizon, through faults, or through

pr imary f ea tures such as lava tubes which cut across several flows? Fu ture

hydrologic work should be directed· towa.rd answering these questions.

2. Geophysical Data Analysis

a. Well Logs from DC-l

Over the four year period 1969-1972 almost 100 well logs were run

in Well DC-I. A large portion of these logs, such as temperature, caliper,

and tracer, were run repeatedly to check specific conditions encountered

as the dr i11ing progressed. A 1 is t of the logs in graphical 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

zones.

Most of the logs are commonly run in petroleum fields as indicators of

rock type and porosity and are often referred to as "open hole" logs. These

U-42

....

."... ..



include the electrical induction, formation density, neutron, and sonic
. .

travel time logs. These logs span the entire depth of the hole but were

acquired in sections as drilling progressed. Both Birdwell and Schlumberger

logs were run in the well, but the Schlumberger coverage is more complete, so

that a consistent suite of logs exists from 300 to 4450 feet. These 10&13 are

the temperature, borehole compensated sonic,. borehole compensated density,

dual induction 1a~erolog, gamma ray, caliper, and the ~idewa1l 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-1

logs apparently run on an experimental basis, 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

s orne of the more in teres ting and promis ing logs from the standpoin t of

designing future logging programs at Hanford.

Thirdly; we discuss the radioac tivetracer 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 inj ection of surface

waters, either frottl the drilling operation or for some other reason. Where

the injected water enters the formation it is usually at some temperature

different from the formation temperature and hence creates a temperature·

anomaly in, the borehole which decays slowly with time. Such applications are

common in oilfield practice and are discussed by Smith and Steffensen (1970),

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

(not bE;!tween 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 the .large nUttlber and variety pf logs which were run in DC-I,

continuous core and core photographs from the adjacent borehole DC-2 are also

available. As a consequence, th~ DC-1 data provides an. ideal starting point

for examining the usefulness of the various log types in the .basalt. To the·

authors' knowledge no extensive examination of the Hanford well logs ex'ists,

although some logs are displayed as composites by Atlantic Richfield Hanford

(1976) and apparently were used in the hydrology study by La Sa1a and Doty

(1971). The observations which follow are the outcome of a first-pass exam"';'

ination of the availab-1e 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 senli-empir icalequa tion

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; f or example, see Schluinberger (1972).

Figure II-14 displays the four Schlumberger porosity logs over the 600

foot interval, 2800-3400 feet, in DC-I. The logs are plotted so porosity

increases to the left. A number of' features are obvious:

(a) The logs exhibit dramatic fluc tua tions in total porosity, reflee t

ing the vesicular nature of the basalt and the high porosity of the

in terf1 ow zones.

(b) All four logs respond in much the saine way. Anyone of the fout

could be used to describe the porosity character of the basalt,

certainly as far as gross features are concerned.

(c) The neutron and the. density logs give' more detail (fine structure)

than do the sonic or electrical induction logs.

(d) The electrical induction log operates very near to its high resis

tivitylimit (l000 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 resistivity 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-IS (in four parts) displays four logs over the 300-4400

foot interval of DC-I, with 100 feet of overlap at the top and bottom of

consecutive sheets. The sidewall neutron porosity (SNP) scale is 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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the complexity. of matrix effects t it is not possible to apply a correct

porosity scale except by calibration with cores. (AlternativelYt cross~plot

analysis of the existing logs could be done to refine the estimate.) 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

rock is a limestone or dolomite (Tittman, .et al. t 1966). Even greater

differences can be expected in the basalts with their mafic mineralogy.

Another example of the neutron seal ing problem is discussed below under the

section on correlation.

Despite the uncertainty in the SNP scale t the general porosity charac ter

of the basalt flow sequence is reliably portrayed in the SNP log. Dense

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

feet t 3000 to 3160 feet (the Umtanum) and 4020 to 4110 feet. Vesicular zqnes

and rubble zones are high porosity t indicated by the abrupt and irregular

swings to the left. Examples occur throughout the hole. The comments in

the right-hand column t taken from the geological examination of the core

from the adjacent hole DC-2 t can be examined to demonstrate the reliability

of the porosity log. Another especially· instruc tive exercise is to layout

side by side the color photographs of core from DC-2 and the SNP (or any

porosity log) from DC-i.

The caliper log in the left-hand column of Figure II-iS shows diametral·

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

hole enlargement of a few inches. With few exceptions these· enlargements

occur at the :intervals . where the porosity is high, as expected, since the

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

zones. One might suspect that the borehole enlargements have in fact contri

buted to the anomalous porosity indicationst but the tools are designed to

minimize these errors and the necessary corrections are applied automatically

as the log is run.

In oil-field exploration the SP and gamma ray logs are regarded· as

lithology indicators and in a sand-shale sequence give traces which are

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

indicate zones where mud invasion occured during drilling. Howevert inspec

tion of the SP ·log in conjunction with the other logs revealed no explana

tions for its behavior.
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The gainma 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 there would be systematic variations in the content of

. these three elements from flow to flow so the gamma ray log could be used

to correlate flows aross the basin. However, Figure II-IS shows very little

change in the gamma ray signature except between 500 and 900 feet and

between 2950 and 3250 feet. Bowman, etal., (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 a.trial basis to see

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

correlation are considered below.

Specialty Logs in DC-l

The outstanding log in this category is the televiewer log run by

Schlumberger in 1969. Unfortunately this log was only run over the limited

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 scariner 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 wherev.er hydrological tests are

carried out and particularly where permeable zones exist (see subsequent

section on flow profiling). Hence it is recommended that televiewer logs be

routinely obtained in wells where hydrological testing is planned •

.v Several" 3-D" or "variable density" sonic logs were run in DC-l 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

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 diffucu1t 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.

The pad-type electrical tools - micro1atero10g, microinverse 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.

10&s Indicating Permeable zones

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

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

1972 (1060 - 558.2 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 been lost previous1y,was successfully

reentered in the. vicinity of 935 feet. Th.e 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 during previous opera.

tions. Fol.lowing 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·

gal.lons per minute as c1eanirtg 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 gal.lon per minute loss

. continuing - ~nd the drill string was pulled out of the hole. 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 ofw8 ter loss was

not estimated nor do we know the temperature of the injection fluid •. Another
'-1

imperfection in the Birdwell temperature tog is possible disturbance of the

wa ter column due to the logging operations of Washington 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 1ef t the we11bore and entered the formation. Seventeen discernab1e

anomalies occur between 1219 feet apd tbta1 depth. All 17 of these anomalies

occur at zones of high porosity as indicated on the welt 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 discernab1e on the temperature log in Figure 11-:-16

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-l7. 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 more permeable than the

dense basalt, but· much less permeable than the major features discussed

below.

Five temperature anoma1iesal;'e quite pronounced and stand out clearly·

in Figure II-l7, 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 this and other factors it

is not possible to rank the anoma10usfeatu:res with regard to their permea

bility. These five pronounced features are indicated as major anomalies

-~ in Figure 11-17. Most of the fluid lost during the cleaning operation exited

the well at these locations.

The temperature log of AprilS, 1978, can also be used to give a

crude estimate of the geothermal gradiept in the basalts. The estimate is

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

2000-5000 foot depth zone is 2.8 ± 0.2 0 per 100 feet, equivalent to 51 0 C

per km. This estimate is higher than· the data presented by Sass,et a1.
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Figure 11-16. Three radioactive tracer flow profiles
and three temperature logs in DC~l.
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Sur:l1nary figure of ano8.a1ous flow zones in well DC-1
shown by the t.enperature and radioactive tracer logs
of April, 1972. lUnor temperature anomalies represent
fluctuations of ~o For 1esD. Also shown are hydro
logical data fron La Sa1a and Doty· (1972).·
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(1971). Their measurements· in four wells close to Hanford (RS~l, RS-2, DH-3,

and DH-1) range from 28 to 390 C/km, with errors estimated to be less than

10 C/km. Since the data· by Sass must be. the better estimate of the geother

mal gradient, either the DC-1 gradient has peen greatly increased by the

drilling inj ection history, or else the DC-1 gradient is au.omalouscompared

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

important to repository design, and t.he issue should be settled by careful

measurements in some of the DC holes after the holes have stabilized thermal-

1y.

A radioac tive .tracer log under dynamic well conditions was run by

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

Wa ter was inj ~c ted in to the hole dur ing the survey at a 105 gallon per

minute rate. Cumulative injection during the 7-ho~r test was 46,100 gal

lons. No information is readily available on the pressure maintained

during the test. Fenix and Scisson (l972a) report simply: "Logging hole

with Birdwell equipment. While running dynamic tracer log, ran wat.er in

hole at 105 gpm." We surmise that no pumps were used and that the hole was

kept full of water.. Since the static head was around 156 feet (47.5 m)

below ground level, this implies an applied differential pressure 6f about

47 m of wa ter dur ing the tea t.

Measurements were carried out by ejecting a slug of iodine at a·certain·

depth, then subsequently pull;l.ng the tool through the zone of interest at

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

depth over intervals ranging from 20 to 240 feet depending 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 11

18. Note the increased dispersion of the tracer as the slug migrates down

the borehole.

The caliper correction is·a major source of error in computing the

volumetric rate because it depends upon the square of .. the diameter it The·

percent of error in the caliper correc tion is:

Error (%) = 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 di.ameterborehole 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-L Radioactive
tracer log run by Birdwell, April 8 & 9, 1972. Each indivi
dual peak represents a sing~e measurement run in the borehole
after the tracer was ejected. Time of rungiv~n in minutes
.and seconds. vJater injection at tim~ of log was apprOXimate
ly 105 gmm. Depth marks are at 20-foot intervals •
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=

K(cm/sec) =

in a rough borehole contributes as much error as the caliper measurement

itself; that is, the caliper contributes both absolute and relative errors.

Generally the tracer log results were within ± 10% on an individualej ec

tion run, except in cases where large borehole washouts were present. In

these cases the deviations could. be as much as 40%. The scatter in the

averaged data is usually about 10% as can be seen in Figure 11-16.

The B:i,.rdwell analys t noted threemaj or zones of water loss at 3228-3234,

3972-3980, and 4824-4854. Inspection of Figure II-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, li, of 47.5 m, we can

use the radial flow equatio~ to estimate the average hydraulic conductivity.

With a radius of influence of 30 mand a well radius of 12.7 cm, we can

compute:

1 Q(cc/sec) x In(rb/ r a)

2 . ~ 104 TI Z(m) x H(m)

1 6620 x 1n (3000/12.7)

2 x 104 3.14x 13 x 47.5

= 9.4 x 10-4 cm/sec

La Sala and Doty (1971) estimated conductivities of 5.6 x 1();"'4 and

2.4 x 10-3 cm/s (11.8 and 50.8 gpdlft2) in two of the three zones delineated

by the tracer log (see Figure II-I7), 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 conductivity data. The estimate obtained above is

only an order-of-magnitude-estimate due to such factors ~s 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 tracer16g clearly and unambiguous1ydelln-.

eated three zones of fluid exodus in DC-I, as shown in Figures 11-16 and

11-17. These same zones were also delineated as the upper three major

temperature anomalies on the temperature log. Acciording to the tracer

log, the lower two temperature anomalies were taking only a few percent of

the total flow.
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Figure 11-16 shows two radioactive tracer and two temperature logs run

in DC-1 during the 1969 drilling operations (Fenix and Scisson, 1969) as

well as the tracer and temperature from 1972 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 prOlliinent, heating

anomalies resulted from the emplacement of cement plugs two to four days

prior to logging. Below the lower heating anomaly there are no heating

or cooling anomalies, and hence no interpretable zones of 'fluid loss.

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

anomalies at 3210 and 3990 feet~orrespond to those registered on the

1972 log. In addition a 1 0 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 injecting surface water while the

log was being run. It should be noted that these logs were 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) interbeds 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 gallons per minute of

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

The tracer 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 about 5 gallons per minute and the data scatter is too great to

resolve any other zones of exodus. At this time the hole had been drilled to

3103 feet (Fenix and Scisson, 1969). The loWermost tracer shot was at 3013

feet.

Drilling continued to 4282 feet when the tracer log of 7/13/69 was

run. There is no indication of any modification 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 the 35 to 40 gpm range down to 3154

feet. The lower portion of the log shows the same two zones taking fluid as

are indicated in the log of 1972, although with less depth definition because

fewer tracer shots were taken.

It is noteworthy that both the static logs examined here show downward

fluid motion in the well. Transient, rather than steady-state conditions

prevailed in both cases as both logs were run soon after the cessation of

dt illing.

b. Well Logs From DC-3

Because no hydrology tests were conduc ted 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 ofth~ oth~r wells, with the ~bvious exception

of DC-i. The logs are listed in Appendix B.

Figure II-19 is a replica of several log segments from DC-3 plotted at

the original scale of 20 feet per inch. It confirms many of the features

displayed in Figure II-14 and already discussed above." Particularly obvious

is the strong correlation among the density, neutrOn and sonic logs and the

monotonic porosity decrease with depth in an individual basalt flow.

Two dipmeter curves are' included in Figure 11;.;.19. The dipmeter tool is

designed to map the strike and dip of thin beds and other corre1atab1e

features. Four arms, equipped with a microresistivity probe on a pad pressed

against the borehole wall,' obtain detailed and independent resistivity logs

at 900 separation around the borewa11. Except for optical methods and the

televiewer, the vertical resolution exceeds that of any other existing tool.

Some of the very thin features in Figure 11-19 correlate between the two

arms; others appear to be uncorre1ated.Becauseof the potential of ,this

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

in the basalt is warranted. Such a study would require independentinf orma

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-S 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 II-20) and the gamma ray log extends to surface (Figure II-2l).

The DC-5 logs have been inspected briefly and have not been composited.

The four "PQrosity" logs ... neutron, density, acoustic velocity, and elect

rical resistivity - generally behave as previously described, that is, they

correlate well and map the porous zones 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.

d. 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 are not scaled,

nor are any details of tool calibration presented on the logs. Befote· the

logs will be readily usabl~, 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, showing higher 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 0 F water at a: 12

gallons per minute rate during the drilling operation. Another, smaller

heating anomaly occurs at 3360 feet where fluid was los·t during drilling at a

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

feet •. The geologic log indicatesdri1ling fluid loss just above 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-7was cased to the Vantage sands.tone and. a suite of logs were
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Figure 11-20. Neutron porosity logs from wells DC-S, DC-3,
DC-l, DC-6, and DC-7.
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run by We1ex 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 .II-20) and the gamma· ray which' was run up to the surface (see

Figure II-2l).

The logs have not been composited and only a brief vi,sua1 inspection

has been performed. The :t;our "porosity" logs behave as described previously,

tha tis, they are ·we11correla ted and map the porous zones qui te well.

An important exception is 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 ].I sec/ft) transit 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 Cllke somehow

caused an except1bna11ynoisy environment causing short apparent transit

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

hb1e. . If this is the case, extra care should be exercised in cleaning the

hole before commencing hydrological tests.

The neutron, density, and gamma ray logs indicate that the top and

bottom of the Umtanum occur at 3670 and 3820 feet, respectively. These

estimates compare with footage of 3561 and 3801 based upbn core recovery.

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

Logs· in DC-8 we:re obtained in July 1978 by Edcon. DC-8 is anNX core

hole, necessitating the use of slim,,:,hole logging tools 0 Available at the

time of this writing is bhe first set of logs from the interval 1600 to 2720

.feet (see Figure II-22). Two log 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 th~ log was to determine

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 lldequate

to determine the utility of the log as soon as a second .ho1e is logged. It

11-66



IP
(DEGREES)

1000 -12 -6 0

. DC-8
RESISTIVITY

(OHM-M)
0 100

MAGNEISUSCEP.
(MICRO CGS UNITS)

1000 500 0

1600

1800

2600

2000

2800

o -

XBL7811-/2600 A

Figure 11-22. Magnetic susceptibility, sonic travel time,
resistivity, and induced polarization logs
in well DC-S.

II-67



is recommmended that the logs be acquired on a more sensitive scale on

subsequent operations, however.

The iil.duced polarization measurement responds to the sulphide and

clay content of rock, in particular to the sulphides and clays exposed to

the pore fluids where e1ec tr ical conduc tion takes place. A possible appl i ..

cation of this tool, then, is to indicate cla.y content of the basalts. This

. is of particular interest from the waste repository standpoint because of

the desirability f or the retention of rad ionuclide 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 II-22. The sudden transition to high

phase values at 2100 feet has no obvious geological .explanation a.nd the

values of -12 0 are much too. high to .be realistic. Another question is. the

apparent control of the induced polarization trace by the apparent resistiv

ity. While some correlation is expected and may be quite valid in this

circumstance, it ~an also be an indication of measurement problems. Careful

study of the measurement. and validation of its effectiveness through core

studies are required before the method can be recommended for routine use in

the basal ts.

g. Correlation Between Holes Using Well Logs

Figures. II-20 and 11..,21 summarize- our examination of the existing well

logs to correlate. basal t flows among the DC series of holes. The overlay of

Figure II-20a aids in examining 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. In 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 inconspicuous 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 smail 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 featur.es 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 exhib it
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~nough charac t~r in one of its components. to allow correlation among these

flows (see recommendations).

The neutron porosity logs (Figure ri-20) are much less encouraging with

respect to the possibility of correlating among the various holes. Visually

it is very difficul t to correlate individual features even between a pair

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

logs were equally frustrating. 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-I. 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

sections as well as stretching and sliding of data sections.

Figure II-20 also illustrates the problem of the neutron log scale which

was alluded to earlier_ The gross mismatch· in the two segments of the log

at the bottom of D.C-3 accurately reflects the mismatch in the originals.

The upper segment, from. 500 to 2582 feet subsurface (above ~2300 feet below

sea level), is a Schlumberger compensated neutron log recorded with compen:

sation for a sandstone matrix, with the porosity values ranging from 9 to

60%. The lower. segment, frOlil 3000 to 3572 feet subsurface (below "'2300 feet.

below sea leVel), is a Birdwell compensated nel.ltron log compensated for. a

limestone matrix, with· values· ranging from 4 to 18%. This illustrates the

problem which arises when· different. suppliers and different specifications

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

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

detail.

Also mentioned above in the section dealing with Well DC-8 are the

resul ts of the magnetic susceptibility log which 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 maj or permeable flow zones exist at depth in Well DC-I. They

lie at 3228-3234 feet (just below the Umtanum unit)~ 3972-3980 feet, and

4824-4854 feet subsurface. The units are clearly defined on radioactive.



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('" 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 1 ibrary of well logs exists detailing the basalts in the

-Hanford area. Most of them were collected in one well (DC-!) , which in

conjunction with the core from the neighboring Well DC-2, makes it ideal as a

study case. However, the log collection suffers because different holes' were

logged by different - suppliers using different tools, bec;!ause no records of

log analysis exist, and because no core studies have been coordinated with

analysis of the logs.

3) The four logs which respond to rock porosity - density, neutron,

sonic, and electrical resistivity- all do an excellent (and high~y corre

lated) job of delineating porous zones. - However, the porosity cannot

yet be evaluated quantitatively from the logs because the tools are not

calibrated for operation in basalt. This shortcaning can be overcome by

study of existing logs in conjunction with the requisite 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 identific'ation of

lithology. - One or two of the traditional porosity logs can be eliminated

from the su:i,te, preferably' the e1ectrica1combinaUon because it provides no

detail in the massive zones where the resistivity is often greater than the

measuremen t capab :LIity 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 stres.s data at depth without having an

underground excavation. Reliable stress measurements can only be made with

hydraulic fractures in rock free of preexisting open fractures. Healed

fractures mayor 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 m. A series of tests were

run in DC-II 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. Professor Bezalel C. Haimson of the

University of Wisconsin conducted the tests with the aid of LBL field per-

sonnel. A compl"ete discussion of test results is presented by DuBois, et

- T

ale, (1979).

b. Procedures

Hydraulic fracturing measures in situ stresses by employing the following

"elastic solution:

where:

PF = Breakdown pressure

0Hmin = Minimum horizontal stress

0Hmax = Maximum horizontal. stress

Th - Hydrofrac ture tensile strength

Po = Pore pressure

Assuming that one principal: stress is coaxial with the borehole, a"

hydraulic fracture will propogate in the direction of 0Rmax" and normal to

O"Hmin' O"Hmin is equal to the shut in pressure after fracture generation;

0"Hmax is then. calculated using the results Of laboratory tensile tests of

the core from the zone tested.

The first step in hydrofractur;1.ng is the generation of the fractures.

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. E~eriment ~

Six primary test zones with alternates were selected between 55 and

340 feet of depth in Well DC-ll. 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 healedfrac tures. 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 generpted at the following

depths: 55, 144, 172, 196, 200, alld 227 feet.

d. Results

The magnitudes of the breakdown pressures varied between 750 and 1625

psi. Since the tensile streng th of the basalt· is 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 to increase

with depth: the vertical stress from 65 psi at 55 .feet depth 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 fcirfractures in five of the six tests

and all showed vertical fractures averaging N61OW, parallel to the axis of

Gable Mountain. Thus a large stress app.ears to act parallel to the Gable

Mountain fold axis. and a very low stress normal to it. Such.orientationand

magnitudes are und.oubtedly due to topographic causes, hence it is not

possible to infer the regional stress state in the Pasco Basin at potential.

repository depths.

·e. Inference of Stress State from "Poker Chip" Core

Information on the state of stress at depth on the Hanford Reservation

may be inferred from the "poker chip" zones encountered in DC-6 and other

holes •. Obert and Durval1 (1967, p. 426) refer to this kind of fracturing as

"core discing" and consider the· cause to be stress relief of the cored rock

during drilling. They show that the horizontal stress at the disced horizon

is:

where kl and k2 are determined from' laboratory tests; Sh is the horizontal

stress and yh is the vertical stress calculated from the product of the unit

weight of the rock and the depth. Calculation of the in situ stresses from

core discing should be included in any future stressineasurement program at

Hanford.
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c. RECm~lENDATIONS

L Hell Drilling and Testing Program

Based on both the resul ts of a literature survey and the input require

ments of a basin model, LBL has made the following recommendations for ne~v

well drilling and testing in the Pasco Basin. In order to. achieve the immedi-

. ate pbjective of providing an overview of the regional flow system, six first

stage wells (DC-12 th~ough DC-17) were pr6pos~d (Figure 11-23). These

wells, when combined with exis ting wells, are designed to provide sufficient

information to indicate on a gross scale· the origin, flow paths, velocities,

and disposition of groundwater within the basin.

\.-Jell DC-12 is in the center-of the basin~ This well would provide data

for determining gradients inseveral directions within the basin.

Well DC-l3is in the. "horn" of the Columb ia River. Th is \o1ell will help

.to determine the hydrologic significance of the Saddle Hountains boundary and

the influence of the Columbia River on the deep flow system. It would also

provide an important data point in the vJahluke syncline.

The role of the Rattlesnake Hills as a recharge zone in the basin needs

to be investigated. Hell DC-14 would provide information on the extent of

this recharge and the possible existence of perched waters. The southwestern

boundary of the basin can also be examined.

'il1ell. DC-IS examines the extent of recharge from the Sentinel Gap area.

The area is important because basalt flows \o1hich lie deep under the center of

the basin crop out at Sentinel Gap. This well in conjunction withDG-4 ",ill

also help to determine the direction of deep groundwater fl0\01 between Cold

Creek Valley and the Columbia River Valley. In conjunction with DC-l3, this

well ~vill eriaole. an examination of deep flow systems along the Wahluke syn-

cline.

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 more detailed analysis of the flow

system. ~ach of the first six wells will also have particular use in de-·

tailed analysis for determining pressure distribution, material properties,

geology, geochemistry, and boundary conditions for mathematical models.

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 Development

a. Four Packer Test System

A maj or source of test uncertainty is the integrity of the packer seal •

LBL procedures called for using two inflation pressures in each test as a

check for packe~ seal. However, these do not absolutely guarantee its

,in tegr ity. An alternative method is to fill the borehole to produce a

pressure transient. This procedu~e does test the upper packer, however, it

disturbs the hole for pressure measurement.

LBL sugges ts us ing a, four packer sys tem of three is olated cavities - a

central test zone and tipper and tower guard zones. Pressures should be

monitored continuously in each zone and l~akage can be detected through

pressure response of the guard zones to testing in the central cavity. Guard

zones should be fitted with solenoid valves orsbme other pressure ~elease

system to bleed any pressure that might build due to packer inflation.

b. Monitoring System

A system 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 ina well

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 more effectively

with the injection-pressure probe. The procedure would be to fill the drill

rod with water, and after the packers are set, quickly open the solenoid

valve to put a pOSitive pressure pulse on the system. After allowing this
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pulse to decay, water· should be remo'led frOlli the drill rod by swabbing and

the procedure repeated;., this time with a negative pulse. The injection and

withdrawal pulses can be \lsedfor pressut:'e· values by taking the mean of the

final pressure values. Furthermore, the decay data can be used to calculate

permeability. Test procedures sho~ld include.measurement with electric tape

of the water level in the hoie for each test as a check o~ the transducer

calib.ration.

b. Need for Vertical Permeability .Tests

The data from DC-2also suggests vertical permeability. Asa result,

tests for vertical permeability· are critical. These can take the form of

pump tests interpreted using leaky aquifer curves, ratio tests, or tests in

inclined holes. The deviated parts of DC-2 may be used, but since these

holes are incli~ed only 300 . from vertical, care ~ be taken that only

vertical fractures are isolated.·

c. Pressure Tests During Drilling

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 used. quite effectively to delin

eatepermeable zones in the Hanford basalts. We recommend that £1owproflles

be obtained in all wells as they become available, and that a detailed

program of flow profiling be undertaken in conjunction with the hydrological

testing. Although the radioac ti'le tracer method has been used successfully

in the past, the spinner method may be more appropriate at Hanford.

b. Using the existing database, establish a reliable method of quanti

fying the porosity in the basalt. The study would be ba3ed upon the logs and

core from· DC-1 and DC-2, with emphasis on the neucron and density logs.

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).

c. Composite the existing data on base plots ata scale of 100 feet

per inch. The plates should contain:
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o the best (or all)o£ the porosity-type logs.

o temperature and tracer logs where appropriate. '

o drilling information.

,0 geolo~ica1 information where availabie.

o interpretative comments.

Figure II-IS of this report is a modest start inthisef£ort. 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-S 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 topurstie methods, of, correlating betwen holes using log

g ing methods. The inagnetic susceptib ility 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, sh.ould, be run in two holes. In

addition, further examination of existing,' data may uncover data' or methods

which are not now obvious.

e. It is highly desirable that the same log type ,from the same commer

ical supplier be uS!ed in the entire ,drilling and logging program. Addition;"

ally, it is useful to have' a knowledgeab Ie person working with the suppl ier

On specific logs, particularly since the basalt geology and the waste iso-'
, ,

'lation reqUirements are unusual. in the logging industry.,

f. At sotne stage, pursue methods of studying the fine detail in the

dense basal ts~ From the existing data base it appears that the , televiewer,

a short spacing sonic tool with waveform display and shear ainplitude, and

the electrical resistivity dipmeterarethe most promising tools ,which are

currently' available. Detailed logging in the near surface' test facility

now under construction may be a practical way to pur.ue some of these

studies •...
g. We recommend the folloWing basic approach for the specification

of well logs at Hanford:

o The minimal logging suite in a new hole should be:

i) gamma ray, or spectral gamma ray, .depending upon the

outcome of recommendation (d)

ii) neutron or density' or both, depending upon the outcome

of recommendation (b)
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iii) caliper, preferably, a four-arm or six-arm caliper.

iv) temperature

v)" televiewer

vi)' magnetic susceptibility, if theoutcooe of recommenda

tion (d) is positive

In addition, the minimal suite should be complemented with

the following consideratonsin mind:

i) a sonic tool with transit time and waveform record::lng

is qui.te desirable although no,t mandatory. The compen

sated sonic. tool may be replaced by a short spacing

tool, depending on the outcooe of (f)

ii) the elec tr ical methods are not as useful as other tools , ,

primarily because of the highresisttvity limitation.

Nor do the self-potential or induced polarization mea

surements appear worthwhi,le at this time. The dipmeter,

however, should be definitely considered further (see

(0)· '

o The flow profiling program should be pursued as outlined in (a).

Because of its flexihili.ty and sensitivity, theSchlmnberger

"full-bore spinner"., or its, equivalent, is recommended as the,

best candidate tool for this purpose.

o Depending upon the scope and nature of subsequent hydrological

programs, a capti.ve wireline capability may be warranted.

Such a f.cility would be operated according to the needs

of the hydrological investigations. Miniromn capability would

be a caliper, temperature, water sampler, and one'lithology

probe.
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III. GROUNDWATER CHEMISTRY

A. INTRODUCTION

The sampling and analysis of groundwaters from the Pasco Basin was initi

ated in FY 1978 as "Part 2 - Geochemical Testing," a complementary part of

"Task 1 - Pasco Basin Hydrology" in 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 <:if a groundwater provides much

information that can elucidate the origin, age, and subsequent history of the

wa ter. 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 analysee? of groundwater in the aquifers can be used to:

o Estimate the. temperature of the water at its point of origin.

o Identify trace elements 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 iikely to proceed between the

groundwater and the country rock, therebyprovidirtg 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.

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 and identify some of the reac tions that

may have taken place.

o Establish relative ages.
I

o Identify boiling or vapor phase separation.
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The information obtained from a careful evaluation of the groundwater chem

istry and isotopic. ratios of selected elements, when used in conjunction with

hydrologic models of regional or local groundwater flow, serves as the basis

for predicting the tate and type of chemical evolution of groundwaters during

flow. Such an evaluation is a necessary prerequisite for quantitative pre

dictions 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 fur ther investigation as possible locations for mined ca

verns." This region also includes a water-bearing zone immediately below the

Umtanum, between 3243 feet and 3273 feet in DC-2, as identified by LBL (see

Part UBI of .this report).

Deju et ale (1977) state:

Groundwater movement does occur along some zones within
the basalts. However, that portion of the basalt under consider
ation for the storage of radioactive waste is 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 10-7

meters per day.

As the objectives 6f the groundwater chemistry program were to evaluate .the

aquifers associated with these basalt flows, further studies of this particu

lar zone were considered desirable.

On January 30, 1978 a meeting was held between LBL, Rockwell Hanford

Operations (Rockwell), and other interested parties at Richland, Washington,

to develop the field program on the Hanford Reservation. An integrated test- ~-

ing and sampling schedule was drawn up that centered around the deployment and

availability of drilling and workover rigs. Samples as large as 150 liters

would have to be collected from depths greater than 2000 feet 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'ilhere they might contribute to an understanding of gr~und

water flow in the region. The program'ilas established and operated as a re

search proj ect to. study the groundwater evolution of the Pasco Basin with

particular regard to the age, source, and history of groundwaters and the

interaction between host .rock and water

.
"" B. PREVIOUS. STUDIES

. "

Very little groundwater cheniistryhas been done on the aquifers* in the

Grande Ronde Basalt beneath the Hanford Reservation (see fig. 1-2).· Before

this study commenced, the only availabie data from aquifers associated with

basalt zones deep enough to be of interest for a waste repository on the

Reservation were contained. in the USGS open~fi1e report by La Sala arid Doty

(1971). Those authorsl!1ake a numbe~ of references to contlElIllination of .their

samples by the drilling process, indicated by tritium values, detergent

levels, and the possibility of cement hydrolysis affecting the groundwater

composition. Most zones were swabbed for about 24 hours (Fenix and Sci,sson,

Inc., 1969), which according to LBL calculations would be inadequate to

remove the invaded volume of drUiing fluid (see appendiX A to this report).

Confirmatory evidence that at leas·t ten times the volume of fluidinj ected

Dlust 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 Riyer Plant.

La Sala and· Doty report data from eighteen zones in Well DC~l between

depths of 362 feet and 4283 feet. Four zones between ,362 feet and 22A2 feet

were sampled from the discharge of a submersible pump. The remaining· four~

teen zones. between 362 feet and 4283 feet were sampled by swabbing from zones

isol~ted by packers. Of these fourteen zones, five were noted as bei,ng 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, 3166 - 3196, 3206 - 3246) straddle the Umtanum basalt flow and

partially include the zone 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 struc tures
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 "Preliminary Feasib il ity Study

on Storage of Radioactive Wastes in Columbia, River Basal ts" by Atlantic Rich

field Hanf'ord Company (1976), but no mention is made of the probable contami

nation of the samples from 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. Anac tive 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., S. Energy Research and Development Administration, 1975).

Therefore, this study offers no further information on the hydrogeochemistry

of deep basalt £lows.

More information has appeared on groundwater chemistry of Columbia Riv~r

basalt in the region as a whole and in the Pasco Basin and vicinity (Newcomb,

1972; La Salaet a1., 1973). However, information is lacking on aquifers in

the vicinity of the Umtanuni basalt flow. 'This is included in the zone of

prese,nt 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 approximatdy 900 meters, there exists a

basalt flow with a thick, dense interior."

Groundwater samples taken from a' deep hole in the Rattlesnake" Hills

(RSH-l) 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 a1., 1973). These analyses provide the only other informa

tion from the Umtanum level, besic;les those from DC-I, that were available

before the LBL FY 1978 study started.

C. 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

resul tingchemical analyses, it was decided at the outset that the initial'

chemical and isotopic analyses would be comprehensive. A 1 ist of elements

and isotopes that were to have been analyzed is given below. Not all'
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Neutron Activation An:alysis

Na,' Cl, K, Ca, Sc, Ti, V, Cr, Mp., Fe, Co, Ni, Cu, Zn, Ga, . As, Se,

Br, Rb, Sr, Mo, Ag, In, Sn, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, 'Dy,

..-

..

..

listed were eventually analyzed, and reasons for not having .done so are given

in the discussion section of this report.

1. ChemicalAnalyses

Chemical analyses of groundwaters' were planned using the· following

techniques to measure concentrations of the constituerttslisted:

(1)

Yb, Lu, Hf, Ta, W, Ir, Au, U, .Th.

(2) Soft X-Ray Fluorescence

Na, Mg, Al, Si, K, Ca, Ti,Mn, Fe, Cr, Br, S, Cl

(3) Hard X...Ray Fluorescence

Ti, Mn, Fe, Ni, Cu, Zn, Ga,Ge, As, Se, Br ,Rb ,Sr ~ Y, Zr, Pb, Pd,

Ag, Cd, In,Sn, Sb, Te, I, Cs,Ba, La,Ce, V, Cr,Hg, U,Th~ Co

(4) Zeeman Atomic Absorption

Ag, Cd, Cu, Pb

(5) Carbon Rod Atomic Absorption

Cd, Cu, Ni,Pb, Zit

(6). Wet Chemical Methods
2-HC0

3
, C0

3
by titration and combustion •.

. 2- 3+/ '2+' .
S04 ' Fe Fe'~205

(7) Gasap.alyses (by mass spectrometry) .

All gases present excei>t Ne which is used as art :i.nternal standard.

(8) Measured at the sampling site:

pH, . Eh, G0
2
,H

2
S, O

2
, alkalinity, electrical conductance, and tem,..

perature.

Maj or components and some minor components can be used to compare with

the compositions and thermodynamic stabilities of the coexistirtg alteration

products. These include the cations Na, Mg, Al, Si, K, Ca, Fe(II) ,Fe(III),
2- 2-

Mn, the anions HCO) ,C03 ,S04 '. Cl , F , .IIS , and neutral species, H2S and

H2CO) •

Oxidation po ten tials

N
2

/NH
3

ratios can be used

. 2- .. .
calculated from S04 /H

2
S, CO

2
/CH

4
, H/1l

2
0, ap.d

to tes t f or in ternal equ11ib r ium, and c ompar is on
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with measured Eh. The rare gases can be useq 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 40K. This

effect could be used to assign relative ages to groundwaters. All other· ele~

ments may be tested for· their value as tracers for given aquifer waters or

horizons.

2. Isotopic Analyses

Isotopic analyses consist of the following:

Stable Is 0 topes

D/H

13C/12C·

Radioactive isotopes:
3H

14C

36Cl

180/ 160

34S/32S

222Rn

226Ra

234U/238U

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 alti.tude.

Carbon-13/Carbon-12 Ratio. Carbon isotope ratios can be modified exten

sively by organic reactions, and toa lessere:?ctent by temperature. Compari

sons· of 13cj12c of carbon species in groundwater with coexisting calcium car

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.

Oxygen-18/0xygen-16 Ratio. The initial oxygen isotope ratios are esta

blished· during the precipitation of water from the atmosphere. Subsequent

isotopic exchange with .hostrock minerals leads to a progressive shift in iso

tope ratio, thereby permitting assignment of relative ages to groundwaters.
I
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under favorable circumstances. 180/160 ratios (& 180SMOW) are often used in

connection with Deuterium/Hydrogen ratios. (OD
SMOW

).

Sulfur-34/Sulfur-32 Ratio. Sulfur isotopes can be extensively fractio

nated by biological processes. A study of the sulfur isotope ratios in dis

solved sulfate and sulfide species in solution, and in coexisting sulfates

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. 34S/32S 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 $ystem. is at equilibrium.

b. 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 tritium in ground

waters permits ages up to 25 years to be determined. A new method employing

the SS-inch cyclotron at LBLcou1d allow dating as far back as 100 years B.P.

The use of tritium fbr dating will thus apply only to groundwaters of rela

tively recent age. A .tridum 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 bydri11ing fluids.

Carbon-14. 14C is produced in the atmosphere through cosmic raybom

bardment. The half life· of 14C is 5730 ± 40 years. Conventional count~

ing techniques permit age determinations of up to 40,000 years using 1-10 g

of carbon and counting times of 1.5 to 1.5 hours. However, ages of up to

100,000 B.P. might be determined by using the 88-inch cyclotron at Berkeley.

There are several technical problems associated with the latter method which

require resolution before it can be used routinely for age.datirig.

Chlorine-36. .This isotope of chlorine is produced in the atmosphere by

cosmic· ray bombardment. It is a long lived. isotope with a. half-life of

3.08 x 105 years. It is potentially useful for measuring ancien tground

waters, since it is relatively free of interference and is resistant toremo

val from solution by precipitation or adsorption. A potential problem with

the use of 36Cl 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 measure~entare st.ill in

their infancy. Measurement of the 36Cl/35Cl ratio~an be accomplished

through use of the S8-inch cyclotron of LBL. Subject to the elimination of
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interferences, and there being sufficient 36C1 in surface water, this method

could permit measurement of apparent ages to. about 2 x 106 years.

Radon-222. 222Rnentersgroundwater through the decay of 226Ra , a

product of 238U decay. The resulting concentration is a measure of a nUmber

of factors including the frac ture surface area of the 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.

Radium-226.This isotope· is part of the decay chain of 238U. Its be

havior during its 1620-year half-life is a measure of the distribution of its

parent, the host' rock chemistry, and the rate of groundwa ter movement. Infor-·

mation on this isotope should be used in conjunction with. the data on 222Rn

above and the uranium distribution in the host rocks.

Uranium-234/Uranium-238. .234U in surface waters is sometimes found to

be enriched up to ten times over the concentration predicted to be in secular

equilibrium with .i:'espec t to its parent, 238U• The usual explanation of the

lack ofequilibriuin is that in the decay. of 238U through 26 day 234Th to

234U, the finally resulting 234U product would be left in a nonequili

brium lattice position. in the host rock and be l3ubsequently more easily

leached by sl ightly c omplexing groundwa ters, leaving the res idual rock

depleted in 234U and, of course, the waters enriched. Later, weathering of

the depleted rock could give rise to waters depleted in 234U• Although

this leaching mechanism can account for the small enrichments and depletion$

observed in near-surface and ·surface waters, one is hard pressed to explain

the extreme enrichments (greater than a factor ofS) sometimes encountered in

-.

sub sur face wa ters • Such enrichments maybe dtl(~ to direct recoil· of the

234Th into the water phase from near the surface of the uranium hearfng

rock, and subsequent decay to 234U in the solution.

In flowing aquifers, once reducing conditions are encountered, urani~

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 resul ts in local precipitation of . uranium on aquifer rock surfaces.

Subsequent migration of the reducing barrier updipcanriow result 1n water

highly depleted in uranium contacting the previously precipitated uranium.

The latter can now serve to inj ect, byrecoU, relatively ·large amounts of

234Th , leading to very high enrichments of 234U downdip.

Once the uranium is out of equilibrium, the reapproach to equilibrium

can be used as a "clock" to determine the age of the w'a ter, provided one

knows enough about the initial conditions and the environment in which the
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water finds itself. These initial environmental conditions can vary for each

site and create uncertainties with this and most other dating methods since

the "clock" radionuclideis not isolated in a ccmpletely closed system during

the decay but is subject to coritinuous interactions with its environment,

some of which could disturb the clear interpretation of the decay data.

The half-life of 234U is 2.44 x 105 years, so it might be feasible to

date groundwaters as old as 5 x 105 years by this method •.. Many questions on

the behavior of uranium isotopes in groundwaters remain unanswered •. Further

research is required to eliminate 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

the design and construction of a mobile field laboratory. In addition, field

operating procedures were prepared for the purpose of ensuring consistent

quality of the samples. A discussion follows regarding these two topics and

specific sampling procedures adopted for wells and springs.

1. Mobile Field Laboratory

The expected volume and quality of sampling and field analysis and the

initial difficulty in arranging adequate laboratory services and space

brought about the need for a mobile laboratory. An 8 ft x 20 f·t box trailer

was leased and modified atLBL specifically for groundwater sampling. Basic

considerations were to provide adequate facilities for the field analysis of

chemical components of water samples that were most likely to change during

shipment. Sufficient. workspace for two chemists 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 waterproof surface for carbonate extractions, an analyti

cal area for titrations and instrumentation, a sample packaging arid equipment

repair area, gas bottle racks and chains, protective electrical fixtures

above the wet bench, a constant voltage 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 trailer was also designed
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to . include desk and drawer space. Some unused and uncanmi t ted space was

available for future work assignments.

Installed equipment and instrumentation included an Orion specific ion

meter with electrodes for pH, redox, sulfide and CO~; a Turner fluorometer

with flowthrough cuvette; Masterflex sampling pumps and a selection of pump

heads; dissolved oxygen and conductivity meters; filtration apparatus; C02

evolution and precipitation apparatus;. burettes and scaffolding;. hot plates;

water bath; magnetic stirrer; chart recorder ; spec tr opho tome ter; refr iger

ator;and a wide range of glassware, fixtures, tubing and reagents.

Operationally, the mobile laboratory was very satisfac tory 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 semimooile nature of the trailer, necessitating a tow truck that

was not always available when required ·for movement frOl)l one site to another.

A self-propelled mobile unit would. overcane the problem of having to rely on

available transport. l'he frame of the box trailer was supported on a single

axle and a front-end hoist, but this appeared inadequate to support the

weight. At least six Jacks, heavy timbers or cinderblbcks were necessary to

support and s·tabilize the trailer to 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 Assurancedocumenta-,.

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 datli. This source of error may be even further masked by 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,· resul ted in the drafting of the. Field Operating Procedures

(appendix D, vol. II, this report), an evolving document with the provision

for incorporating changes as experience or new information required.
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Sampling, analytical, and treatment 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 rom diameter) were placed in a Lucite fil

tration unit in the mobile field laboratory under forced-draft fil tered air

using tefl on;'" tipped tweezers before going to the spring site. A back-up unit

was prepared and carried in case the pores became clogged and anotherf il ter

paper was needed. About 250 ml was passed through the filter an4discarded,

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 version of these procedures.

These include sample bottle preparation, the carbonate extraction system,

alkalinity· titrations, contamination monitoring, and fil tration procedures.

3. Sampling Schedule

1978. Details regardfug the

Table III-I.
-,

4. Sampling

a. Well-Head Sampling.

A continuous closed gas system from the packed-o~f 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. Argortwas used to flush the. carboys and. the sampling mani

fold in the trailer, but wasndt allowed to pass back along the polyethylene
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Table III-I •. Location of USGS coordinates of sampling sites.

Sampl ing site

DC-2 (3243-3273 ft)

Juniper Spring

Rattlesnake Springs

Benson Springs

Bennett Spr ings

DC-6

Ford Well

McGee Well

Columbia River

Columbia River

LocatioIl

N of 200 E Separation Area

Umtanum Ridge

Dry Creek Battelle Field Station

Rattlesnake Hills

Rattlesnake Hills

Old Hanford Townsite

Cold Creek Valley

Cold Creek Valley

Old Hanford Townsite

Richland Townsite

Coordinates *
13N/26E";'35H

13N/24E-14G

12N/25E-29B .

llN/25E-llN

1IN/24E-14F

13N/27E-26E

13N/24E-25E

13N/25E-3OG

13N/27E-20

9N/28E

* Township, range, section number, and. sector letter (see Newcomb et al.,
1972 for description of sector lettering system).

pipe to the dissolved gassampl ing port. A pressure gauge was clearly visi

ble for the rig operator to inonitor the sI>eedof 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.

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 a~erage 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 improvements. 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 fo~r thswab pull and checked

for temperature, conductivity, and pH. These remained constant although a

persistent diesel oil and bacterial breakdown odor· c;lS 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 conductivitYt temperature, and pH were irt

adequate for determining the degree of contamination by drilling fluids.

b. Spring Sampling

Springs were identified from topographic 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 spr ings. A spring was sampled where it issued

directly from a geological formation that suggested it had travelled sorile

distance beneath theground t as opposed to being located in a dry creek bed.

Some spr ing sites required access by 4-wheel drive vehicles and walking. As

some chemical parameters are inherently unstable, fidd 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 Procedures. Where

possible, all samples were collected from a single site at the same time.

Spring sites required no prior preparation. Acid-cleaned silicone

tubing was attached to a 500 mlpolyethylene bottle filled with water; 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 Ii one

liter/minute peristaltic pump head (Masterflex PortableSamplirtg Pump), and

attached to a filtration assembly. This portable unit allowed spring water

to be collected and passed through .Nuclepore filters into specially cleaned
. \ . .

sample vessels without any contact with contaminating surfaces.

c. Ar tesian Well Sampl ing

The artesian wells (DC-6, Ford and McGee) were sampled in the same man

ner as the springs. The intake tubet cormected to the portable sampling pump

and filtration unit, was placed inside the outlet pipe of the artesian well.

This allowed water to be sampled which had not come into contact with the at

mosphere. A one-inch diameter polyethylene tube was placed inside the outlet

pipe and used to siphon large volumes into gas-flushed carboys.

d. The Columbia River

The Columbia River was sampled from the old Hanford townsite shoreline

with the intake tube piaced one foot below the air-water tnterface but above

the sediments. The Columbia River was also sampled dt the Richland townsite

for a tritium analysis.
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E. RESULTS OFFIELD AND LABORATORY ANALYTICAL AND ISOTOPIC MEASUREMENTS

1. Chemical and Isotopic Analyses

The resu1 ts of the chemical analyses performed in the field and on sam

ples returned to the Lawrence Berkeley Laboratory, are given in Tables III-Z

and III-3. Isotopic analyses are summarized in Tah1e 111-4.

a. Analyses not performed

Field analyses. Measurements in the field were to have included poten

tiometric measurements of dissolved, CO
2

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

mentswere made only when monitoring the discharge from DC2. prior to sampling.

This was done primarily to check for the level of contamination due to atmo's

pheric oxygen. Oxygen concentration measurements were not made at springs or

artesian wells although this.wou1d have been desirable.

Laboratory 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

sitiVity for the instrument, and Ti, Mn, Fe, and Cr concentrations were not

calculated bec:ausethe Computer code used to convert x-ray intensities td

concentrations did not have the capability of handling these elements at the

time of ana1ysis~

Chemical analyses by hard x-ray fluorescence were not made forPd, Ag,

In, Sn, Sb, Te, I, Cs,' La, and Ce because the instrument did not' possess the

analytical capability for these elements at the time the measurements were

made.

-..

. We t chemical analyses of

proj ect terminated and funding

done. Sulfate analyses were

Fe 3+, FeZ+ and P 0 were not made because the
2. 5

was no longer available before' they could be

calculated from low energyXRF analyses for

sulfur. Oxidation potential measurements in the field indicated that in most

cases, the dissolved iron was present in the ferr·Qus state, thereby rendering

unnecessary the analysis of F~3+. Based on earlier measurements by La

Sa1a and Doty (1971) the PZOS contents of the water sampled were not expected

to be sufficient to affect the bulk com:position of' the groundwater within

analytical error.

In addition to the systematic ommissions of certain elements by given

techniques, several techniques were not' applied to all samples because the

project was terminated before the analyses could be completed.

III-14
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Isotopic Analyses. Isotopic analyses for I4C, 226Ra , and 234U/238U a~e

not presented in this report. Difficulties were experienced collecting suf

ficient carbonate precipitate from the groundwater samples to perform I4C

analyses. 226Ra analyses were not performed because the analytical method

planned did hot prove to be sufficiently sensitive for the concentrations ex

pec ted in groundwa ters from basal tic terrains. 234U/238U analyses by means

of spectrometry are. currently under way, but resul ts will 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 as large as 20 ppm. Accordingly, analyses for

.fluoride ion were· carried out on the samples collected using a fluoride ion

sensitive elec trode.

Aluminum. Because aluminum was not d~tected by low energy XRF,. an

attempt was 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 and run through

Dowex I":'X8 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 level of detection (0.05 ppm AI) for· this m~thod

and sample preparation.

c. Duplicate analysis

Becauf;le 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 compaie 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 as an 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 fn the elements Fe(down), Cd(down) ,and Pb(down).

Almost all other elements appear to be constant to within analyticalerror.*

* See Table III-S, Sample Collection Techniques, for the consistency of NAA
analyses.
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Table 111-2.' Chemical analyses of groundwaters.

Columbia
Rattle- DC-6 River

DC-2 Juniper snake Benson Bennett (artesian (Hanford
(3243-3273 feet) Spri ng Springs Spri ngs Springs flow) Ford Well McGee Well Townsite)'

Constituent Unit Methoda 6/21/78 6/22/78 6/26/78 7/28/78 7/31/78 8/1/78 8i3/78 7/21/78 8/11/78 8/13/78 7/25/78

A. Field Measurements

Collection
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 7.7 7.3 7.5 10.1 ' 8.0 ' 8.0 8.7

EN HE ' mV electrode +89 +14 -46 +404 +427 +413 +429 ~32 +152 +90 +303

conductance p.cm-2 electrode 750 750 840 260 275 200 230 1060 300 300 115

Total alka-
1illity HC03- ppm color t b -- -- -- 191 166 111 108 199 188 179 67

C032- ppm c -- -- -- N.P. N.P. N.P. ' N.P. 127 N.P. N.P. 1

HC03- ppm d -- -- -- 186 162 85 104 , 51 176 173 61

~,l IS. Laboratory Measurementst-'
H'
I' pH 9.8 8.3 7.7 7.3 10.1 8.7
t-' -- -- -- -- --
,0-

Total
inorganic
carbon, C ppm comb -- -- 20.0 36.0 31.0 ' 21.0 -- 8.0 -- -- 8.6

C032- ppm e -- -- 26.93 1.52 0.52 N.P •• ,-- 17.28 -. -- 0.97

HC03- ppm e -- -- 73.47 ' 176.43 147.44 93·46 -- 22.99 -- -- 41.88

COZ ppm e -- -- N.P. 1.46 5.13 8.43 -- N.P. -- -- 0.11

F ppm electrode 21 21 21 0.50 0.36 0.28 0.27 41 0.62 0.80 0.46

Na ppm NM 181±4 178±4 181±4 19.6±0.45 12~0±0.28 6.09±0.15 7.10±0.21 233±7 Z6.0±0.72 29.5±0.72 1.25:t0.04

SXRF " -- -- 182 21 11 6 5 242 15 28 1.3

, Mg ppm NM <29 <36 <42 10.3±2.3 8.0±2.0 4.3±1.4 8.2±1.0 <470 6.3±1.9 8.5±2.3 < 9.3

SXRF -- -- , <1 13 10 8 7 2 9 7,

M -- ' -- -- -- -- -- -- -- -- -- 3.7

Al ppb color s <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50

Si02 ppm SXRF 152 154 153 ,'50 45 39 46 US 53 56 2

color 5 153 152 152

Sulfide ppm color t -- -- -- -- <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

gravim. -- -- 6.2

( ". I.. .. • r,
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Total S as
5042- ppm SXRF 30 29 26 18 14 11 10 96 < 2 < 2 7

yravim. -- 17 .4 16.5 12.3 9 5.4 85.2 -- -- 8.1
Cl ppm NAA 90±3 88±3 95±3 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 3 6 148 4 4 <I
K ppm NAA <26 <25 <18 5.6±1.0. 3.3±0.7 2.7±0.5 2.3±0.6 <44 4.2±1.1 8.3±1.2 0.47±0.19

SXRF 3.1 3.3 3.2 5.2 3.0 1.5 1.6 3.2 5.6 7.5 0.3
HXRFf 1.04 1.04 1.45 3.33 1.87 1.15 1.00 1.51 3.18 3.48 0.407

Ca ppm NAA -- -- -- 24 ± 3 34±2 20±2 22±1 -- 17±2 15±2 19±2
SXRF 0.39 0.35 0.26 23.6 28.5 22.83 22.8 1.3 17.6 16.5 15
HXRFf 0.25 0.25 0.22 15.4 19~9 22.7 19.5 0.43 10.6 7.8 13.5

Sc ppt NAA <4.2 <6.1 <4.5 <3~0 <2.8 <3.0 2.5±1.4 <10.4 <2.3 <2.1 1.·9±0.7

Ti ppb NAA <710 <1200 <1100 <150 <150 <100 <90 <6200 <140 <160 <100

HXRF 18±8 22±7 14±4 <11 < 12 <7 <10 <28 <11 <10 <1.3

V ppb NAA <27 <38 <61 <20 25±6 <16 11±2 <2600 <5.9 <9.0 <40
H HXRF <12 14±5 7±4 < 5 <9.4 3.6±I.I 5.5±I.5 <14 <2 <2 <0.8
H
H Cr ppb NAA <0.61 <0.25 <0.22 <0.22 0.76±0.06 0.43±0.035 0.22±0.051 <0.42 <0.074 <0.091 0.098±0.O2
I

f-' HXRF <7 6±3 5±2 <2 <2 1.1±0.7 <2 <11 <2 <2 <0.4........

Mn ppb NAA <8 <17 <4.3 <1.6 4.4±0.3 <0.6 <1 <17 47.9±0.6 43.6±0.6 2.74±0.14

HXRF <5 3±2 4±2 <2 3.5±1 <1 <1 <: 9 38:i:2 36±2 2.2±0.3

Fe ppb NAA <30 <22 <22 <14.3 <15.8 <8.3 <9.2 <37 45.6±6.2 41.6±6.0 10.3±2.1

HXRF 26±3 20±3 I7±2 16±1. 6 6.2±0.8 5.0±0.7 3.;3±0.6 I5±3 501:3 33.8±1.6 6.47±0.34

Co ppt. NAA <23 I8±7 <17 I3.6±3.9 26.3±5.5 <8.8 31.5.±5.2 47±16 10.71:3.9 1O.7±3.7 IO.7±3.4

HXRF <23.000 <19.000 <22;000 <3.000 <2.000 <2.000 <2.000 <14.000 <3.000 <3.000 <300

Ni ppb NAA <2.0 <102 <107 0.36±0.I7 0.39±0.I3 0.32±0.09 0.63±0.13 3.08±0.55 <0.40 <0.59 0.60±0.09

HXRF. <3 <3 <3 0.96±0.3 0.82±0.08 0.94±0.25 0.90±0.3 I.5±0.9 1.05±0.07

AA 0.08 0.05 0.07 0.04 0.06 <0.03 0.03 -- <0.03 0.04 0.20

Cu ppb HXRF <3 <3 <3 2.3±0.5 0.70±0.23 1.15±0.29 0~80±0.30 2±1 1.3±0.3 0.89±0.31 1.3±0.2

AA 0.25 0.26 0.24 0.02 0.07 0.02 0.03 0.06 <0.01 0.13 0.63

ZAA . 0.065 0.050 0.050

Zn ppb NAA <2 <3 <2 <0.80 <0.73 <15 <2.7 <6 <0.83 <0.93 <1.3

HXRF 2±1 <3 <2 2.1±0.5 0.98±0.23 1.48±0.36 2.5±0.5 lI±3 1001±0.27 106±0.3 1.13±0.07

AA 0.199 0.25 0.26 0.89 0.119 0.21 1.82 0.249 0.09 0.32 0.39



Table 111-2~ Chemical analyses of groundwaters. (continued)

Columbia
Rattle- DC-6 River

DC-2 Juniper snake Benson Bennett (artesian (Hanford
(3243-3273 feet) Spring Springs Spri ngs Springs flow) Ford Well McGee Well Townsite)

Constituent Unit Methoda 6/21/78 6/22/78 6/26/78 7/28/78 7/31/78 8/1/78 8/3/78 7/21/78 8/11/78 8/13/78 7/25/78

Ga ppb NAA <320 <310 <200 <47 <20 <19 <22 <640 <39 <41 <5.0
HXRF <2 < 2 < 2 <0.5 <0.5 <0.5 <0.5 <3 <0.5 <0.5 <0.1

lie ppb ·HXRF 12±1 13±1 14±1 0.6±0.3 <0.4 <0.4 <0.5 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 <1 <2 <2 <0.5 2.7±0.5 1.6±0.4 2.2±0.5 1l±3 <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. <0.9

HXRF <1 <1 q <0.5 0.3±0.1 0.43±0.14 0.25±0.15 <1.5 <0.5 <0.5 <1

Br ppb NAA 191±4 187±3 20l±3 53±1 39±1 36±1 50±1 285±7 53±1 52±1 4.2±0.2

Rb ppb NAA 12.8±0.6 13.5±0.5 13.0±0.5 1l.3±0.5 2.0±0.2 1.9±0.i 3.2±0.2 13.8±0.8 13.4±0.5 17.4±0.7 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 1l±3 13.8±1.1 17.7±1.0 0.63±0.13
H Sr ppb NAA <640· <630 <400 <93 100±20 58±13 110±20 <1100 <130 <140 63±8H
H
I HXRD 1l±2 12±2. 12±1 88.0±4.2 129±6 119±5 122±6 3.4±1.7 77.4±3.2 69.7±2.6 85.3±4.0....
00 y ppb HXRF 7±2 6±2 6±1 <1 <1 <1 <1 <3 <1 <1 <0.1

Zr ppb HXRF 27±7 26±6 29±4 <5 <4 <4 <2 <11 <2 <2 <2.1

Mo ppb NAAh 250±20 260±10 270±1O 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

ZAA <0.010 <0.010 <0.010 -- -- -- -- -- -- -- --
Cd ppb AlA 0.010 0.008 0.007 0~006 0.033 0.017 0.016 0.089 0.002 0.001 0.044

ZAA 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 <170 <11 <12 <8 <6 <120 <10 <11 <27

Sb ppt NAAi 89±15 89±15 86±11 15±5 44±8 29±5 77±9 92±22 <13 <17 129±10

40±H

Cs ppt NAAi 426±14 522±16 363±14 153±5 65±4 78±4 257±7 1450±30 204±8 196±6 234±6

351±13 309±13

Ba ppb NAA 134±6 146±6 150±6 <21 30±4 <6 12±3 <112 14±4 lO±5 256±15

HXRFf 82±23 58±18 73±13 <26.5 19.5 <14.4 <25 <57 <21.2 <20.8 16.8

La. ppb NAA <1.5 <2.2 <1.7 <0.55 <0.28 <0.20 <0.22 <4.5 <0.30 <0.32 <0.081

ri, t.. ....
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Ce ppb NAA <0.79 <0.67 <0.87 <0.25 <0.41 <0.25 <0.18 <2.03 <0.18 <0.11 <0.1
Nd ppb NAA <4.3 <4.4 <4.5 <1.4 <1.2 <0.84 <1.1 <10 <12 <1.2 <0.37
Sm ppt NAA <16 <16 <16 <4.0 <6.1 <4.0 <1.8 <29 <3.4 <3.3 <3.2
Eu ppt NAA <15 <13 <17 <5.2 <5.5 <5.9 <6.2 <24 <2;3 <2.6 <2.2
Tb ppt NAA <9.7 <9.6 <10 <2.9 <2.6 <1.9 <2.3 <14 <2.5 <3.1 <1.4
Dy ppt .NAA <1.6 <1.1 <1.0 <0.1 <0.06 . <0.06 <0.06 <2.2 <0.17 <0.21 <0.01
Vb ppt NAA <41 <41 <64 <12 <12 <8.0 <8.7 <68 <6.2 <6.7 <5.4
Lu ppt NAA <49 <37 . <38 <13 <12 <6.6 <i1 <109 <13 <11 <5.1
Hf ppt NAA <69 <89 <75 <22 <23 <23 <16 . <180 <10 <10 <17
Ta ppt NAA <5.1 <8.0 <8.1 <1.5 <1.3 <1.0 <1.2 <20 <0.37 - <0.70 <0.58
W ppb NAA 70±5 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 <1.5 <0.24 <0.23 <0.27 <1.5 <0.23 <0.23 . <0.16

Au ppt NAA <25 <60 <34. <14 <6 <8.4 <6.3 <52 <12 <6.2 <2.5
AA 1.33 0.76 0.60 0.01 0.02 0.02 0.02 0.03 0.02 0.04 0.05

Pb ppb ZAA <1 <1 <1
HXRF <5 <4 <4· 1.• 22±0.85 1.17±0.59 1.12±0;54 0.95±0.60 6.3±2.9 1.01±0.64 0.73±0.47 0.34±0.21

Th ppt .NAA <19 <12 <11 <4.8 <4.0 <3.3 <4.0 <25 <3.3 <4.9 <3.7
H HXRF <500 3000±2000 4000±2000<2000 <2000 <1000 <1000 <6000 <1000 <1000 <400H
H

U ppt NAA <105 <81 <100 <29 493±8 140±5 290±6 <180 <27 <14 214±3I
I-'

4000±3000 <2000~ HXRf <8000 ·6000±4000 <2000 <2000 <2000 <9000 <2000 <2000 <800

Notes
ppm parts per million
ppb- parts per billion
ppt pa rts pertri 11 i on
< below detectionliniit for method

no sample collected or analysis not performed
N.P. n~t present
a Methods b. from pH ·of sample to pH 4~5, lncluding noncarbonate species

NAA neutron activation analysis. ·Limits given c. pH to 8.3; DC-6 value has SiO(OH)3- interference, see discussion
are 20 where (J is the counting error. d. (pH 8.3 to pH 4.5) -(pH to 8.3) - (pH 4.5 to 8.3)
All values ate relative to Standard Pottery. e. species by calculation but not corrected for ionic strength of each sample

SXRF low energy x-ray fluorescence (using pH, pK only). Samp.les were filtered through 0.2 micron papers and
HXRF high energy x-ray fluorescence analyzed at least one month following sampling.
AA atomic absorption spectrophotometry f; K, Ca, Ba v~lues by HXRF are likely to be low by a factor of 2 to 3, due
ZAA Zeeman atomic absorption spectrophotometry to particle size effects. .. .
color s co1orimetrtc spectrophotometry .g. single replicate value
color t colorimetric titration h. Mo corrected for U fissi:on
electrode specific ion electrode i. Cs and Sb values in duplicate DC-2samples indicate a problem in sampling
yravim. yravimetric assay or sample handling during preparation for analysis.
-thermo. thermometer reading·
ENHE oxidation-reduction potential relative

to normal hydrogen electrode
comb total inorganic carbon by combustion



Table TII-3. Analyses of dissolved gases in groundwater

Concentration, ppm moles gas per mole water

DC';'Za Juniper DC-6Cl DC-6
(3243-3273 ft) Spring (artesian flow) (artesian flow) Ford Hell McGee Well

Species 6/26/78 7/28/78 7/21/78 8/16/78 8/11/78 8/13/78

4He -- 0.00035 -- -- 0.00027 0.00"052

HZ 0.74 0.21 0.013 ._- 0.004 <0.00002

O2 <O.OZ 0.32 0.014 0.015 0.11 12

.H N2 19Za . 55 11 18 12 . 57
H
H
i Ar 1.4 . 0.75 0.23 0.17 0.28 0.77r" ...

0

CO2 0.0054 1.1 <0.016 0.43 1.5 1.6

CH4 48 0.061 0.13 0.14 7~1 7.3

C2H6 0.01

higher hydro-
carbons <0.001

a Neon internal standard and helium buffer gas. All others used helium-3/krypton internal standard and
CF4 buffer gas. .. .

b DC-2flushed with nitrogen during swabbing and sampling.

... I.. .'. ,
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Table III-4 Isotopic analyses of selected elements in groundwater.

Columbia River
DC-2 Junipera Rattlesnake Benson Bennett DC-6 DC-6 (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 .. 8/16/78 8/11/78 8/13/78 . 7/25/78 8/16/78

A. Radioactive isotopes

Tritium, 16.40.±O.50 O.15±O.04.0.47±0.06 3.17±0.24 O.37±0.06 O.08±O.O4 -O.O2±0.05 O.15±0.O4 ";O.O3±O.04 78.30±2.40 82.80±2.30
T.U.±la

Hadon,.?22 104±2 0±1 94±3 324±4 56±2 471±8 -- 95±1 140±4 -1±1
pCi/l

B. Stable isotopes
H
H

OD SMOW ' . -132.50 -132.7 -128.5 -126.2 -121.1 -124.60 ",136.2 -139.2 -128.1H --I
N %0 .....

O13C, -lO!47 -- -- -- -5.70 -19.20 -- -6.31 -14.51 *
0/00

. 18 -16.35 -16.75 -16.40 -16.40 -15.75 -15.00 -18.00 -18.05 ';;16.60'15 0Sl<10W' --
o· .

. /00

15 34S{S04) • +1.96 . +8.67 -1~64 -1.49 -0.47 -2~12 -- * * +2.73
0

/00

~34S(SH). +3.24 * *. * * "Ir -- * * *
/0'0

* Insufficient material for analysis.
-- No sample collected. or analysis not performed. .
a A sample from Juniper Sprinq was obtained on 8/14/78 for 1513Canal.vsis but the amount of material collected was insufficient.



. Al though the three samples of DC-2 wa te.r were not in the true sense

duplicates, they do give confidence that the analytical techniques used give

reproducible results. The shifts in Fe, Cd; and Pb may be real or may .re

fleet contamination effects. Further study would have to b~ 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 instru

mental methods used. The elements Ni, Cu, and Pb were analyzed by three

independent methods. The elements Na, Mg, Cl, K, Ca, Ti, V, Cr, Fe, Co, Ga,

As, Rb, Sr, Cd, Th, and U were analyzed by two independent methods. Such an

approach permits identification of computational and measurement errors as

well as contamination. during sampl.e preparation•. In most cases ,however, the

sensitivity of different analytical methods varies for diIferen.t elements,

and for many elements, only the lower limit of detection can be cited. This

information, while useful, is no. substitute for a quantitative value by a

more sensitive analytical method.

Neutron activation analysis is 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 one or more of s ixmethods ,thus:

1. The same gamma rays were measured:

a. with the sameequipm~nt at different times

b. with different equipment.

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. Gamma 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 irradiations were:

a. identical

b. different gamma rays of the same isotope

c. gamma rays of different isotopes of the same element.

5. Duplicate samples were measu~ed from the· same sample collection.

6. Samples colle~tedat different times were meas.ured.

It is possible to distinguish between mea·surement errors, sample prepar

ation errors and sample collection errors as shown in Table 111-5.

III-22
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Table 1I1-5· Quality assurance methods used in NAA work.

Element lvlethod
Typical

Difference, %
Typi cal

Counting Error, %
·Conclusion:

(NAA technique)

A. Measur~nent technique checks (all samples)·
-.- Na 2b 2 2

Cl ~b 10 5
l3a . 2c 16 13
Cs 2a 8 7

l3. S~mplepreparationtechniques(DC-2;6/22/78 and 6/26/18)

excel 1ent
adequate
excellent
excellent

Na
. Cl
Hr
Mo
8a
W
Cs
Sb
Rb

5
b
5
5
5
5
5
5
5

1
6
4
1

14
8

20
30
'4

1
·3

3
2
7
6
3

15
5

excellent
~dequate ar excellent

excellent
excellent
adequate
excellent
poor
poor
excellent

C. Sample collecti6n techniques (DC-2; 6/21/78, 6/22/18,6/26/78)

Ha
Cl

, Br
t10
Ba
W
Cs
Sb
Rb

6
6
6
6
6
6
6
6
6

0.2
3
3
7
6
4

14
14
3

1
3
3

10
7
6
4

12
4

excellent
excellent
excellent
excellent
excellent
excel 1ent
poora
poora
excellent

'.,

..

a Variation may b~ due tosampleprepar~tion techniques.
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The me'asurement 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 8b, which were less than Ippb in abundance

showed variations of 40% in between two duplicate, samples which were not due

to measurement error. Thus the adequacy of the sample preparation techniques

for these elements at their abundance level is questionable. The sample col

lection techniques appear excellent. Variations for Cs may be due to sample

prepara tiontechniques.

Periodic replicate analyses of sam9les were also made by other analysts

to check the validity of their own data.

Discrepancies between analytical techniques for some elements at very

low concentrations (ppb - ppt(parts per trillion» may be attributed to dif

ferent sample preparation techniques; or to differenc,es in what was actually

analyzed., For example, anaJ.yses 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 normallyrepor ts lower values

than ZAA because the former method involved a preliniirtarY extrac tion techni

que that "sees" only dissolved species.

Results determined for, K, Ca, and Ba by HXRF are low due to x-rayabsorp

tion as particle size effects area problem. HXRF analyses are determined by

calibration with the bromine analysis by NAA.This means that any error by

HXRF or NAA wiU be propagated thr.ough all analyses. The overall consistency

of replicate analyses is very good, however.

d. Internal consistency of the, analrses

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 titrationsw~th CO
2

measurements and with pH, Eh measurements with

redox pairs (e.g., 8
2
-/80/-, CH/C0

2
, NH

4
+/N

Z
' Fe

2
+/Fe

3
+), etc.

Table III-6 summarizes selected analytical data relevant to tests for

electrical neutrality. Only those elements or components were included that

were present in concentratio;ns of greater than 0.01 milliequivalents/liter.

The calculated discrepancy between anions and cations, is 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 1II-6 Cation/anion balanGe
Concentrationa• meq/l

DC-2 Juni per Rattlesnake Benson Bennett DC-6 Columbia River
Ion Method mg!1-meq/l (3243-3273 ft) Spri ng Springs Sp:-ings Springs (artesian flo~!) ford Well McGee Well (Hanford Twns.)

factor 6/26/78· 7/28/78 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 7.8hO.17 O.85±O.02 0.52±0.01 0;26±0.01 0.31±0.01 10.14±0.30 1.13±0.03 1.28±O.03 0.05
K+ 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

Ca2+ NM 0.0499 O.Olc 1.20±0.15 1.70±0.1 1.00±O.1 1.00±0.05 0.06c 0.85±0.10 0.75±0.10 0.95±0.1
Sr2+ HXRF 0.0228 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2

Anions

H H3Si04-f SXRF 0.0105 1.56 0.03 0.0 0.0 0.0 1.36 0.01 0.01 0.0
H
H Cl- NM 0.0282 2.68±0.08 0.13±0.OO O.l1±O.OO 0.09±0.00 0.17±0.00 3.53±0.17 0.14±0.00 0.14±0.00 0.30c
I

N SH- 0.0303 0.19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0Vt grav

S042- SXRF 0.0208 0.20 0.37 0.29 0.23 0.21 1.n e 0.04 0.04 0.15

C032- color t 0.0333· 0.90b 0.0 0.0 0.0 0.0 1.15b 0.0 0.0 0.0

HCO- color t 0.1639 1.20b 3.05 2.66 1.39 1.70 0.84 2.88 2.83 1.00

F- electrode 0.0526 1.11 0.03 0.02 0.01 0.01 2.16 0.03 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 3.12 1.96 2.02 10.44 2.86 2.79 1.33

Total anions 7.92 3.~1 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 -2.34 -4.03 -4.62 -5.00

a 1i mi t; 0.01 meq/l.
b carbonate equilibrium
c SXRF value
d M value
eyravimetric value ..
f calculated from SXRF data using the first dissociation constant for H4Si04



In order to test for consistency between alkalinity, CO
2

measurements

and pH, and Eh and redox pairs, the selected analytical data given in Table

lII-6 was augmented with low concentration though important elements relevant

to the thermodynamic stability of associated mineral phases (e.g., Fe, and

Al), and the concentrations of the aqueous species present determined through

the use of the distribution step of the FASTPATH code. This code uses 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 2SoC in all cases except for the analysis of water from DC-6, where a

temperature of 600 C was used. Electrical neutrality was forced on the ana1y-
2-ses by addition or removal of a balancing component.. C0

3
was chosen for

.. +
all analyses except those of DC-2 and DC·6 where Na was used. The balancing

componen twas selec ted pr it]larU.y on the bas is of its pred om inance over 0 ther

components .in solution. 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 summarized in Table 111-7. The dis-
. .. . 2-

tributions show that s~1fur is present entirely in the 804 state as veri-

f ied 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. liowever, this appears unlikely in the

Columbia Rivet,which is exposed to atmospheric oxygen. The reason for this

inconsistency probably lies in the questionable reading of Eh, that may have

t;>een affected by the potential due to the Pt/PtO pair on the platinum elec

trode (Benson, 1978).

The most important need for making a comparison between carbonate spe

cies distribution. based on alkalinity measurements, and those determined by

the distribution of species from chemical analyses occurs when the pH of the

sampled water exceeds 9.0. At pH= 9.0 or greater, a significant fraction of
2- -the carbonate species is present as carbonate ions, C03 ' and H3Si04 be-

gins to appear. Both species affec·t 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. ~ compar

ison is not made for water f(om DC-2, because alkalinity measurements were

not made on samples from this source.
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Table III-7. Concentration of aqueous species (continued).
Concentration, mol/kg watera

Columbia River
DC-2 Juniper Rattlesnake Benson Bennett DC-6 (Hanford

(3243-3273 ft) Spring Springs Spri ngs Springs' (artes ian' flow) Ford Well McGee Well Townsite)
Species ' 6/26/78 7/28/18 7/31/18 8/1/18 8/3/18 7/21/18 ' 8/11/78 8/13/78 7/25/78 '
-

A13+

Al(OH)2+ 0.120 -9 0.172 - 6 0.114 - 5 0.168 - 5 0.148 - 5 0.106 -10 0.536 -6 0.536 - 6 0.295 - 7
Al (OH)4-' O~185 ' - 5 0.168 - 5 0.706 - 6 0.164 - 6 0.365 -6, 0.185 - 5 0.132 - 5 0.132 - 5 0.182 - 5
Al(OH)2+ 0.345 -10 0.915 - 9 0.325 - 8 0.181 - 8 - 0.211 - 9 0.210 - 9
A1F2+ - 0.163 -9 0.958 - 9 0.325 - 9 - 0.710 -10 0.119 - 9
A1F2+ - 0.299 -10 0.213 -,9 0.735 - 10

A1F3 - 0.269 -10 0.127 .., 9 0.423 -10 - 0.226 -10 0.494 -10

Fe3+ 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
H
H Fe(OH)2+ 0.409 - 8 0.586 - 8 0.111 ' - 7 0.444 - 8 0.179 - 8 0.931 - 8 0.858 - 9 0.653 - 8
H
I '. Fe(OHh 0.282 - 6 0.102 - 6 0.719 - 1 0.492 - 7 U.267 - 6 0.324 - 6 0.299 - 7 0.116 - 5N

(»
Si(OH)4 . 0.860 '.., 3 0.795 3 0.741 3 0.647 - 3 0.761 3 0.192 - 3 0.863 - 3 ' 0.912 - 3 0.298 - 4- - -
H3Si04- 0.169 - 2 0.381 - 4 ,0.893 - 5 0.306 - 5 0.571 ...; 5 0.172 - 2 0.206 " - 4 0.217 - 4 0.351 -5

52- 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

S042- 0.945 - 4 0.164 - 3 0.126 - 3 0.102 - 3 ,0.931 - 4 0.725 - 3 0.185 - 4 0.187 ;.. 4 ,0.668 - 4

col- 0.531 - 3 0.297 - 4 0.715 -5 0.182 - 5 0.289 .. 5 0.538 - 3 0.148 - 4 0.144 -4 0.283 .,. 4

OH- 0.880 - 4 ' 0.214 - 5 ' 0.539 - 6 0.212 - 6 0~336 - 6 0.134 - 2 0.107 - 5 0.107 -5 0.527 - 5

F- o.in - 2 0.230 -4 0.169 - 4 0.133 - 4 0.131 - 4 0.216 - 2 0.323 - 4 0.419 - 4 0.238 - 4

Cl- 0.268 - 2 ,0.132 - 3 0.109 - 3 0~880 - 4 0.166 - 3 0.353 - 2 0.137 - 3 0.136 - 3 0.282 - 4

Balancing Na+ C032.., C032- C032- C032- Na+ C032- C032- C032-
Components
Total 0.788 - 2 0.287 - 2 0.268 - 2 0.139 - 2 0.166 - 2 0.101 - 1 0.276 - 2 0.270 - 2 0.947 - 3

Initial
Total 0.851 -2 0.264 - 2 0.279' .;. 2 0.180 - 2 0.174 - 2 0.126 - 1 0.266 - 2 0.249 - 2 0.108 - 2

Fi nal
Ionic - 2 0.435' - 2 0.436 - 2 0.283 - 2 0.289 2 0.136 - 1 0.361 - 2 0.343 - 2 0.197 - 2Strength 0.925 -
a The approximation that mol/1 ~ mol/kg H20 was used to calculate the distribution of species.
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Table 111-8. ", Comparison of measured and calculated concentration of
aqueous species from a sample drawn from DC-6.

Concentrations of aqueous species, mo1/1

Measured

(alkalinity titration)

Calculated
(distribu~ion of species based

on chemical analysis)

.'

.-

Temperature

pH

Si02

Si(OH)4

H3Si04

coi
HC03-

46 0 C

"10.1

O.19xlO-2

0.212x10-2*

0.836x10.;.,3

0.461x10-3

0~145x10-2

0.593x10-3

0.707x10-3

0.192x10-3

0.172x10-2

0.538x10-3

0.418x10-3

* Reported value expressed as, C032~, but includes H3Si04-.

2. Analytical Development

a. ,Mass spectrometry using the 88-inch Cyclotron.

The measurement of isotopic ratios using the 88-inch cyclotron at LBL

was investigated by R.Mul1er, with the purpose of establishing the feasibi

lity of counting 14C in groundwater with C02 derived from a one liter sample

(Muller, et a1., 1978; Stephenson, et a1., 1978) .. This would avoid the need

for 100 liter samples and their subsequent extractions (which proved unsuc

cessful in FY ~978) and allow the use of discrete downhole samplers. No

Pasco Basin samples were run on the LBL cyclotron as there are still some

contamination problems to be overcom,e in' the cyclotron. "Anew 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; using the 88-inch

cyclotron. A limit of 10-12 for the 36Cl/35Cl ratio was achieved with possi

bilities of improvement using the new external ion source.* As chloride ion

is generally soluble in groundwater and is probably only slightly adsorbed by
, , I

host rock minerals, this promises to be a very useful technique for age dat-

ing and groundwater hydrology, particularly as it is remembered that 36Cl has

'*The Rochester 'tandem Vande Graaf accelerator has been used to measure the
36Cl/35Cl ratio in six' natural waters from Arizona~sam~les of one to five
liters of water had ranges from 10 12 x 10-13 to 2 x 10-1 with a background'
level below 3 x 10-15 (Elmoreet al., 1978). ' ' ",
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a half-life· of 308,000 years. Once 36CI formation in the atmosphere and

underground is better understood, this age dating technique may be valuable

in deep aquifer sys tems as found in the Pasco Basin a t Hanford.

b. Measurement of 234u j238u

Measurement of this ratio in the water samples c'lllected is being under

taken by M. C. Michel using the 5 foot radius, high precision mass spectro

meter at LBL. There are numerous 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 complicate interpretation.

The 234Uj238U disequilibrium measurements are being made mass spec

trometr icall.y on aliquots of approximately 500 ml samples, acid Hied with HCI

in the field and sealed. The chosen aliquot is "spiked" with a known amount

of pure 233U to allow determination of the total, uraniuni concentration at

the same time that the 234uj238U isotope ratio is measured.

Chemical separation from other elements is done by anion exchange tech

niques involving a minimum of handling to reduce contamination by natural

(equilibrium) uranium. Mass spectrcxnetric measurements are made by sequen

tial rapid scanning of the uranium mass reg ion and d irec t ion counting. The

instrument being used wiJ,l allow the 234uj 238u ratio to be measured to

an accuracy limited primarily by statistics (approximately 2% is adequa te),

since background at the 234 mass position due to scattering of the 238U ion

beam is well below the 234Uion intensity.

Interpretation of the data requires information on the uranium concen

tration and distribution in the aquifer rocks. This can be ob.tained from

drillcores. Information is also required on the hydrologic properties of the

aquifer under study.

c. Dissolved Gases

An analytical system was developed by A. S. Newton and S. P. Lubic at

LBL to determine the level of dissolved gases, particularly helium, in

groundwater. Helium-4 is a candidate for age dating groundwaters. A number

of one liter etainless 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 3He was

used as an internal standard for the measurement of 4He dissolved in the

water. Kr was used to measure the efficiency of gas recci\rery 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 container. Atmospheric contamination of the sample was prevented by

alternately evacuating and purging the sample line with CF4before the water

samples were aspirated into the sample containers.

The samples were transferred to the vacuum system by means of stainless

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 in troduc tion. The wa ter

was allowed to flow into the collection flask and then degassed. Evolved

gases were collected in a series of .traps. After degassing was complete the

traps were isolated. fran the collection flask and vacuum manifold, connected

to a Teopler pump, allowed to warm and the evolved gases transferred to a

thermostated gas buret. . The gases were then transferred by mercury displace

ment from the gas buret into evacuated demountable sample bulbs and analyzed

wi th a CDC: model 21~103 mass spec traneter.. Gas standards were run to deter

mine mass fragmentation patterns and sensitivities. Analyses of various gas

fractions were perforrnedand the water basis determin.ed.

F. DISCUSSION AND RECOMMENDATIONS

1. Contamination 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.

Only three samples were collected in DC-2 during swabbing. Although

temperature, pH, and conductivity were constant, the preserice .of tritium in

the last sample (16.40 ± 0.50 T.U.; 6/26/78) suggests contamination of

the aquifer by drilling fluids. Columbia River water (78.30 ± 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. Approximately 64,000 gallons were swabbed

from DC-2 before the last sarnple (6/26/78) was taken, thus emphasizing the

need to consider the potential for contamination of aquifers before drilling

commences.

This coritamination may have been due to the presence of a lost hole that

was open in the adjacent DC-l fran August,1969 until ~arch, 1972. Due to

unstable conditions in the interbeds of the Mabton Formation. (830 to 940 it)
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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. At tempts toreen ter the original hole were unsuccessful resul t

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 apparently 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 installation of the presently functioning DC-I

piezometers. The recovery and completion report (Fenix .and Sc isson, Inc.,

1972) mentions losses of "approx:inlately 150 gallons water per minute" between

2963 and 5350 ft. The possibility of mixing of waters from: the various aqui

fers should be evaluated in consider.ing the present hydrogeochemical data

obtained in the LBL FY 1978 study.

On-site evaluation of groundwater contamination of drilling fluids isa

major sampling problem. Conventional use of conductivity, pH or temperature

were not found to be adequate means for judging representative formation

water. Tritium levels and total organic carbon levels give after-the-fact

information on mixing of aquifers 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 presencebf ben

tonitic drilling 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 extrac tion and detection, and non

toxic at the levels of application. Conventional hydrological tracers,such

as fluorescent dyes, satisfy some of these criteria. A more satisfactory

class of cOinpounds would be fluorocarbons detected by elec tron capture gas

chromatography or by Fourier transform infrared spectroscopy for the highly

specific C-F bol1d.

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 contamination. 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.
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and the downhole environment was developed (Dubois et ale, 1979, appendix A).

Contaminination of groundwaters from the drilling and sampling process is a

difficult and serious problem that needs to be overcome before hydrogeochem

ical data, and its interpretation, can be regarded as representative and

reliable.

The scarcity and uncertainty of available data from Hanford emphasizes

the importance 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
often .either not fully appreciated,or ccimp1ete1y 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.

This publication provides an excellent general background on methods for OVer

coming problems of sample contamination. Further useful background informa

tion on container preparation is provided by Robertson (1968), Moody and

Lindstrom (1977) ,and Bowditch et a1. (1976). A useful literature survey on

sampling, handling and storage of water for analysis is presented by Maienthal

and Becker (1976).

Often useful information is mostly derived from marine and aquatic

chemistry studies where the prime 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. Thisdeve1~

opment provides a very useful precedent for workers in hydrogeocheinistry;

problems brought about by drilling, limitations on downhole to.ol size and the

nature of the downhole environment make contamination the maj or obstacle in

data collection.

While the potential for contamination of groundwaters should be evident,

there are few references that express concern 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 infil tration.

Marine states that "it is absolutely essential to know the history of fluid

inj ectionand 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 contamination must be considered

before using these data to interpret the geohydro1ogic 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 .waterspecimens 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 we1ls~ The most reliable samples are those
that were later pumped or drawn. from a wei1 that was drilled with
air.

However, it should be recognized that there are possible problems asso

ciated with the use of air. Air invasion into formations of interest often

is not easily dissipated, and therefore can greatly affect the hydraulic pro

perties of the formation. Since research wells 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 giyen by Campbell and Lehr (1973). The most relevant comments

for drilling on the Hanford Reservation may be that:

"Experience on ARH~DC-1 shows that mud is required as the cir
culating tnedium when drilling geological holes. Water and/or' air
should be used as the circulating medium on hydrological test holes,
therefore, it is not practical to obtain optimum geological and
hydrological data from one hole." (Fenix and Scisson, Inc., 1969).

As a resu1 t 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 lL~iting the invasion vo1-

. "

with drilling, so that as an aquifer is breached it

the invasion of drilling fluid becomes significant.

ume is needed. This could include the eV<lluation of integrating sampling

could be sampled before

Holes could be drilled

with air as suggested by 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 theimpac t of oxygen on sub

sequent chemical analyses determined.

(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 contamina~

tion remaining in the wa ter being sampled. Promising tracers such as fluoro~

carbons should be mixed with drilling fluids 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 should be

developed tpat 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 betaken.

(d) Downhole sampling devices: Formation water samples must be ob

tained directly from the horizon selecteq for investigation· and should be

isolated in a sampler that will not contaminate the sample. Such a sampler

should be capable of recovering discrate one to two liter samples • Al terna

tively, a downhole pump should be developed that 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 original intent of the proj ect was. to evaluate and interpret the

chemical and isotopic data from the collected solution samples .in terms of

the applications specified in the introduc tion 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 conclusions can be drawn. Furthermore, not all of the chemical or

. isotopic analyses 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-

. ience 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 sample was taken. DC-6 was to be extensively

sampled, with duplicates and "blind" samples, when the program \-1as terminated.

Fur thermore, .analytical resul ts were returned after the termination. of the

program and did not allow this experience to be included in the sampl ing

system.

The most serious problem encountered in the field, following the conta

mination of aquifers by the drilling process which is discussed elsewhere in

this report, was the carbonate ex trac tion system f or isotopic analyses of

carbon. The field system involved the acidification of .100 liters of ground

water under a closed nitrogen atmosphere, with purging of 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 leak-proof plumbing system be

tween the carboys and the traps. This was partly from excess acid destroying

the seal ing 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 four· subsequent· eJl:tractions produced

roughly a half-inch deep precipitate in the bottom of a 3-inch diam"eter

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-14 analysis altpough the extractiQn pro

cedure appeared to be working efficiently and groundwaters contained enough

material for analysis. Hence no carbon-14 data is 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 14C determinations. The promising. developments at LBL using·

the 88-inch cyclotron in which samples as small as one liter are required,
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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.
, '

In an on-going field samp1 ing program the rapid turnaround of analytical

resul ts is essential for making decisions and adjustments in the field sampl;"

i,ng and analysis procedures. The data presented represents the first stage
. .. .' . .

in the development of a thorough groundwater chemistry program. Interpreta-

tion, of this preliminary data is not pos$ible at this stage, but some com

ments can be made as a result of the evaluation of the analytical data.

The DG-6 carbonate value from the field alkalinity titration (127 mg/l
2- ' .

C0
3

), when corrected by equilibrium calculation at 46 0Cfor the presence of

the titratable species, H
3
Si0

4
"', yields a value of 84mg/1 C0

3
2-. This

'C032- value is too high to be in equilibrium with HC03- (51 mg/l) from 'the

same titration, but should approach 35 mg/1 C032~, assuming' the HC03- value

is correct.

This carbonate-bicarbonate anomaly is also observed in analyses reported

by La Sa1a 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 increases as the pH in

creases, until at a pH of about 10, essentially only carbonate is present."

WhiLe this trend is obserVable in their data it does not follow from,carbon-

ate equilibria. A more likely explanation is the uncorrected. ,interference

hom the H
3
Si0

4
- ion which is present in-amounts equivalent to that of ,the

carbonate ion because of the high pH of these groundwaters.

Although theH
3
Si0

4
- 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, deep waters in basalts of

the Pasco Basin.

Measurement and evaluation of stable redox potentials in the fieid needs

further development. The low concentration of components poising the oxida

tion potential makes such measurement of Eh using the platinum electrode both

diff icu1 t and unreliable. Further thought shquld be given to indirec t meas

urement through evaluation of the distribution of dissolved gases and.

sulfate/sulfide ratios.



Measurement and evaluation 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.

Because of its importance in thermodynamic calculations, the concentra-

tion of aluminum should be determined quantitatively. Distributions of

species calculations indicate that the actual concentration of aluminum

present probably ranges from a high of ~O.OSppm Al in DC-6 to a low of

0.00025 ppmAl 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 program but which require some examina

tion for their potential importance include soluble organics such as humic
+and fulvic acids, Li, B, NH

4
and P

2
0

S
•

The concelltrationsof dissolved Cd, Cu, Ni, Pb, and Zn in the Pasco

Basin water samples as analyzed by atomic absorption spectrophotometry and

presented in Table III~2, were examined by D. Girvin who made the following

observations.

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 a1., 1977).· Average trace metal concentrations in the
Delta samples were 0.011 llg Cd/1, 1.77 llg Cull, 0.80 llg Ni/1, 0.07
jJg Pb/l, and 0.30 llg Zn/1. 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 orie
Columbia River sample was analyzed, no significance can be ascribed
to these variations; however,they may reflect real differences in
the minera10gies of the drainage basins.

Well DC-2 was sampled over a period of six days during which
time approximately 8000 gallons per day ofwa ter was withdrawn from
3243-3272 feet by the swabbing technique. On1y: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 thatGu 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 unexpiainab1y higher.
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Dissolved Cu, Ni, and Ph levels in the four spr ing samples
were uniformly low. The source of variab il ity in the Cd and Zn
levels is not readily apparent; however, the high Znconcentration
in Bennett Spring probably derived from a galvanized pipe used to .
channel ize the fl ow f or I iv as tock wei ter ing. .

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 value!? . The higher Cu and Zn
levels in McGee Well may have been due to the large cast (bronze?)
head aff ixed to this well.

Hass spectrcmetric techniques for the analysis of tare gases and other

gases dissolved in the water samples did nota ttain the sensitivity needed

for the interpretive studies originally planned. Future work will require

that greater levels of sensitivity be achieved if the rare gases are to be

used for the estimation of the temperatures of the waters. at the time they

were last exposed to the ~tmosphere, or if 4He 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 this study

such as H2 and C2H6 should also be determined quantitatively_

New age dating techniques in which such isotopes as 36Cl, 81 Kr , and

234U/238U can be used to estimate the apparent age of groundwater, should be

developed further and the sample size required for analysis should be reduced

to more manageable proportions. In this regard, the use of the cyclotron as

an extremely sensitive mass spectrcmeter for 36Cl and 81Kr should be .consi

dered seriously.

As a result of the initial experience gained in the sampling of ground

waters at Hanford, the following reccmmendations are made:

(a) The collection of carbonate samples for 14C analyses shQuld be im

proved so that contamination-free samples of sufficient size for analysis can

be obtained.

(b) New methods for 14Canalysis should be investigated that require

smaller-sized samples.

(c) Discrepancies between species distributions based on alkalinity

measurements and those obtained from chemi.cal 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 evaluation of oxidation potenttal in groundwater

should be investigated further. Direct measurements using a platinum

electrode should be recoriciled with calcuiatedval~es based on species
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el~ctrode ihould be reconciled with calculated values based on species

distributions, or satisfactory explanations should be obtained for the

disc repanc ies.

(e) An improved analytical method of measuring low aluminum eoncen tra

tions (~O.0002S - 0.05 ppm AI) in the presence of fluoride ion concentra

tions as high as 40 ppm should be developed.

(f) Soluble organic components such as humic and fulvic acids, Li, B,

NH4+ and P20S should be analyzed in groundwater samples to determine whether

these species are significant.

(g) A more ·sens i tiveanalytical techn ique is required·f or the measure

ment of rare and other dissolved gases than was used in· the present study.

(h) Support for research in new age-dating techniques through the meas

urement of 36CI 81 Kr or 234U/238U should continue." .
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IV. PASCO BASIN MODELING

A. INTRODUCTION

Ma thematical modeling can be userully employed in two areas of the Pasco

Basin study. The first is understanding the disposition' of the regional

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

'.e> the design of certain hydrologic fiel4 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 l:imited 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 drawdown

tes ts in low permeab il ity formations such as those I ikely in the deep basalt

system in order that meaningful data could be gathered and interpreted.

B. THE CONCEPTUAL MODEL

The purpose o,f basin modeling is to simulate the regional hydrogeology

of the Pasco basin with special reference to the deep basaltic system. In

order to develop the model, 'it is first necessary to study the hydrology of

the Pasco Basin in terms relevant' to mathematical modeling. Based on t~is

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 information. These are:

a), Geometry: Areal extent, limits and shape of the flow region; nature

of iayering.

b) Material Properties: Permeability; heterogeneity; anisotropy; stor

ativity; porous, fractured, or fractured-porous disposition of the

materials; porosity.

c) Boundary Conditions: Disposition of surrounding groundwat,er divides

interaction of deep system with the shallow sedimentary system and

the Columbia and Yakima Rivers; interaction of the Pasco Basin with

neighboring hydrologic basins.

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.
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Data from deep groundwater systems is generally scanty and hence consid

erable judgement has to be exercised in interpolating or extrapolating from

known, generally sparse field data. The degree of uncertainty is a very

important attribute of field data and has to be considered in the simulation

task.

·1. 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 glaciofluviatUe and alluvial materials, and the bedrock

system comprising the basalts of the Colwnbia River Basalt group ranging in

age from La te Miocene to Middle Pliocene (Atlantic Richfield Hanford Company,

1976). The deep groundwater system in the Pasco Basin, which is of particular

concern in this study, is. loosely defined to constitute formations below the

Mabton in.terbed. The upper boundary of the deep system thus communicates

through the Saddle Mountain basalts with the shallow, unconfined groundwater

system. The lower boundary of the deep basal tic system is much harder to

define. Although it may be reasonable at this time to consider formations

within 1,000 to 2;000 feet below the Umtanwn, the actual definition of the

lower limit will have tobe governed by deep hydrologic data that will

be forthcoming with new explorati.on activities. The lateral limits 6f 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 depths. Each of these systems may span different

recharge-discharge areas and, as Toth (1963) points out, deeper systems tend

to encompass much larget: areas than. shallow systems. Since very little data

is at present available below the Umtanum, it is only 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 been 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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1976). Groundwater movement in basalt aquifers to the north and east has

been modeled numerically based on data from water-supply wells, few of which,

however, ar.e deeper than 1,500 feet (Luzier and Skrivan, 1975; Macnish and

Barker, 1976; Tanaka et a1., 1974).,

Several deep holes have been 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 its recommendations that the feasibility of defense waste storage

.'" in basalt on the Reservation be evaluated.· A 10,655-foot exploration well in

the Ra tt1esnakeHills was re,-entered (Raymond and Tillson, 1968) and a new

test hole,·· ARH-DC-l, 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 Sa1a and Doty (1971) and

La Sa1a, Doty, and Pearson (1973). Piezometer readings collected inter

mittently are available for DDH-3~ DH-4 and DH-5, drilled in 1970-72 (La

Sa1a, 1976). The only other wells on the reservation 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 these· wells during FY 1978

consist of pressure measurements byLBL in DC-2, DC-6, and DC-8, permeability

measurements by Science Applications Incorporated in. DC...2 (Deju, 1978), and

permeability measurements by W.K. Summers Associates and by LBL in DC-6.

Recent reviewers of the available hydrologic information include

Newcomb et a1. (1972), Piper (1975), Atlantic Richfield Hanford Company

(1976), Deju et a1. (1977), and the.Nationa1 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

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 into broad synclines and

tight, occasionally slightly overturned anticlines (NAS, p. 141). The exact

nature of fault displacement along the c·restsof some anticlines is now being

studied by Rockwell Hanford Operations (Rockwell);· surface exposures of these
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faults are poor (Shannon and Wilson 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 a1.

(1973, p. 20) observed such fractures cutting across several flows at Wallula

Gap.

Folding and faulting may affect groundwater flow in various ways.

Newcomb general ized from his experience in the area that 1) recharge may be

facilitated where water-bearing rocks are brotight near the surface and

fractured; 2) tilting may control groundwater gradient; 3) leiteral permea

bility may be reduced by gouge-filled fault zones, causing zones of confined

water; 4) faulting and folding controls the shape of groundwater basins

and 5) deformation increases vertical circulation between zones. (Newcomb,

1965, p. 32; Newcomb et al., 1972). La Sala et al. (1973) found that sharp

folds and faults may be barriers 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· tobe

connec ted along the Gable Mountain anticline axis. Some hydrologically

significant folding is buried beneath sediments in the northern part of the

Reservation (Ledgerwood and Deju, 1976).

It is clear that deformation may result in vertical faults or fractures;

whether such tectonically causedf;ractures act mainly to increase vertical

permeability or to decrease horizontal permeability migh,t depend on whether

par ticu1ar f aul ts and tectonic joints are filled wit.h gouge. .Rockwe11

(1977) found mylonitic material at the surface in a shear zone. at Wallula

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 tinits;

individual flows in the Upper Yakima basalt have been traced for tens of

kilometers (NAS, 1978, p. 138). However,the upper fl,ows are complicated by

lenticular and discontinuous relationships (Energy Research and Development

Administration, 1975,' p. II-3-B-9) and tend to pinch out at the margins of

the basin and to the'northwest(Ledg~rwoodand Deju, .1976). The latter

IV...4

'.,



authors state. that "the structura.l and stratigraphic relationship of the

uppermost basalt flows beneath the Hanf cird Reservation is extremely complex."

Correlation of the Grande Ronde basalt flows by core analysis iss till

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

hydrologic point Of view, such hydraulic continuity may have far greater

importance 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 joints, vesicular zones, and tee tonically

..caused joints -- control groundwate.r movement in the basalt and are likely to
. . .

have considerable lateral variation (La Sala et al., 1973, p. 22; NAS, 1978,

p.138-140).
,

The interbeds themselves may act. more as barriers to groundwater move-

ment than as conduits (Newcomb et al. ,1972; NAS, 1978, p. 140). La Sala et

. al. (l973, p. 22-23) found the most permeable zones in the basalt sequence to

be not interbeds, but fr~ctured upper contacts of certain flows. Knowledge

of exactly which types of rock contribute to deep flaw could be improved in

some cases by better correlation of hydrologic and lithologic data in deep

holes (Piper, 1975, p. 35-37).

4. Existing data on the hydrologic properties of the deep basalts

a. Permeability

PriOr toFY 1978 the best current source of information on the permea

bility of the deep rock units was the 1971 report by La Sala and Dotyon Dc-l

(pages 42-48; page 62). From field tests conducted on intervals spanning

various lithologies, La Sa1a and Doty computed values on the order of 10-7

em/sec for the hydraulic conductivity of· "dense basalt". Laboratory tests on

core samples ()f basalt without open fractures gave· hydraulic conductivities

on the order of 10-9 em/sec; this was taken to rep~esent 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-l. Preliminary results indicate permeabilities on the order of. 10-8
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em/sec overall (RHO, 1977, p. 26) and 5 x 10-7 em/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

10-3 em/sec [50.8 gpd/ft2] for a fractured 10-foot-thick zone in DC-l at

a depth of about 3230 feet (page 45). In 1967 drill-stem tests of seven

frac ture and interflow zones in RSH-l were run by Cook Testing Company for

Battelle Northwest Laboratories; their results ranged from 2.9 x 10-8 to

1.8 x 10-5 em/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 holesDH-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 specimens

of core from DC-l and DDH-1 do not mention clayey sediment below the Vantage
I

(La Sa1a and Doty, 1971). In support of a difference in fracture perme-

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 reference

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 tabular 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

corda,nt with the dip than in the discordant or cross-bed direction. In an

area uncompl icated by s true tur a1 f eatures, wa ter 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 is 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

IIA-l of this report). Tanaka et al. (1974, page 24) attempted to derive a

vertical permeabil ity f or use in' a hydrologic model of the Columbia Basin

Irrigation Project 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, several 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 w~re 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 10-10 em/sec; 3.5 x 10-10 coo/sec to 1.3 x 10-8 coo/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 coo/sec.

b. Storativity

La Sala and Doty (1971, p •. 35) give values for the storage coefficient

for 4 segments of basalt in DC-I; the lowest value (1.4 x 10-6 ) ,obtained

for the basalt section freest from interbeds and breccia, was close to the

compressibility of water. A storage coefficient of 2.5 xl0 -3 for a basalt

aquifer in the Odessa area was calculated by Luzier and Burt (1973) by com

paring groundwater withdrawals with changes in piezometric contours over an

interval of one year (as described in Tanaka et al., 1976, p.lO).

c. Effective Porosity

La Sala and Doty (1971) give values for effective porosity of different

basalt types and interbeds (p. 62) which were estimated by Fenix and Scisson

from geophysical logs:. 1 percent for "dense" basalt; 5 percent for vesicular

basalt; and 10 percent f or 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 arrival-time

calculations are dependent on it. A low estima,te of porosity yields a high

estimate for contaminant travel time from a repository to a given point

(Piper, 1975; NAS, 1978). Based on their very preliminary calculations of

average permeabilities 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

basc;ll t, dense basal t, or interbeds •

. 5. Initial conditions; distribution of fluid potentials and fluxes

For the uppermost confined aquifers~ sufficient data ex!sts from

piezometers in the five DB holes and a few others to draw Ii tentativepiezo

metric surface (USERDA~ 1975; Ledgerwood and Deju, 1976). Piezometers were

installed below the Habton in DH-4, DH-5, DDH-3, and ARH-DC-l 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-l is fitted with

multiple piezometers which tap successive levels deep in the confined-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; arid piezometer no. 3, 3242-3177 feet) have remained within about 1.5

feet of each other since they were first measured in 1972. Head in the next

higher piezometer (no. 4, 2987 - 2913 fee,t) has fallen by about 25 feet since

1972 (ARHeO, 1976); it 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

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 IIBI of this report.

NAS points out that these heads are highet' than the unconfined ground

water level in that area and higher than low-water stage of the Columbia
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River (by about 10 feet and 55 feet respectively, in piezometers 1, 2, and

3). Hence that report concludes 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 piezometer 4, possibly being

in most direct contact with the river. The heads in ali 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 with depth (Raymond and Tillson,·. 1968; La Sala and Doty, 1971).

In RSH-l, six zones between 1929 feet and 5997 feet showed progressively

decreasing heads. However, the well was only shut in for two to three hours

before pressure measurements were taken (Raymond and Tillson, 1968); hence it

is likely. that these measurements were perturbed by the effects of drilling

(NAS, 1978). In DC-I, heads measured in the piezometers have been higher

than those measured during drilling (NAS, 1978; La Sala· and Doty, 1971) .La

Sala and Dotymeasured 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 th.at from 3800 to

4280 feet. These measurements from DC-l are compared with measurements from

DC-2 and the piezometer data in section lIBI of this report.

Some information is available on horizonta.l 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-I. Heads measured in these wells in 1951 are about 544 feet

and 570 feet higher than the highest piezometer heads in DC-l (NAS, 1978; La

Sala et a1., 1973). In DH-5. about 20 miles northwest of DC-I. 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 DC-l (NAS, 1978).

The occurrence of perennial springs in the 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 (1975) speculate that there might be perched water in the Rattle

snake Hills. In the Cold Creek Valley, tight folding dr faulting 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 velocities in the deep basalts is scanty.

Age dates of deep groundwater may be used as a constraint on estimates of

velocity. La Sala, Doty, and Pearson obtained six carbon-14 ages for basalt

groundwa terson and near the Reservation southwest of the Columbia which they

considered representative. A spring in Dry Creek Valley was taken to repre

sen t present-day recharge in the Dry Creek and Cold Creek Valleys; ages were

adjusted to give this spring an age of zero years. Water from 540-640 feet

in DC-l was dated as at leas.t 12,000 years old (La Sala et al., 1973, p. 38). '<.

Hydrogen and oxygen isotope data· froril this well indicated 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 communication between the deep system and· the shallow unconfined

system within the Pasco Basin, bet:weenthe deep system and the ColUmbia and

Yakima Rivers, and between. the deep system and the groundwater basins outside

the Pasco Basin. It was also necessary to investigate communication across

the lower boundary of the deep system itself.

Regarding the first of these questions, quantifying vertical exchange

of groundwa ter across conf ining basal t units will be necessary for an accur

ate description ot: the upper boundary of the deep system. Modelers of basai t

hydrology in the bdessa-Lind area to the north of the Pasco Basin (Luzier and

Skrivan, 1975), the Walla Walla River basin to the east (MacNish 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 posed 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 to assume that some vertical movement

of groundwater occurred through confining basalt layers a t 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

nortl:1and east of the Pasco Basin for vertical flow into a "lower aquifer" (a

simplified representation of all the water-hearing levels in the Yakima

Basalt, including 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 (Tanakaet aI, 1974).

It is reasonable to assume that there is .some quantifiable vertical

movement of water through deep basal t units in the Pasco Basin. Piper

(1975, p.39) states that "the difference in hydraulic potential between the

highly permeable unconsolidated deposits above and the less permeable flood

basal t 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 water rather than

hydraulic discontinuity."

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 likely that the shallower confined aquifers are interconnected in

the hinge zones of anticlines.

The relations existing between the deep basalts and the Columbia and

Yakima Rivers can only be guessed at based on the 1 imited 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 piezometer nUlllber

4 in ARH-DC"",l (2987-2913 feet) may represent a potential pathway to the lower

paten tial a t 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 be discerned.

Lysimeter experiments in the vicinity of the 200 areas .indicate that no

appreciable natural recharge to the unconfined zo~e is occurring 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 Ra ttlesnake 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), !rldicating that the river may be a maj or discharge area.

For deep groundwater, La Sa1a et a1. (1973,p. 4) speculated tha~ uplands

on and near the Reservation, including Cold Creek and Dry Creek Valleys and

the Saddle l'1ountains, are recharge areas, that the Horse Heaven Hills are a

groundwa ter divide, and that discharge is to the Columbia River. However,

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 s.tate

(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 (ARl;lCO, p. 68).

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 to 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 and large the layers are characterized by fractures of widely variable

pattern (horizontal, columnar,· entablature) 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 s~nificantuncertainties.
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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 a:rbitrary initial conditions. Depending' on the scale of

interest within the flow region the simulator must have the capability to

model fractured or fractured-porous media.

Avery desirable attribute, which may be difficul t to incorporate in a

model, is the quantitative consideration of uncertainty. In the ideal case,

the model would have the ability to accept uncertainty parameters as input

da ta and associate corresponding confidence limits to the output resul ts. If

this ideal" cannot be attained, then, the available models will have, to be used

to study the system's sensitivity to various parameters of interest. Such

sensitivity analysis will, hopefully, lead to a proper appreciation of uncer~

tainty.

The equations governing ttansientgroundwater flow will now briefly, be

discussed with special reference to the Pasco Basin hydrology task. Also the

different models available at LBL for simulating groundwater systems will be

be presented.

2. Theory of Transient Groundwater Flow

Consider a volume element of arbitaryshape and size in a dynamic ground

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 consequeritchanges in, the quantity

of fluid, Mw' stored in the element.

For this eiement, one could write the mass conservation equation in an

integral form as,

(:1)
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where Pw is water density [M/L3]

Gv is the volumetric generation rate (source or sink) from the volume

elemen t [L 3 IT]

~

q is Darcy vel oc ity [LIT]

n is unit outer normal to the surface segment, r, and DIDt is the total

or material derivative, chosen with the assumption that the volume element has

a constant volume ,of solid material.

If we now introduce Darcy's law in the form

-~_ ..

, where k is the ab s olu te perm~abi1 i ty [L 2]

g is the grav ita tiorial constant [L/T 2
]

Il is the dynamic coefficient of viscos ity [MILT]

z is the elevation above datum [L] and

Iji is the pressure head [L] ,

then (1) becomes

(2)

(3)

Since, on the right hand side of (1) and (3) it is of primary interest to

have fluid pressure head, Iji, as the dependent variable rather than Mw' we

introduce the quantity, Mc ' by the relation,

IMw-'-Dt

DIji

Dt
(4)

The quantity Mc ' which has the dimension of [MIL] has been termed the 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 mayor may not be fully saturated, Mc can be

written as (Narasimhan. and Witherspoon, 1977)
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M = v p [esp S g +Sy a dS ]
c s w w w v + e d\)J (5)

3
where Vs is the volume of solids in the element [L ]

-" e is the void ratio

S is the saturation

J 13 is the compressibility of water [LT
2

/M]

Y
2 2

W is the unit weight of water [M/L T ]
2

av is the coefficient of compressibility of the porous medium [LT /M].

de
av = --.~

do
in which cr~ is the effective skeletal stress.

In writing (5) a simplifying assumption has been made that the' porous medium

deformation is basically one dimensional. Also, it is assumed change in

pressure head is fully converted to change in effective skel~tal stresses (see

Narasimhan and Witherspoon, 1977 for details).

If we confine our attention to saturated flow,. which· is niost likely to be

characteristic of the deep basaltic systeIl). in the Pasco Basin, thenMc in (5)

can be simplified to

= V P [ep I3g +s w. w-,
Expansion

of water

In the light of (4), (3) becomes

Ywav ]---Deformation of
porous medium

(6 )

/

kP gP P w
wGv + w~

r
v (z + 1jJ) • n d r

DljJ

= M~Dt (7)

The symbol r in (1), (3), and (7) represents the closed surface bounding

the volume element. If portions of r coincide with the external surface of .

the flow region, then the integrand in respect 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 element that may consist of

porous material or a fracture or a fictitious porous material representing a
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a fractured porous medium according 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,

b 2

k =
12

(8) .-'"

where b is. the aperture of the fracture. As for the deformation term occur

ring in Mc [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 interest is the

nature of the deformation of of th.e fracture itself,rather than fluid flow,
one may have to consider a detailed stress analysis of the fracture, which is

beyond the scope of (7).

4. The Differential Eguation

As will be seen later, from a numerical modeling point of view, (7) is

ideally suited asa general governing equation. Indeed, one can proceed dir

ectly hom (7) to construct a variety of mathematical models (Narasimhan, 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.~sume that the

average bulk volume of the element during a small interval of time is repre-

sented by V. Then, multiplying and dividing both sides of (7) by V, we get,

PwGv 1 f kPwg
Mc D$

+- Pw -jl- V (z + $). n· dr = - (9) .
V

Dt
V r V

If we now consider that V+ 0 in the limit and define neW quantities,

gv = Gv/V, Mciv = mc '
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then

in which, by def iuition,

= (10)

div * = Lim
V+O

1. fA
V ,

r

-::..
• n dr (11 )

The term mc may be termed "specific fluid mass capacity." In groundwater

literature, density variations of water are usually neglected and the conser-

vation equation is written in.term.s of volume, rather than mass. In this

(13)

connection, the term Ss' specific storage, is often used instead of m
c

•

In view of (6) it is easy to see that

M V

[ePwag + ywavJ
S c s= =s

V p V
w

(12)
Pwg

[e S +avl
1 + e

However, sincen = __e_ and __1--:.. = (1 _ n)
1 + e 1 + e'

we can finally write"

8s '= Pwg [ns +,(1 - n)av ]

If We ,now divide (10) through byPw' and recognize that Dz/Dt = 0, 'then

(10) simplifies to the well known partial differential- equation, of 'transient

groundwater flow,

gv + div [K v$l

where K = kPwg/ll and <p = (z + ~.

( 14)

5. Numer ical Impl ementa tion

The task of numerical simulation basically consists in dividing the flow

region of interest into appropriate volume elements and to apply to each of

these volume elements, the general integral equation (7), duly taking into

account the boundary conditions and the initial conditions 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 thr~e

broad groups.

The oldest and the most widely kn.own 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 as the ratio of difference in head between the nodes on

either side of the interface and the distance between them.

In the finite element approach, which has come into considerable promin

ence over the past decade, the volume elements are defined implicitly bya

scheme of weighted volume integration (Narasimhan and Hitherspc>on, 1976;

Narasimhan, 1978) ,while potential gradients are evaluated by first writing

an expression for the variation of potential in the general multidimensional

space and then evaluating 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 approximations, it is constrained by the need

for regularly shaped volume elements. This constraint· is often inconvenient

when one has to handle arbitrarily heterogeneous systems withcomp1exgeom

etry.lt can easily be overcome, however, by directly considering an.

integral governing equation such as (7) or its equivalent instead of the

differential equation. An advantage of the finite element 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 ~nab1es one

to handle those cases in which k may be an arbitrarily or.iented tensor.

There is yet another integral method called the Integrated Finite

Diff erence Method (IFLM) (Narasimhan and Hitherspoon, 1976), in which the

volume elements are explicitly defined and to wh.ich (7) is directly applied.

For gradient computations, . this method· uses the simple finite difference

approach. This simple but powerful method can handle complex geometry 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 IFm. However, extension of the finite

element method to three dimensions may be somewhat cumbersome. On the other

hand, the IFIM is very convenient for three-d·imensional 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

IFDM. When regularly shaped volume elements are chosen in the IFDM, the res

ulting numerical equations 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.Sincethef ini te difference

approath Can always be applied as a special case of the IFDM, there are only

two general approaches to choose from, the finite element, and the integrated

finite difference approaches. However,· the question of choice is in ac tual

ity inappropriate. . Since each of the methods has special advantages, the

perferred 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 atLBL·

A suite of mutually related mathematical models are currently available

at the Lawrence Berkely Laboratory to simulate .heat and mass transfer in

groundwater systems. Oft:;hese, 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 modeling 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 (lFlM), while the remaining employs

the Finite Eleni.entMethod .(Fm) .We will now briefly discuss some ·ofthe

esssential features of these approaches and how they are incorporated into the

computational algorithms.

7. The IFOH and the FEM Concepts

The theme of the integral numerical approach is to divide the flow region

into appropriately small subdomains and apply the mass cbnservation 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 and b) quantita

tively evaluate the gradient in fluid potential at the interface between

•neighboring elements.
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In the IFI11, each volume .element is directly described by stating its

volume and the area of the surfaces bounding it and by identifying each

pair of communicating 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 ::egion and the. volume element. associated· with

each nodal point is then indirectly defined as a fraction of a larger sub-

.region formed by lines joining neighboring nodal points, through a process of

weighted integration (Narasimhan aridWitherspobn, 1976; Narasimhan~ 1978). In

In order to measure gradients of potential, the FEM takes a generalized appro

ach which is far more powerful than the finite difference concept. In this

generalized approach, the variation of potential is first defined over a

"finite" elemerit which maybe one-, two-, or three-dimensiorial. The gradient

of potential <;lt any point <;lnd 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 brieflyd·escribethe FEM. For the

sake of comparison with the IFDM arid for the sake of clarity, we will derive

the FEM equations frOlllthe. IFIM governing equation (7).

First, apply the divergence theorem to the surface integral· in (7) and

express that ectuation in an equivalent volume-integral form

"KV<P dv == VS s
D<P

Dt

(15 )

Now, distribute a convenien~ly large number of nodal points over the

flow region of interest and partition the region into f;ubregions by joining

adjacent nodal points through lines. For purposes of iLlustration, let us·

consider a flow region which is divided into a number of triangular subregions

as shown in Figure IV-I. 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 IV-l.. ·A representative nodal point 9.. and its neighbors in
a flow region divided into a number of triangular
finite elements. Stippled area is the subregion
associated with nodal point 9...
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Within each of these triangles the potential varies at any given

time according to the relation

$e (x,y) = I;,&(x,y) $&(t) + t2 (x,y) $2(t} + ts(x,y) $3(t)

instant in

(16)

~.

in which $e (x,y) denotes the potential at any point with:Ln the element e,

ti (x, y) is a weighting funct:Lon for point i, and h(t) is the potential at -'".

(17 )
7

(.
L .1 V

e

e=1 3
=

e, D$&

SS/Dt

7 1
function for node 1 and VI = E Ve . , where

. e=1 . 3'

G +v, R,

Ve

where w1(x,y) is the weighting

Ve is the volume of element e.

We now have to choose an' appropriate weighting function. Since WI

associates a portion of the divergence (or the rate of accumulation of fluid

wi th in an elemental volume e1 ernen:t dV) wi.tll, nodal poin t &,it can be seen tha t

WI = 1 at the location of nodal point &. w& == 0 at p.oints10cated on the side

opposite point & in each of the seven elements. Also, it is reasonable to

point i at the instant t. The function ti is such that at any point within

e, 1;,& + 1;,2 + 1;,3 == 1. In (16) the repetition of i implies summation over

i == t, 2, and 3. Also, the subscripts 2 and 3 denote the other two nodal

points besides & of element e.

Now, if we wish to apply the mass conservation equation in (15) to the

volume element associatedw;i.th R.. in' figure IV;,.,1 , the region of integration V

should represent the stippled region in the figure. However, it is easy to

. see that the stippled region actual.ly forms a fractional part of the larger

region made up of the seven triangles and shown by the heavy line surrounding

nodal point &. If we wish to apply (15) to the subregion associated with &,

we could evaluate the volume integral 9Y a process of weighted integration

within each el,ement & and summing up the re$ults for all the seven elements

associated with &. Thus, in the. light of (16), .equation 15 as applied to

Figure IV-1 can be written as,

7

1: f'w&e=1

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 1;,& in
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7
- (,~

e=1

(16) exactly satisfies this' requirement forw 9.:

wQ,=~Q,in (17) and write

7

"G' + LJ
v,R., e=1

Hence we can conveniently let

( 18)

-'f Equation (18) is indistinguishable from the Galerkin finite element equations

(Neuman, 1975) that are conventionally derived .from the differential. equa tion.

In order to actually implement (18), Green's first identity of the form

J~'i/b.ndr
'f

-Iva. 'ilbdV

V

(19)

is first applied to the volume integral in (18) to obtain

G ' 1<, -v,
7

L:
e=1

7

L
e=1

I r. Q,k 'V FA .:.a.dr

re
(

7 ' ,I
= )' -

i....J 3
e=1 )

DepR.

vese, -'s Dt
(20)

In (20) the surface integral embodies all the boundary conditions that are

known by definition. A major portion of the effort in FEMtherefore centers

around evaluating the volume integral in (20). Compare this with the surface

in tegral to be evalua ted in (7) f or the IFDM.

From a practical viewpoint the IFIl1 is intrinsically multidimensional and

the problem is defined locally around each nodai point. A global coordinate

sys tem is not a prerequisite for setting up the problem. To this extent the

IFDM emphasizes the invariant physics of the problem., However, the IFIl1 does

demand an explicit definition of the size, shape and bounding surfaces, of each

volume element, which may require additional effort. Nevertheless, the addi

tional effort can be very profitable since the computation of volumes and

surface areas can be calculated as accurately as needed; outside the main

stream of the flow calculation, andean be provided as input data to the,

latter.

8. Discretized Equations

Apart from the previously described conceptual peculiarities, there are

other aspects of numerical modeling which ate common tq 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 simul taneous equations.

Both the IFIM and the FEM (Narasimhan et al., 1978; Neuman and Narasimhan,

1976) lead toa set, of discretized equations of the form,

-".

..(21 )+L:
b

D
~,m

G .
v,~

9." m= 1,2,3, •.• N, where N is the total number of vQlume elements in the flow

region. In (21) U denotes the fluid conductancebetween the volume element 9., .and£,m "..
'internal elements m; U9., ,b denotes, the fluid eondue tance ,between volume ele-

ment Q, and the boundary element b. The "condue tanee" between two volume

elements 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.

If we define Ut,m = 0 and U,q"b =0 for all elements m and b not eon-

nee ted to Q" then (2n can be conveniently written as a.matrix of equations,

D
~,m

= -G
v, 9.

+ V S
~ s~ (22)

Or, if we define

and

DQ,f/., = ... (E DR-,m + t: D~'b)'
Q,;fm b

D
Om

;: (. -av , t + VtSr;t). 0
N ' 6t Q,m

(23)

(24)

'where

1

1,

0,

then, (22) can be summarized as

[D) ~4>} = [D) {6<t>} (25)

9. Advancing in the Time Domain; Explicit and Implicit: Equations.

Consider (21), which is fundamental to both the IFDM and the FEM. The

quantity of interest that needs to be computed using this equation is 6ct>Q,. Of
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UR.,m' VR. and SsR. are

boundary conditions.

the other quantities in the equation, Gv , R. is the a priori known source term;

known from material properties and UR.,b is known from the

The quantities 4lm and 4ll are only partly known in that
o 0 ..

only their initalvalues 4lm and 4l1 areknown a priori. In order that fl4l may

be evaluated using (21), we have ~o use $m and "i'R. which are· appropriate mean

values of4lm and 4lR. over the time interval fit. Thus, we define

(26a)

(26b)

Substituting (26a), (26b) into (21) and rearranging

If A is set to zero, then (27) reduces to

(27)

6<Pn . 1"·0 0
.IV, exp l.Cl.t

(28)

Note in (28) that all the quantities on the left hand side are a priori known

and hence flh i's explicitly computed in a simple fashion. Hence (28) i~ an

explicit (also called forward differencing) equation.

As pointed out by Narasimhan and Witherspoon. (1976), (28) will become

unstable and yield physically unrealistic estimates of fl4lR, if fit exceeds a

critical value with reference to the volume element. This critical value fltR.

is called the stable time step or time constant of volume element R..

be shown that
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If one desires to l).se an arbitrarily large At and still obtain realistic

solutions, then, ).>0.5. Customarily, )':;:l 0.5 is called the "central differen

cing" scheme while ).:;:1 1 is called the backward differencing scheme.

Note from (27,) that when ).>0, lI<PR"occurs on both sides of the equation

and hence (2b) is an implicit equation. The set of implicit equations c,on

s titu te a set of simultaneous equations which has to be appropriately solved

f or the 1I!p '8.R,

10. Mixed Explicit-Implicit Scheme

Since, from (29), AtR, is a local criterion involving £ and its immediate

neighbors it follows (Edwards, 1968) that one could compute lIh explicitly for

all those volume . elementE! ,for which AtR, > lit and implici.tly for all those

volume elements for which At < lit. This is the mixed explicit~implicit
. R,-

approach which is followed in the IFDM as well as the FEM computer programs

at LBL used for hydrological modeling.

Moreover, it can be shown (Narasimhan et al., 1978)' that for maximum

accuracy). should be close to 0.5 when the tiIne derivative of !Pi is varying

more or less uniformly with timeand). should be close to 1 when the system is

approaching steady state and large lit's are being used. Hence, in the LBL

models ). is computed internally within the program for each time step such

that 0.57 ~). ~ 1.0. The value of 0.57 is used as the lower limit to damp . out

stable oscillations that Dlay sometimes arise when). :;:I 0.5.

11. 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; methods involving

matrix inversion;. and' methods involving successive elimination of unknowns.
\

In the field of groundwater hydrology the most widely used direct technique

is perhaps the method i.nvolving the successive elimination of variables, 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 storage requirements become

large. This is particularly inconvenient in large two-or-three-dimensional

problems.

While improved' matrix-solving programs are being d,eveloped by different

workers to overcome this difficulty, an alternate way to avoid the major
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disadvantage· of the direct approach is to·solve the equations by indirect

techniques.

The LBL models, bbth IFDM and the FEM, employ an indirect, accelerated

iterative scheme s~ggge$ted by Evans et al. (1954). Briefly, the accelerated

iterative scheme consists of making the following substitutions in (27):

"" MR.' ;Lef t hand side (l + s) l1cjlR,k + 1
·k (30a)-+ - Sl1h

l1cjlR.' left hand side - l1cjl~ (30b)

l1$R" right hand side -+ l14>R.k + 1 (30 c)

where k, k + 1 denote iteration. number and s is the acceleration factor, empir

ically found to be op timal when s == 0.2.

eq~ation 27 can be written as

= M k+1 (31)
R.

l1cjl k+1
.. R.

[ (l

[
.}:. u (. l14>k -
R.: . R.,m m

_L: u
b R.,b

In the light of (28) and (30) ,

Al1t

. t.I</>~, explicit + V R.Ss R.

Collecting similar terms and rearranging we can finally write an expression

(32)

theat

u + L U\\R.,mb R.,bj

L:
b

sl1cjl k( L:
R. . m

R.=A:n

U +R., m

. >'l1 t
l1cjl

R.,explicit

of l1cjlR. at the (k+l) iteration in terms 6f the values of l1cjlR. and

the k th iteration as

To start the iteration process, that is; K = 0, one has to use judiciously

o 0
estimated values for l1cjlm and l1cjlR. and continue the iteration process using (32)

until the maximum change in l1cjlR. between two successive iterations

1.

l1cjlk + 1 _ l1cjlk .. 1·
R. R. ma:x

. . .
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is less than any desired. error tolerance. For fu11er details of the iteration

scheme see Narasimhan et ale (1978).

12. Description of LBL Computer Programs

For simulating isotherml;\l 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 flow regions of complex geometry, arbi

trary heterogeneity, arbitrary initial conditions and· time- or potentia1

dependent boundary conditions and sources. The TRUST and TERZAGI codes can

both handle one-, two- or three-dimensional 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 l:fmited fashion by orien

ting the volume elements in conformity· with the principal axes of anisotropy,

FLUMP can handle arbitrarily oriented 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 parameters due to expansion of water, deformation of

the'soi1 skeleton and desaturation of pores. TERZAGI is 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 flow in fractured

porous media or fractured media. The validation of the TRUST and TERZAGI

models are presented in Narasimhan .and Witherspoon (1976; 1978). All three

programs can easily handle effects of we11bore storage, damage to the forma

tion permeability around .a well or cavity, effect of fractures w:ith 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 and infinite conductivity· fractures has

aLready been tested by comparison with known analytical and semi-analytical

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 .1n Table IV-i.

13. Improvement Needs forLBL Models

The numerical modeling capabilities cu;rrently available at LBLare

quite significant and it is fair to say that the computing ability exceeds·
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TABLE IV-l

SUMMARY OF LBL HYDROLOGY,MODELS

.~.

- 'j>

Program
Name

TRUST

TERZAGI

FLUMP

Dimensionali ty

one-" two-, or three

d imens iona1

one-, ewo-, or three

dimensional

one- or two- dimen...

siona1; axi-symmettic

Concept

IF~

1Fm!

FIM

IV-29

Summary of Capabilities

~aturated-unsaturated flow

in deformable systems;

porous or fractured-porous

media; complex geometry;

arbitraryheterogene{ty;

limited anisotropy; t tme

dependent boundary cond it

ions or sources ; one-<l imen

siona1 deformation.

Same as TRUST, bu tl 1m Hed

to purely sa tura ted flow.

Same as TRUST~ b~t no
,deformation. Arbitrary

anisotropy.



our ability to collect field data to adequately quantify the field phenomena.

If suitable data were forthcoming from the field, the available models can

indeed predict the sye tem r espons eunder var i,ous scenarios of boundary

conditions, sources, and initial conditions.

A limitation of the currentLBL models is that they all are intrinsi

cally deterministic. As has already been pointed out at the beginning

of this chapter, the flow system parameters can not .be known with certainty.

Confidence 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. ,With this view in mind, a literature search has been made to

understand the current state of knowledge in regard to incorporating uncer

tainty into numerical model,s.

The importance of. uncertainty in hydrological. models hae been con

sidered by Freeze (975); Tang and Pinder (1977); Cooley (1977); Ge1har

(1974); McMillan (1966), Neuman et a1. (1976); and Warren (1961). These

workers .consider the parameters such as permeability and storativity o.ccur

ring in the governing equations asstochast;!.c or random variables with some

mean value and with certain variance and distribution about the mean. How

these statistical quantities can influence the final result can be quanti

tatively investigated either by generating a large number of solutions using

Monte Carlo type simulations (Freeze, 1975) or could be studied by solving a

"stochast:Lc" differential equation (Tang and Pinder, 1977). Examination of

available literature indicates that the subject of quantification of uncer

tainty in numerical models is still in its infancy and needs further intense

study. From the point of view 'of the Hanford project, it should be very

profitable to devote effort towards incorporating stochastic parameters into

the LBL models.

D. NUMERICAL ANALYSIS OF WELLBORE STORAGE EFFECTS

Numerical modeling techniques Were used 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 (DC...l/DC-2, 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 expected

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 removal of water from the well.

Until this eff ect is overcome the log-log drawdowu vs. time curve as measured

in the pumping well has a unit $lope and a measurement of permeability cannot

be made. The lower the permeabil:lty,the longer it will take to overcome

wellbore storage effects.

Currently available techniques for the analysis of response in an

observation well do not include the effect~ of wellbore stor~ge in the

pumpingwell. Numerical analysis was used to address these two problems:

(1) how long would it take to get a r~sponse in an observation well, and (2)

what is 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 oppor tun ity to measure the vertical permeab il i ty of a lower
, ,

permeability layer overlying or underlying the higher permeability layer

being sampled by measuring drawdowu' 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 is 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

· '~ storage. 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 radius from the well decreases and

dimensionless storage parameter a, increases. The teal 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;"Z

PARAHETERS USED TO ANALYZE OBSERVATION WELL
RESPONSE WITH WELLBORE STORAGE

Wellbore
Permeab i1:L ty Pumping Storage

Pumping of the Well Specific Coef f ic ien t Aquifer
Rate, Q Aquifer, K Radius Storage a ::; Ssh Thickness

Run (m3/day) (m/day) rw(m) Ss (m...1) (d imens ionles$) h(m) ...-,..
. ,44

1 1.0 8.427 ox 10-4 .09 .25 ox 10-1 10-1 4.0

2 1.0 8.427 'X 10-4 .09 .25 ox 10-2 10-2 4.0 -"'.

3 1.0 8.427 i ~0...4 .09 .25 ox 10-3 10-3 thO

4 1.0 8.427 x 10-4 .09 .25 x 10-4 10-4 4.0

5 1.0 8.427 ox 10...4 .09 .25 x 10...5 10.-5 4.0
.".
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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-3 through IV-7 can be used to show that a

drawdown response of 10 cm in an observation w~ll 9 m· away will be observed

in less than a day for a = 10-5 and in about 2400 days for a= 10-1 for the

pumping rate, permeability and. geometry shown. However, for a= 10-5 the draw

down data in the observa tion well will not be on the Theis curVe until t ~ .. 120

days. For a = 10-1 all the drawdown data for this obse~ation well will

essentially lie on the. Theis curve. For lower permeabilities longer testing

times than these could be needed.

(2) Leaky aquifer/wellbore storage solution.

Fifteen different cases were analyzed for times up to 100 days,; Three

different well radii were used each w.ith five different values of a. Para

meters used in th~ model are given in Table IV-3.

Figure IV-8 shows drawdownin theaquitard as r =0.9 meters, z = 0.5

meters and t = 100 days as a function of pumping well radius and a. Response

in the aquitard decreased.with higher values of well radius and increase in

a. The solution of a = 10-3 was chose~ for comparison to the analytic solu

tion developed by Neuman and Witherspoon (1972) (Figure IV-9). The solutions

for a = 10-4 and a = 10-5 were not comparable because the top of the aquitard

experienced a pressure decline within. the time framework of the problem.

Neuman's solution assumes an infinite aquitard and is. therefore a different

case. The solutions for a= 10-1 and a = 10-2 were not as good as the solu

tion for a = 10-3 because draw-downs were very small in the aquitard and

finer mesh resolutions would be required for accurate comparison with

Neuman's solution.

The ratio of drawdown in the aquitard (s') to drawdoWn in the aquifer (s)

is plotted against wellbore radius, r w' in Figure IV-IO. Drawdown, s', is

computed for a point in an aquitard 9 meters from the pumping weIland 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 aquitardfor 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 observ~tion

well that is actually tested.
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Introduction

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 significantmechantsm for release of radionuclide contam

inants from a repository to the biosphere. With this in mind, a hydro1-

ogyprogram must first be aimed at determining flow paths and velocities on a

regional basis. The data required to evaluate regional hydrology comes

mainly from well tests and geologic 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

dure. for selecting field test~ t6 satisfy data needs are indicated in

Section 2, and detailed discussion of the. various type~ of field tests are

presented in Section 3. Finally , a discussion of the need for long-term

well monitoring is presented in Section 4. The monitoring program and each

type of tes t is discussed in terms of equipmen t availability and con

straints, test procedures, time requirements, and accuracy.

. .



-/..

1. Data Requirements 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 broad monocline on the east. The

bedrock of the region is the Columbia River Basalt Group~ This gro~p

consists of series of individual basalt flows separated in some cases by

interbedded sedimentary units. These basalt flows and sedimentary units are

not necessariiy 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 faul ts have surface

expression. Clearly the Pasco Basin has highly complex, heterogeneous

geology.

·As a consequence of the complexity of the geological framework, the

groundwater regime of this basin should also be quite complicated. De

tailed work on the shallow grouhdwa ter system in the Pasco Basin area has

revealed the existence of vertically sep,g.rated 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 nec:essary 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 throughb6th fractures present in a more or less

impermeable basalt and interbeds 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 medium .. For example, for a
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detailed simulation of flow in the vicinity of the repository one could model

flow in discrete fractures, while from the point of view of reg ional ground

water flow one could use the equivalent porous medium model to great advan-

tage.

In addition, the model must have the ability to handle complex floW

region geometry ;l.n two or three dimensions ,anisotropyand heterogeneity of

material properties, and the time-dependent variatlonof 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 (I) ,which can be defined as the change in head per

unit of horizontal distance in a given direction. The .conductance of such

flow is called the relative permeability (K) of the medium., and is related

to the discharge (Q) by t.he familiarJ)arcy equation:

\ .

where

Q = K I A ( 1)

Q = volumetric flow rate (L3/T)

K = relative permeability (LIT)

I = hydraulic gradient (L/L)

A = cross section area (L2)

Dividing both sides of the foregoing equation by the area A, an expres

sion for apparent flow velocity V is obtained:

Q = V = K I
X

(2)

where V= apparent flow velocity (LIT). Each of the above terms has direc

tional properties. Both velocity a~d gradient 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 tenlilor:.

(3)



where the· subscripts x, y and z indicate the orthogonal field coordinates.

The x-component of velocity is written

(4)

";

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:

(5)

A complete discussion of the permeability tensor and derivation of the perme

ability ellipsoid for fractured media is described by Wilson and Witherspoon

(1970) •

c. Parametric Reguirements--A Guide to Field Testing

The input data required for the mathematical model fall into four broad

categories:

o Geometry

o Initial conditions

o Material Properties

o Boundary Conditions

Limits of the system; nature of layering
structure

Regional gr oundwa ter flow pa t tern; flu id
potential distributions; flow velocities

Permeability; storativity; porosity

Relationship to adjacent basins or the shallow
groundwa ter sys tern; r ole of Columb ia River

The geometry of the Pasco Basin will be defined through a process of

synthesizing all available geophysical, geological, and other knowledge,

from both surface and subsurface data. Wells will be needed to investigate

structural effects in the Pasco Basin. The edges of the Basin, especially at

Sentinel Gap and to the east· and northeast,are areas where basalt flows

found deep under the center of the basin come. close to the surface. The same

is true for the tops of the ridges, particularly the Ra ttlesnake Hills.

Plunging synclines such as Cold Creek arid Dry Creek Valleys could be conduits

for water into the Basin. Water may be impounded behind faults such as the

Saddle Mountains 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 \>till be designed to measure both horizontal and ver

tical permeability. Compressibility and porosity are combined in the storage

coefficient which can bemeasuied as a rough average in. a pumping test. It

may be. possible to obtain porosity from tracer tests. The model requires the

assignment of material properties throl1~hout the flow region. Again, accu

. racy will depend on well density.

In the analysis ofa 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 bf 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

throughgoing discontinuities, which may be modeled as. discrete frac tures, 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 fat 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 ,'lS large as the represen

tative elementary volume. Bear (1972) has defined the size of a represen

tative elementary volume (REV) (Figure A-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· .eHect on the value of the parameter

measured. This is the domain of microscopic or single fracture effects.

The volume is representative 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 theory the size of the test can always be increased; f or 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 the unit being tested. Also, in order to

perturb a large volume of rock, the test may take a long period of time.

Furthermore, methods for obtaining vertical permeability with large-scale

tests are limited to two-hole tests and inclined-borehole tests. Theavaila

bility of twin holes and inclined boreholes will be limited and it may take

very long periods of time to do two-hole tests. Finally, the interpretation

of both tests will be in doub t if there are 11 large number of thoroughgoing

fractures neither perpendicular nor parallel to the hole.

Because of the above difficulties, it will be necessary to also use a

second approach. In this method, small-scale tes ts on individual or small

gr oups of frac tures are run· in order to measure aper tures and or ienta tions •

The distribution of aperture and orientation is then used to build a statis

tical picture of the permeability tensor.

Storativity can also be measured in large or small scale tests. The

large scale measurements are accomplished by performing a pumping or inj ec

tion test with an observation well. Without an observation well it may only

be possible to estimate storativity. Small scale tests measure stress

conductivity relationships in individual fractures. These individual mea:"

surements plus a measurement or estimate of the total distribution and volume

of the fractures can be used to estimate storativity.

Effective porosity is measured in order to calculate particle velocity.

As mentioned above, the velocity calculated by equation (2) is an apparent

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 (rather than the gross area of pores and grains). In a random

and relatively uniform porous medium, the average true velocity is essen

tially equal to the apparent velocity div1.ded by effective porosity, defined

as the ratio of interconnected pore volume to gross volume. Effective poros

ity values Can be obtained from tracer tests.

This simplified relationship breaks down, however, in a fractured

medium 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 10]1 aperture. and one fracture of 100]1.. 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 is a function of fracture aperture squared.

Therefore, .dividing the total tlux per unit area by the total porosity

would give a meaningless value for ~elocity. It thus becomes very important

when identifying true flow rates in a fractured medium to consider frac ture

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. To determine these conditions, data are needed

from wells both across and along the boundaries. A boundary may be either

aribitrary or .natural, but it is essential that precise conditions along the

boundary be determined. The placement of wells necessary for this purpose is

discussed in Section II CI of the main report. Long term monitoring of

pressure and chemistry in some some of these wells will be necessary for

understanding the time dependence of the boundary conditions.

d. Independent Verification 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 by the model. The third is to use dating

and geochemical analyses to obtain historical values of regional velocity and

direction and again check against the values predicted in the model. Adjust

ments can then· be made in the modei(s) to minimize the difference between

predicted and measured values.

2. SELECTION OF FIELD TESTS

a. Data Requirements - Test Matrix

Data required for geohydrologic characterization of the Pasco Basin are

related to a suite of geohydrological, geochemical· and·· geophysical field

tests in Table A-I. An effort has been made to limit matrix entries to

direct relationships between required data and test~ 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

indica ted and Elre f ootiloted~ .The purpose of this matrix is to serve as a
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reference guide to data requirements and tests and is not intended to be

exhaus t ive of all poss ible da ta-tes t relationships. Discuss ions of each of

the seven types of tests shown in Table A-I 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 whi.ch apply to most types of

geohydrological, geochemical, and geophys ical tes ts follows~,.

b. General Considerations in Test Selection.

A number of physical and ~conomic 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 types of field tests. The process of

test selection involves achieving a balance which best satisfies the re

quirements of accurate data· acquisition while at the same time sa tisfying

the physical constraints of the environment 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, for example, may not be at all acceptable from

both physical and economic standpoints in deep 3-inch NX boreholes. 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 borehole

diameter,depth, sidewall roughness, water chemistry and water temperature.

Certain types of tests may be precluded because the .holemay be toO small or

too deep, the t~peratures may be too high, or the chemical environment too

caustic. Pumping drawdown tests, for example, may be precluded for highly

permeable zones in small, deep boreholes because of a lack of high capacity

pumping equipment. In such ertvironmel,'l.ts, formation permeability 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 drilling fluids .and cuttings into the rock mass.
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TABLE A-I
DATA REQUIREMENTS - TEST MATRIX

Borehole Tests

'( , .
"

.:.. >
I

w

Re'luir-ed Data

Hydraulic Gradient

Perrncab il it~ &
S tora tivity

Porvs ity & Dens ity

State of Stress &
Elasticity

Geochemical Evolution

Flow Direction and
Velocity

Ag·c of Groundwa ter

System Geometry

I.:a t",r Che,,, is try &

Te:apera ture

Fracture Descriptions

Geophysical
Logging

x

13x

10
x

x

x

x

x

Pressure

x

3x

9x

Permeab ility

x

8
x

9
x

Tracer

12
x

x

x

x

Ge oche:n ical

12
x

x

7
x

x

x

x

Fr·acture
Studies I

5
x

13
x

10
x

x

it

x

Hydraulic
. Fracturing

6x·

11
x

Mon itoring4

x

x

x

x

x

Ilncludes ailaiysis of core.

2
Directional permeabil·ity of porous media and
ind iv idual fr·ac tures obtained by selected
per:n"ab il ity tes ts us ing resul ts ·of borehole

31()<:&lng geophysics. and hydra~lic ~racturing.

Pressure d,ltaprov~de flow dl.rectl.on only. .

4 .
InCludes long term pressure testing, geochemical
sampling, and tracer testing.

5 .
Provides data on fracture apertures, orientation
and frequency used in. establishing permeability tensor.

6 . .
Provides data for application of independently
determined stress-aperture relationship for fractures.

7 . .
May provide informat.ion on source of groundwater based on .
age·or characteristic constituents.

8provides flow directiori ·velocity data when gradients are known.

9 ... . .
Anomolous data provide indirect indications of system geometry.

10Test provide elastic properties only.

11
Test provides state of stress only.

12permeab il tty data maybe inferred from geochemical sampling
operations and .tracer .tests under certain conditions.

13.· .
Test provides total porosity only.



Rotary drilling, 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 aperture identi

f ication.

Drilling affects 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.

After drilling is complete factors (2) and (5) may continue due to crossflow

between strata of diff erent hydraulic potential.

To some extent these problems ·can be alleviated through choice of

drilling technique or flu~d. Use of air or a~rated water for drilling

maintains a lower head in the hole than in the formation thus reducing water

invasion to the formation. Such drilling, however, does not generally allow

retrieval of core and may result in a positive skin due to well wall damage.

If water is used for the drilling fluid as in core drilling, lbst

circulation material can and should be added as required to limit con tamin

ation and mud invasion to the formation. Such material may, however,

be diff icul t 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 assum:lng contamination inflow at a constant head difference of 75

meters into the formation and removal by swabbing at· 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 be removed before the water is .clean

enough for geochemical sampling. Assuming that the sampling zone was

exposed to drilling fluid contamination for one month during drilling, it

would take about 45 days of constant s~abbing to remove 20 invasion volumes

and produce an acceptable sample under the above assumptions.

Most measures des;f.gned to limit contamination may have an adverse effect
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Figure A-2. Approximate time to remove contamination
due to fluid losses during drilling.
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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 measurement 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, f or example, to contaminate the f ormation with inj ection tes t

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 testing, 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.

Before hole cleaning begins a caliper and temperature log should be

made. The caliper log is necessary to pick packer setting points. The

temperature log, when compared to subsequent logs run during the c1esning

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 rna teria1s 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 is 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 or 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

been selected and the testing program formulated to assure that the maximum

amount of reliable data will be acquired within the economic constraints

imposed. For example, tests are planned to minimize the requirements for

duplicate equipment, the size of the field staff, and the number of trips

which must be made into <;l.nd out of the hole.

vii. Time Constraints and Maintenance of Schedules

Time considerations and maintaining program schedules are especially

important to the Pasco Basin hydrology project because of the national goals

which have been established for solution of the nuclear waste storage

problem. These time constraints require that 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 storea, support services, and geologic

environment within the Pasco Basin.

3. DESCRIPTION OF FIELD TESTS

a.'Borehole Geophysical Measurements

i. Introduction

Wire1ine borehole measurements have two functions in a proj ec t such as

the hydrological investigations at Hanford. Firstly, geophysical logs

furnish background data upon 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 al tered for

engineering purposes.

Secondly, and just as important, a wireline facil ity 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 requirements are the examination of the flow prof ile,

inspection of casing or tubing f or damage, certifying the effectiveness of

acidiza tion or hydrofrac turing, 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 worthwhile to discuss a few examples to illustrate the utility

of such a measurement system.

In hydrological investigations the drilling history and the consequent

modifications to the borehole wall can be quite important and in fact

cons titute part of the hydrological data base. For example, a maj or flow

zone encountered during drilling must often be sealed off before the dril

ling can proceed. Hence wire1ine measurements are important to determine

the exact horizon of the fluid exodus, usually accomplished with a flow

sens or or a temperature pr of ile. Af ter cementing the h ole to s top the

circulation loss, ano.ther temperature profile can determine ~l1here the

cement was actually emplaced by observing 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 necessary. Such an inspection can be accom

plished with either optical or sonic techniques. And as a third example,

a sensitive caliper inspection of the borehole wall can show where packer

setting may be hazardous.

ii. Comparison of Open-Hole and Operational Logging

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 is 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

selected. 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-l

alone. However these existing logs have been obtained and used on an "as

needed" basis. A review of these logs has been conducted by LBL, and is

reported in detail in Section IIB2 of the main report. The following general

statements can be made concerning success of various techniques:

o The dominant features of all the open-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 changes in pore volume and anyone of the suite of

logs can be used to pick the .basalt flow (porosity) boundaries.

Porosity contrasts become even more apparent when the logs are

compared 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 yet been completely analyzed.

o Othet; 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 their 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.

The users of logs at Hanford are diverse; the types of logs run and

the range of commerica1 suppliers are equally diverse. Hence the

analyst must work with data supplied by different physical measure

ment methods from tools fran 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 picture 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 frac ture sys tems.

Core logging 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 shown on the photographs. A sketch can be used instead

of a photo (Goodman, 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 except 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, however, be difficult to recognize. Coring also tends to

disturb fracture fi~ling 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 us'eful

product. TV logs· have high resolution «0.1 mm) an?, 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 bulky, thus requiring

large reels and very heavy power winches.

LBL has used two different cameras; 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 resolution and

may 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 itregu1arities 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 thesanle degree of resolution, hence

they are not as useful as TV logs for aperture distribution studies.

iv. Impression Packer

Impression packers are packers with soft rubber or wax coatings which

record the impression of the borehole wall when the packer is 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).

-.

...

as

Where core is

is now being

oriented totally or partially by core reconstruction,

done by Hanford geologists, impressions of major



features can be used to orient the core and provide a check on the remnant

magnetic methods currently in use.

v. Summary

Fracture logging from core is the basic fracture mapping tool but is

not entirely adequate due to core dam~ge 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 in 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 necessary only if TV logs prove

impractical due to cost, unavailability, or water clarity constraints.

vi. Time Reguirements

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. In 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.

c. 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-media and fractured-media problems. Interflows

and flow-tops act as porous media and may lend themselves to classictes ts

such as the pump test. Massive basalts with their complicated fracture

systems will require several approaches.

The basic questions are:

o How to determine the permeabilities to be used in realistic regional

groundwater flow models.

o How to characterize specific flow paths for determination of fluid

velocities.

The following discussion of permeability begins with a general discus

sion of fracture flow concepts (an understanding of porous media flow on.the

part of the reader is assumed) and follows with descriptions of specific

tests and their applicability to the basalt problem. Tracer tests are

discussed in section 3d.

ii. Basic Conceets of Fracture Flow

Aperture

The permeab il ity of a single frac ture, kf' based on the parallel plate

flow analogy can be given by

--

k
f

2
g (2b)

= --".--12 \)

where g is the gravitational constant, \) is the kinematic fluid viscosity,

and 2b is the effective opening or apert:ure of the fracture. In terms of a

flow rate in a single fracture per unit width, q, this relationship is

3
g (2b) i

q =----
12 \)

where i is the pressure gradient. This cube relationship of flow rate and

fracture aperture has been confirmed for natural joints in experimental

studies by Iwai (1976).

The flow equation for the porous medium equivalent of a fractured

medium has the form

where {v} is the velocity vector, {i} is the potential gradient vector and

[Kpl is a second order tensor that can be formed from the permeab 11 i ty

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

qA = kpi

Where qA 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 Kp are related by:

[kp ] = 2bV [k]

Assuming

aperture 2b,

[Kp] = 2b A

a uniform set of fractures oriented in the X-y plane with

2 3
g (2b) 0 0 IIg (2b) 0 0

12 V 12 V
2 3

0 g (2b) 0 = 0 Ag (2b) 0

12 V 12 V

0 0 0 0 0 0

The pr incipal permeabil ities and th.eir orientations are the eigenvalues

and eigenvectors of the permeability tensor formed fran the combination of

the tensors of the individual fractures.

Natural fractures differ from 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 fractures, 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 joint system oriented normal to the borehole with

a spacing of 1m and aperture of 10]1. Suppose one fracture in this array

has an aperture of 100]1. 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 lOll

fracture, the other with 1000 1]1 fractures, will have the same permeability.
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Figure A-3. Joint system 1ilith 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 10~ 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 vari.a

tions in 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 exis t. For example, in the

colonnade, vertical fractures are 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 ina variety of orientations essential. Whereas the number of

fractures intersected by a borehole 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

determining the average spacing of hydraulically significant fractures 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 dete~t this. The problem can be alleviated by use of a downhole TV

camera or possibly seisviewer logs if 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 ~ithin their own

plane •. This continuity may be decreased depending on the extent 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
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Figure A-5. Schematic diagram cross hole fracture
continuity test
a. injection interval
b, c, d pressure monitoring intervals
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Large Scale vs. Small Scale Permeability Tests

Small 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 o:1;'ientation will provide a means of assigning a probability to

the occurrence of a specific large aperture fracture flowpath extending from

within a massive 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 significant numbers of fractures are to be tested. Fur

thermore, single fracture tests are dominated by conditions near the well

bore.

Larger scale tests (packer spacing greater than lam) 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 determine the REV. Larger scale tests should have the

following fun~tions:

o When done over the entire length of each borehole at 'VlOm spacing,

they can be used to determine the size of the REV and, crudely, the

spacings of major fractures (Snow, 1968).

a They can be used to verify permeability conclusions based on small

scale tests •

. 0 Only large scale; cross-hole tests can be used to evaluate con

tinuity within large rock volumes.

The 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

A-3l



TAI3LE 1\-2

PKK1EABILITY DATA -.TEST MATRIX

Test(l)

PERNEABILITy

Hori~ontnl Vertical Complete
Tensor

STORATIVITY

-.

Pu::min l'5 \-lHhdrawnl Tests

Constant Dischargo(Standard) X (5) X (2)
Constant Discharge (Ra tiD) X (5) X (7) X (5) X (2)
Constant Drawdown (Stundarcl) 'X (5) X (2 )

Constant Dralvd01Nn (Ra tio) X (5) X (7) X (5) X (2)

Steady State Injection Tests

Large Scale X (5) X (2 )
S~lall Scale X X X (3 ) X (2)

SLuG Tests X X (6 )

Pulse Tests X X X (3) X (4)

(1) All tests are single hole tests unless othcnvise noted.

(2) Determination of storativity (storage coefficient) requires :response
at an observation well.

(3) Determination of complete permeability tensor through small-scale
injection requires a large number of tests on single fractures of knmn\
orientation.

(4) Storativity may be approximated from the elastic response of the system
to pressures of varying magnitude.

(5) The horir.:ontal two-dimensional pemeability tensor. may bo dctcrmi.ned if
drawdown data from a number of observation wells were available.
Otherwise an ef;[ective rad.lnl p~rmcnbility is obtaincll. When comOllwtl
Hith resuLts of ratio tests, a three-dimensional permeability tensor
may be determined f6r confining layers.

(6) Slug or bailer tests are generally insensitisve to storativity but may
be used to approximate this parameter in a wellaf constant dimnetcr.

(7) Vertic~l permeability may be estimated for relatively impermeahle
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 a constant drawdown. Levels are moni

tored in the pumped well and in observation well(s). Tests involving either

stepped or 'continuously varying 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

permeability of a particular stratigraphic zone is required~ the part of the

well within that zone must be isolated with packers, and water pumped only

from that zone. The same zone must 'also be isolated in the observation well

if a meaningful measure of s torativity is to be made. These procedures are

most successful if the stratigraphic zone being tested is relatively more

permeable than the zones immediately above and b~low.

Standard pump test assumptions include complete 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 permeability is significantly greater than the vertical,

thus assuming radial flow.

Pump tests are limited to higher transmissivity 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 basalt are two

fold. First, vertical flow is likely to be 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 wellbore

storage is overcome, depending on transmissivity. For a typical transmis

sivity of 10-3cm2/s , 33 days will be required. Because of these two problems,

pump tests appear inapplicable for direct use on the massive basalts.

The more permeable flow tops and interbeds, on the other hand, are

ideal for pump testing provided their transmissivities are greater than

about 10-2 cm2 /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 between 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 analysis but also through analysis of obser-'

va tion 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 doubtful that a ratio test would last less than two weeks

bas'ed on' preliminary analysis. Due to the time involved in each test,

applicability of pump-ratio tests might be limited to highest priority

zones, specifically 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 mul tiple

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 lift. 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 pressure 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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Figure A....7. Schematic equipment configuration for ratio test.
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all data channels at programmable intervals and transferring the data to

computer compatible format.

iv. Steady State Injection Tests

Steady state injection tests are the most commonly used tests in

evaluating crystalline rock permeability for engineering investigations.

They are extensively 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 is increased to obtain another steady

state flow. Three to six such points are obtained. Ideally 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 anyone 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 ~ tress-depth determinations (Davis and Turk, 1964), anisotropic

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 5xlO-9 cmls based on a 10m packer spacing. The steady

state injection test is 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 maj or 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 fractures to determine aniso

tropic permeability. The current lower limit of effective fracture aperture

detection is about 10~ and single fracture tests should be limited to zones

of greatest interest. Based on a testing rate of three to four per day,

sixty to eigh"ty tests can be run in a month. Fractures to be tested are

chosen on the basis of core analysis and preliminary aperture surveys with

TV log or televiewer.

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 packer 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 leakage. When the packers are inflated, the

zones, if of very low permeability, 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 separate 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.

v. Slug Tests

Slug tests consist of the instantaneous addition or withdrawal of water

from a well or the packed-off zone of a well and monitoring the transient

head response (Cooper et a!., 1966). Type curves vary only slightly with

storativity; hence permeability is the only value that can practically

be computed.

Because slug tests are 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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Figure A~8. Four-packer system to detect packer leakage.
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Figure A-9. Three-cavity injection test to assure radial flow.
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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 10m test interval is shown in

Figure A-lO. A rock of transmissivity of 10-4 cm2Is would require about 6

days to test.

The standard analysis of slug test data is, like pump test data, based

on complete penetration of a confined aquifer. Papadapoulos et a1. (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 aI., 1977) for rapidly

measuring hydraulic conductivity within single fraclures of very low conduc

tivity. The test involves monitoring the decay of an instantaneous increase

in pressure within a small isolated 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 ~nto the interval. The pressure decay in the

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-II. A permeability as

low as lO-10cm/ 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

beyond 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 tensor in the same manner as for the

small inj ection 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 pulse 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 to

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 groun~water 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

piezometers consist of either a single open well cased to the zone of

interest or a well w:lth 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 hydraulic 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 compflrison 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 to

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 potential. In standpipe the attainment of a stable

value requires movement of a volume of water equal to 6HAw where 6H is
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the head difference between the standpipe and the formation and Aw 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 line 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 th~ test zone after packer inflation.

The basic advantages of packer systems are:

o Less time required to reach 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 zone 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 the undisturbed pressure in any given interval. In

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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Figure A-12. Schematic pressure measurement instrumentation.
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d. reach stable pressure
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of the well after all other testing is complete. Equipment specificat ions

and procedures for this testing are included in the section on monitoring.

iii. Time Required

The actual duration of a pressu~e 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 open, and factors

of equipment design (e.g., packer inflation pulses). In 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. Depending on the permeability, such

tests would require one to two days each.

e. Tracer Tests

1. 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 indicat.e the degree of continuity between fractures.

Permeability 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 difficult to measure 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 tracers. 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 fractures or a small number

of fractures that have been packed off. Interpretation of the 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 about the local hydrology

before a tracer test is chosen and performed. Permeahility should be

measured and the geometry of the system described as fully as possible.

When this has been done, two major configurations 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 dispersivity. If both a radionuclide and-a conservative tracer

are used it may also be possible to determine the partition coefficient for

the radionuclide.

There is a distinct advantage associated with single well pUlse tests

in fractured media as opposed to two well tests. The flow path into the

well is just the reverse of the flow path out. In 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 is 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. In 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 pumping 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.

v. 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 Field 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 detailed 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 deep wells drilled through the basalt horizons on the

Hanford Reservation and vicinity. Selected horizons within these wells

should be sampled, primarily frOin (but not necessarily restricted to) the

Mountains, Wanapum, and Grande Ronde basalt formations. In addition,

should be obtained from springs and artesian wells, and other water

that may require analysis for interpretive purposes.

lost-circulation materials or other techniques are not employed

drilling, extensive invasion of the aquifer by drilling fluids can

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:
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o Quantification during sampling of the degree of contamination due

to sampling procedures.

o Additional time for sa~pling a given horizon to insure freedom from

contamination.

iii. Alternative Sampling Technigues

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) from 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 of contamination from

the atmosphere.

iv. The Use of Non-adsorbing Tracers 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 che~ically stable, Le., it should persist without

significant decomposition for at least the interval between drilling

and subsequent sampling.

o It should 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 separation.

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.

v. 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 integrity quantified. Potential sources of contamination 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

12QoF 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

analyses 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 aquifer 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 horizons.

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 interpreting 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 Identify boiling or vapor phase separation.

g. Hydraulic Fracturing

i. Introduction

Hydraulic fracturing is the only generally accepted method 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 is 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 is 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 aperture 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 predicting the orientation of relatively open fractures.

In situ stress data is also esssential for repository design; 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. Equipment constraints

The technology of hydr-ofrac turing 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 University of Wisconsin. The USGS has conducted numer

ous hydrofracturing experiments (Bredehoeft et ale, 1975) as part of its

tectonics research and maintains a mobile unit for hydrofracturing.

iii. Test Procedures

The steps in the hydrofracturing 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 pressure drop read at the surface or with downhole acoustic

monitoring instruments (Zobach and Pollard, 1978). After fracturing, the

shut-in pressure is recorded; the rock is repressurized and additional

shut-in pressures are obtained.

Later an impression packer is set over the fractured zone to obtain the

orientation of the fracture. While the packer is 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.

iv. Time

If a packer sys tem 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 is 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 through 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

possible and should not be located near some natural anomaly such as an

unusually permeable fracture system or an isolated saline interb~d.

A monitoring well should also not be located in an area where the

formations have been or are likely to be disturbed by human activities, such

as deep well drilling or mining. The drilling of a deep well nearby, 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 years

to subside, during which data from the monitoring well would be of little

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 drilling 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 so.

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 sys tem. 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 data 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, initial condi

tions, geometry and/or boundary conditions can be re-evaluated or refined

until a more accurate match is obtained. This procedure should greatly

impr ove our conf idence in the pred ic tive ab il ity of the model.

ii. Geochemistry

Sampling and partial analysis of wells on a regular basis would satisfy

the need to:

o Monitor the decrease in levels of contamination due to drilling.

o Observe any changes or trends in groundwater chemistry over time

caused by na tural var ia tion or man-made per turba t ions.

o Check on the reproducibility of sampling and analysis 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 raise 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, a1 though 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:

o Every two months: Neutron Activation Analysis, X-Ray Fluorescence,

Atomic Absorption Analysis, Dissolved Gasses,

including COZ, HZS and 0Z, pH, Alkalinity,

Temperature, Redox, Conductivity •

.~ 0 Every six months: Isotope Analysis for age dates and ratios.

c. 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.

o 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: multiple 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 Co1umbia~

Multiple standpipes (Figure A-14A) could be installed in either DC-S 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 the

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 monitoring 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 technology;

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 fit into the well.

A second potential monitoring system is the multiple 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

sampling. The zones to which these ports open are isolated from one another

by packers permanently filled with grout. Except for the monitored zones,

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.

o 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:

o the system has only been developed thus far for shallow « 1000')

wells.

o the long term reliability of the system has not been proven •

. A Westbay system has been installed at LBL for evaluation.
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APPENDIX B

List of Geophysical Logs Run

in Pasco Basin Wells
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DC - 1 LOGS

Log Date Run Depth Remarks

Caliper Log {l} 5-6-69 If 2 300'-596' All Birdwell Logs
{2} 5-17-69 If 3 300'-890'
{3} 5-18-69 1/ 4 300'-886'
(4) 5-24-69 II 5 300'-914'
(5) 5"::25-69 If 6 300'-945'
{6}- 5-26-69 1/ 7 300'-1180'
(7) 6-3-69 /1 8 300'-502'
(8) 6-8-69 II 9 300'-2224'
(9) 6-15-69 /.110 300'-2520'
(10) '6-19-69 ·/ill 300'-3101'
(11) 6-27-69 !.Il2 300'-3222'
(12) 7-1-69 /113 24l17'-3447'
(13) 7-5-69 1114 2597'.;.3597'

bj
(l4) 8-18-69 fIl7 300'-2820'I

\J1
(15) 4-6-72 fJl7 1200'-5550'
(16) 4-6-72 #20 1200'-2820' (2 copies)

Casing Collar Locator(17) 8-31-69 1/ 1 400'-1443' Birdwell Logs
(18) 9-2-69 /I 2 1350'-1447'

Electric Logs (19) 4-30-69 1/ 1 0'-362' Bird'ole11 Logs
(20) 5-6-69 /I 2 350'-693'
(21) 5-18-69 I! 3 450'-890'
(22) 5-26-69 II 4 700'-1179'
(23) 6-8-69 11 5 350'-2224'
(24) 6-19-69 if 6 1970'-3104 9

(25) 7-12-69 If 7 2900'-4273'
(26) 8-19-69 if 8 300'-2814'
(27) 8-19-69 II 9 300'-2810'
(28) 4-6-72 fllO 4000'-5550'



Log Date Run Depth Remarks

I:l:I
I

0\

Nicrolatero1og

Dual Induction
Laterolog

Elastic Properties

Radioactive Tracer
Log

Density LOK

(29)

(30)
(31)

(32)
(33)
(34)
(35)
(36)

(37)
(38)·
(39)
(40)
(41)
(42)
(43)
(L.4 )
(45)
(46)
(47)

(48)
(49)
(50)
(51)
(52)
(53)
(54)

6-7-69

6-7-69
7-18-69

4-30-69
5-6-69
5-18-69
5-26-69

5-20-69
5-26-69
5-26-69
6-9-69
'6-10-69
6-10-69

·6-20-69
7-13-69
4-8-9-72
4-8-9-72
4-8-9-72

5-6-69
5-18-69
5-26-69
6-8-69
7-12-69
8-18-69
4-7-72

1/ 1

II 1
II 2

II 1
U 7
/Ill
#13

1/ 4
If 5
1/ 6
II 7
II 8
/1 8
II 9
fIlo
1111
//12
//11-12

II 2
113
II 4
1/ 5
II 7
1/ 8
II 9

364'-2230'

364'-2238'

190'-348'
364'-670'
669'-884'
885'-1174'
3800'-5550' (Birdwell)

361'-886' (Computations)
450'-1171' (Computations)
390'-1171' {Co~putations)

970'-2214' (Data log)
420'-2184' (Data log)
420'-2184' (Computations)
570'-3018' (Data log)
570'-4180' (Computations)
1000'-5470' (Static)
1060'~5550~ (Dynamic)
1060'-5550' (Computations)

350'-692'
450'-890'
700'-1182 '
350'-2224' (2 copies on //5)
2900'-4271'
300'-2824'
0'-5550'

I

Schlumberger-Microcaliper,
Resistivity (2 copies)
Sch1umberger-SP, Gamma Ray,
Laterolog 8, Hediulll Induction Log,
Deep Induction Log
Moduli-Shear, Bulk, Young's,
Density, Poisson's Ratio
(unknO\vn authors)

All Birdwell Logs

All Birdwell Logs-Bulk Density,
Proximity Index

Gamma Ray &,Caliper (55)
. (56)

7-12-69
7-12-69

II 1
1115

300'-4274'
300'-4274'

Birdwell-Gamma Ray-2 copies
Birdwell-Gamma Ray-2 copies

~ . ::.-' -~ .J , f,
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Log

;; , >

~

Date Run Depth Remarks

( ,
"

Compensated Formation(59)
Density Log , (60)

R - Log Formation (67) 7-15-69weFactor (68)t;;:I
I

.......

!\uc1ear Log

Sidewall Neutron
Porosity Log

Lithology-Strength
Index

Lithology-Porosity
Index

TCr.\perature Log

Velocity Log

(57)
(58)

(61)
(62)

(63)
(64)

(65)
(66)

(69)
(70)
(71)
(72)
(73)

(74)
(75)
(76)
(77)
(78)
(79)
(80)
(81)

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

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

If 1
H 1

H 1
/I 2

/I 1
/I 2

II 1
II 2

II 1
1/ 2

II 1

II 1
/1 2
II 3
II 4
fJ 5
tJ 6
if 7
If 8

0'-5550'
4000'-5550'

364'-2228'
2238'-4438'

364'-2228'
2228'-4438'

380'-2233'
2010' ;...lf45 0 '

380'-2238'
2010'-4435'

380';...2238'
2000'-4lI37'

364'-2230'
200'-4602'
600'-4600'
364'-2230'
0'-5550'

190'-348'
364'-668'
669'-884'
885'-1173'
1174'-2218'
2219'-3099'
3100'-4261'
4000'-47.67'

Birdwell-Gamma Ray-Neutron
Birdwell-Epithermal Neutron

Schlumberger-Caliper, Bulk Density

Schlumberger-(2 copies) Caliper, Gamma Ray,
Porosity (i.)

(2 copies)-i. Bulk Volume, Porosity,
Deformation Hodulus, Caliper. Hatrix Set
Index. (Schlumberger)
Schlumberger-i. Bulk Volume, Neutron Porosity
Caliper Secondary Porosity Index

Schlumberger-Gamma Ray, Caliper, Log F Rcp.we

Schlumberger (2 copies)
Schlumberger (2 copies)
Schlumberger - Differential Temperatur'e
Sch1'umberger - Differential Temperature
Bird\·]ell

All Birdwell Logs

Synthesized



Log Date Run Depth Remarks

3-D Velocity Log

Sonic Log

(82) 6-8-69
(83) 4-7-72

-(84) 7-21-69
(85) 7-21-69

#17 350'-2215' 12' spacing - Birdwell Logs
#27 4000'-5550' 6' spacing

n 1 2229'-4593' Sch1umberger-SP~ Caliper, Shear Amplitude, Compressional Amp.
1/ 1 2229'-4593' Schlumberger-SP, Caliper, Shear Amplitude, Variable Density

Borehole Compensated (86) 6-7-69_
Sonic Log (87) 7-19-69

Dual Mineral (88) 7-15-69
(89) 7-15-69

Borehole Televiewer (90) 6-7-69

n 1 364'-2229' Schlumberger-SP, Caliper, Interval Transit Time
~ 2 1808'-4428' Schlumberger (2 cnpies)

/I 1 380'-2238' Schlumberger-SP, Caliper, ~ , ~ , p
n 2 2000'-4440' cp s me

n 1 1139'-2226' Sch1umberger

b:I
I

00

Composite for Corre
lation
Shear Amplitude
Variable DensIty

(9l) 8-8-69

(92)
(93)

350' -4271 '

2350'-4600'
2000'-4600'

Birdwell-composity of
Gamma Ray
ARHCO
ARIICO

3~D, Density, Caliper, Electric,

3-D Denisty Computa~ (94)
tions

4260'-5550' Computer printouts~Vo' Vs ' Shear, Bulk, Young's, Poisson, RHO,
Poem 1,-2,-3, Porg-l,-2, ....3, Density

J
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~
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DC - 3 LOGS

Schlumbcrger

(1) Compensated ~eutron Formation Density: Caliper~ Gamma Ray~

Gamma-Gamma~ Neutron. 9-6-77 (560-2582 feet)

(2) Compensated Neutron Formation Density: Caliper~ Gamma Ray~

Gamma-G~mm~, Neutron. 9-10-77 (2380-3097 feet)

(3) Temperature. 9-6-77 (1420-2582 feet)

(4) Temper~ture. 9-10-77 (2380-3096 feet)

(5) Induction-Electric Log: Spontaneous Poten~ial~ Conductivity,
Short Normal. 9- 6 -77 (1448-2582 feet)

(6) Induction-Electric Log: Spontaneous Potential, Conductivity,
Short Normal. 9-10-77 (2377-3096 feet)

(7) Borehole Compensated Sonic Log: Caliper~ Gamma Ray, AI~ Variable
Density, Amplitude. 9-6-17 (1448-2580 feet)

(8) Borehole Compensated Sonic Log: Caliper, Gamma Ray, AI~ Variable
Density, Amplitude. 9-10-77 (2380-3095 feet)

(9) Continuous Dipmeter. 9-28-77 (14,50-3571 feet)

Birdwell

(10). 3-D Velocity. 9-77 (3000-3565 feet)

(11) 3-D Velocity. 10-4-77 (3500-3627 feet)

(12) Induction Electric Log: Spontaneous Potential, Conductivity~

Short Normal. 9-28-77 (3000-3566feet)

(13) Induction Electric Log: Spontaneous Potential, Conductivity~

Short Normal. 10-4-77 (3575-3631 feet)

(14) Density Borehole Compensated: Caliper, Gamma Ray~ Gmnmll-Gnmm3.
9-28-77 (3POO-3570 feet)

(15) Density 13orehole Compensated: Caliper, Gamma Ray, Gamma-Gamlna, t>

10-l,-77 (3550-3635 feet)

(16) Caliper and Temperature Log. 9-28-77 (3000-3568 feet)

(l7) Caliper and Temperature Log. 10-4-77 (3500-3632 feet)

B-lO



DC - LOGS

Birdwell (cont'd)

(18) Neutron Borehole Compensated: Gamma Ray. 9-28-77
(3000-3571 feet)

(19) Neutron Borehole Compensated: Gamma Ray. 10-4-77
(3550-3634) feet)

(20) Interval Transit Times and ~I Shear/tI P(essure.
11-9-77

(21) Interval Transit Times and 61 Shear/AI Pressure.
(3575-3627 feet)

.
(22) Elastic Properties Log. 11-3-77 (3000-3627 feet)

(23) Com-Pro Log. 10-4-77 (3000-3568 feet)

B-ll
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DC - 5--
-Compensated Neutron

Log
1-25-78
(610-2604)
Sch1umberger

-Compensated Density
Log (Neutron)
8-10-78
(2636-3962)
WELEX

-Compensated Acqustic
Velocity Log
8-9-78
-includes Caliper
WELEX

,
-Dual Induction

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

--::

DC - 6--
Washington State
University
(0-4300)

-RESIS/SP

-Caliper

-Fluid Resistivity

-Fluid Temperature

-Neutron-Neutron

-Nuetron-Gamma

-Gamma-Gamma

-Natural Gamma

(Casing extends to
2260 Feet)

DC - 7

-Compensated Density
Log (Neutron)
8-1-78
(2780-4097)
-includes Gamma Ray,

Compensated Gamma
Density, Neutron
Porosity

-Compensated Acoustic
Velocity Log
8-9-78
(2780-4089)
-includes Caliper
\~ELEX

-Dual Induction
Guard Log
8-9-78
(2780-4097)
-includes SP.,
Resistivity and
Conductivity
HELEX

-Temperature
8-13-78
(0-4099)
WELEX

-Borehole Gravity
Beter Survey
6-16-78
(3240-3870)
EDCON

DC - 8---
-Sonic

6-13-78
(1612-2734)
EDCON

-Nagnetic
Susceptibility
6-13-78
(1612-2734)
EDCON

-Resistivity/IP
6-13-78
(1612-2734)
EDCON

DC - 2

-Temperature
6-12-78
(0-3300)
EDCON

I



APPENDIX C

Field Operating Procedures

Physical Testing - Pressure Test With

Pneumatic Packers
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HFOP: 01 LBL Pasco Basin Hydrology Program

Revision: a

FIELD OPERATING PROCEDURES:
PHYSICAL TESTING - Pressure test ~"ith pneumatic packers

Water Pressure Measurements with Pneumatic Packers:

Date:
Page:

3/17/78
1 of 11

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 in

advance by the LBL engineer responsible for field testing. These changes

must be documented> in the field log book. Any permanent changes or revi

sions in these procedures, that may de~elop from experience or necessity in

the f~eld, 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...r:;;.. _

Thomas Doe/Date

Independent Review bv

John Gale/Date

Reviewed by__. >.. 'Pey
(

Paul A. Withetspoon/Date

QA Revie\ol by...J

Vincent Mc~on

C·-2

-

~Engineer, LBL

_University of Waterloo

:incipal Investigator

QA Engineer, LBL



H'POP: 01 LBL Pasco Basin Hydrology Program

Revision: a

FIELD OPERA":'INC: PROCEnTJRES:
PHYSICAL TESTING - Pressure test with pneumatic packers

1.0 Scope

Date:
Page:

3/17/78
2 of 11

This procedure applies to all pressure measureIllents llhere air is

used for packer inflation.

2.0 Introduction

The object of pressure measurements is to obtain data of the spatial

variations in hydraulic potential. These data define the basis for

deterIllininp, directions of ground w'ater movement. Pressure measure

ment testing consists of 1) lowering a packer or set of packers to

the 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 Illoving 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.

Descdption of Equipment

The test system consists of a water tight pressure transducer

housinp, mounted on packers. A single packer is used for measure

ments at the end of a borehole (Fig. 1a). Double packers are

employed for straddlinv, zones wi thin a borehole (Fig. 1b). Signal

transmission and packer inflation are provided by a multiconductor

electrical cable and a high strength nylon tube respectively. The

rlownhole system is supported by drEl rod or high strength tubing.

The uphole data system consists of a time-based strip chart re

corder, constant-current transducer power supply, and a digital

voltmeter. A complete equipment list is given in Table 1.
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HFOP: 01 LBL Pasco Basin Hydrology Program

Revision: 0

FIELD OPERATING PROCEDURES:
PHYSICAL TESTING - Pressure test with pneumatic packers

Date:
Page:

3/17/78
3 of 11

4.0

4."
Procedures

General Considerations

4.1.1

4.1.2

4.1.3

4.1.4

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 t,o be carried out with regard

to LBL Document 2077, "liealth and Safety Regulations" and

any regulations which may be enforced at the drilling site'

by other contracting companies.

A daily 109 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

shaH be the responsibility of the LBL field engineer.

All 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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HFOP: 01 LBL Pasco Basin Hydrology Program

Revision: 0

FIELD OPERATING PROCEDURES:
PHYSICAL TESTING - Pressure test with pneumatic packers

4.2 Transducer Calibration

Date:
Page:

3/17/78
40f 11

4.2.1

4.2.2

4.2.4

4.2.5

4.2.6

4.2.7

The pressure transducer is to be calibrated before and

after it is run into the hole.

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.

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).

. All calibrations shall be done at the same input current

and within the same electrical cable used in testing ..

Transducer input shall be set to the current specified on

the power supply-monitor for that transducer.

Output shall be recorded using a digital voltmeter ac

curate to O.t mv.

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



HFOP: 01 LBL.Pasco Basin Hydrology Program

Revision: 0

FJELD OPERATING PROCEDURES:
PHYSICAL TESTING - Pressure test with pneumatic packers

Date:
Page:

3/17/78
5 of 11

accurate to 0.1 mv and recorded on the pressure data

sheet (Attachment 2) at the following times in the test

procedure:

a) before lowering into the hole

b) before each packer inflation

c) 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 recorded 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.

4.4 Packer Operation

4.4. 1

4.4.2

Prior to running the packer into the hole, all "0" 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 pressured 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 4.4.4.
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FIELD OPERATING PROCEDURES:
PHYSICAL TESTING ~ Pressure test with pneumatic packers
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·,c

4.4.3

4.4.4

4.4.5

4.4.6

Inflation 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 of 2000 psi; only high pressure stainless steel

tube fittings shall be used in the inflation line.

After a stable water pressure 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.

The LBL field engineer shall be responsible for proper

inflation of the packers.

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) lengths of all instrument components

b) number of lengths and subs required for the test

c) total amount of tubing on site

The LBL engineer shall specify the number of tubing

lengths to be used in each test and the amount left

sticking out of the hole. This data shall be recorded on

the pressure data sheet and kept in the field notebook.
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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.
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TRANsDUCER CALIBRATION SHEET
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________ mA

V--------

Date~__~ _

Transc1ucClr No.

Transducer Manufacturer _

Transducer Range _~-~ psi

Cable No.

Cable Length_~ feet

LBL Field Engineer ~ __

Input curre nt

Input Voltage

Initial reading ffiV

calibration psi/V

Pressure Gage
(psi)

Transducer Output
(v)

Pressure Gage
(I,lsi)

Transducer Output
(v)

_'.,

Reviewed bY--"'t" ~~ _ Date _
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Attachment 2

Pressure Data Sheet

Hole _ Date _

LBL Field Engineer -----

Depth Data

Elevation of Drill Collar --------- feet above MSL

Length of Transducer Housing _

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

Inflation pressure

2d inflation pressure

air __---
____-JPsi
____-JPsi

water _

Transducer data

Transducer No. range:..- _

mV
, V

V--------------
_________,_------V
__________V

Electrical Cable No. _

Calibration psi/mV Calibration Date __----

Output with transducer at surface _-----------------
Output before packer inflation

Stable output after inflation

Stable output after 2d inflation

Output after deflation

Output with transducer returned
to surface V

Reviewed by Date -
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Table 1

EQUIPMENT LIST

PRESSURE TEST WITH PNEill·fATIC PACKERS

Drill rod

IO-conductor electrical cable

high pressure packer inflation line

I LBL Piezometric Profiler

Date: 3/17/78
Page: 11 of 11

I LBL fracture hydrology pressure monitor

I I-channel strip chart recorder

2 NX pneumatic packers

I bottled Nitrogen pressure source for packer inflation
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Groundwater sampling ~rom wells and springs for geochemical analysis 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 and approved-by the

LBT.. engineer responsible for field sampling. These changes must be docu

Mented in the field log book. 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 Lawrence

Berkeley Laboratory.

These addenda shall he written up on an approved change sheet, and distri

buted to those parties holding controlle'd copies of these Field Operating

Procedures.

Prepared by__~ _

Reviewed by-.,

. ...-.-__........ Engineer, LBL

Allen Kearns

_______Geologist, tBL

Independent Review by~

qA Revi ew by]

/ Harold '>1cillenberg //

_____--Geochemist, LBL

John A. Apps

_____________QA Engineer, LBL

VinclUt't McManon
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Aquifers shall be sampled in a manner that eliminates or minimizes
contamination from surface water, drilling fluid, other aquifers,
or the atmosphere.

1.2 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.

1.3 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.

1.4 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.

1.5 Each sample point shall be documented with details on swabbing and
sampling times, results offield 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 interpretation of data.

1.6 Duplicates where possible, shall 'be routinely sampled, treated and
stored. 1 These duplicates maybe 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 a~sessed.

1.8 For spring samples, a record of the location of the spring, air and
water temperature, exact tim~ 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 U.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 regulations
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 appr oved data sheet, and ma intained 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

Minimization of Contamination

2.1.1.1 All procedures shall be carried out to minimize
or avoid any mtKing 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
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 assessed2 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.

D-4

.\ -.



HFOP: 02 LBL Pasco Basin Hydrology Program

Revision 1

FIELD OPERATING PROCEDURES:
GROUNDWATER SAMPLING

Date:
Page:

5/01/78
4 of 12

•.~

2.1.2

2.1.1.5 Drilling fluid and groundwater contamination may
be evaluated by tritium levels or inferred from
neutron activation analysis and X-ray fluorescence
data.

2.1.1.6 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.

2.1.1.7 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.

2.1.1.8 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.

2.1.1.9 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.

Swabbing from Wells

2.1.2.1 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.

2.1.2.2 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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2.1.3.1 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 poss ible. 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 OF SAMPLES

Analysis shall be carried out at the time of sampling to determine
those parameters which may change with time or transit. All analyt
ical data shall be recorded on the approved data sheet. Any treat
ment used to stabilize samples shall be approved and documented.

pH and Temperature

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 IM407A/F/L/772l
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2.2.2

2.2.4

Redox Potential

Redox potential shall be determined as described by Jenne4,
using an Orion combination redox electrode standardized
according to Orion Research specifications. Measurements
shall be made at the same time as pH and, temperature are
de termined.

Sulfide

2.2.3.1 Total sulfide and dissolved sulfide shall be deter
mined as follows.

2.2.3.2 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.

2.2.3.3 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.

2.2.3.4 Sulfide levels shall be determined by an iodometric
titration as soon as possible after samplingS.

2.2.3.5 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.

Carbon Dioxide

2.2.4.1 Carbon dioxide shall be determined as soon after
sampling as possible, by a titrimetric method6 :

2.2.4.2 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 Trace Element Hydrob iogeochemis try: 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 titration to
pH 8.3 and pH 4.5 end points with a back titration
to correct for interfering anions.

3.0 ISOTOPIC ANALYSES OF SAMPLED WATER

3.1 Tritium

3.1.1 A 1 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 withPolyseal polyethylene caps. Any
information concerning contamination by drilling fluids or
surface waters shall be sent with the sample.

3.1.2 A 1 litre sample shall be taken in anew glass bottle that
has no previous use or cleaning treatment•. Bottles shall
be flushed with argon and the sample siphoned into the
bottle outside the field laboratory. A 1" headspace shall
be left in the bottle which shall be tightly capped with
Polyseal conical polyethylene plugs.

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.

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.

Ratio in 804 - a 2-1/2 gallon Cubitainer prewashed with
1 N HCl shall be added to limit biological growth and re
move carbonates. The acidified sample shall be bubbled
with argon for 30 minutes to remove H28. If H2S is
present, then the acidified sample shall be bubbled with
argon for 30 minutes to remove it.

6 Brown, E. et a1. 1970. USGS, TWRI; Bk 5, Pt lA, p. 41-44~ (Methods in
Trace Element Hydrob iogeochemis try , No. F-4.)
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3.2.4

3.3 12C/13C

Ratio in SH/H2S - a 5 or 10 litre sample shall be taken
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 14C
sample.

A separate sample may be evolved by bubbling argon into the
Cubitainer sample in 3.2.2 for 4 hours and trapping evolved
C02 in 1 litre of carbonate-free 50% NaOH, held in two
consecu tive traps.

j

3.4 180/160 and Hydrogen/Deuterium

Both analyses shall be carried out in the same laboratory
on an unfiltered sample collected in a 15 ml glass bottle
rinsedtwice.with formation water.

3.5 14C

The sampling and extraction system for 14C shall be en
closed to avoid atmospheric contamination, with a positive
pressure of nitrogen used to remove COzinto NaOH traps.

~qO 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
minutes with C02-free nitrogen.

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-Z litres/minute shall be maintained.
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Extraction shall be carried out as follows:

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.

3.5.4.4 Pool the three gas washing vessels into two
I-litre Nalgene polyethylene containers previous
ly given a 1 N HCl acidic wash and distilled
water rinse.

3.5.4.5 Seal with plastic tape leaving a small space for
expansion during transit.

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.

Owing to the short half life of radon the time of sampling
must be accurately recorded. Transit time shall be as short
as possible with the analytical laboratory being advised of
the arrival of the sample at the carrier depot.

'--1

Samples shall be taken from the sub-sampling carboys and
filtered through a 0.2~ Nuclepore filter directly into
cleaned, numbered and preweighed 50 ml polyethylene
bottles.

Exactly 10 ml 6 M HCl 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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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.

There ate no special restraints during shipment
apart from sample bottles remaining upright.

4.0 CHEMICAL ANALYSES OF SAMPLED WATER

4.1 The following determinations shall be made on evaporated solids
derived from the same filtered water sample.

Neutron activation analysis:

Values for elements in basic waters: Na, K, Rb, Cs, Ca,
Ba, Sr, Zn, As, Mo, Se, Sb, W, Mn, U, Br.
Limits for elements which mayor 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, AI, Fe,Ti, total S, total P, CI.

Hard X-ray fluorescence:

Pb, St, Rb, AI3, Zn, Cu, Ni, Fe, Mn.

The sample shall be filtered (0.2W Nuclepore) from the sub
sampling carboys or directly from the spring into three
I-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.

4.2 Zeeman Atomic Absorption:

Pb, As, Cu, Cd, Ag, Cr.

Determinations shall be made on evaporated solids derived
from the water sample described in 4.1.4.

4.3 Carbon Rod Atomic Absorption:

Ag, Cd, Cu, Fe, Ni, Pb, Zn.
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The sample shall be filtered (O.2~ Nuclepore) into a 1
litre CPE container previously ethanol washed and leached
for 3 days with 1:1 Hel; rinsed with distilled water and
leached for 3 days with 1:1 HN03; rinsed with distilled
deionized water and leached for 3 days with 0.5% HN03;
rinsed and stored with distilled deionized water until
used and supplied with 5 ml of NBS 15.8 M HN03 for pre
servation of sample until analysis.

4.4 Mass Spectrometry of Gases:

Samples shall be collected in I-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.

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.

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.

D-l2
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FIELD ANALYSIS LOG SHEET - GEOCHEMISTRY Log Number:

Location:
Interval depth:
Dates:

Well:
Spring:

Sample Number:

Average Discharge:

Sampling Remarks:

Contamination Monitoring
______ Time
Method_____

Sample Analyses

Total Discharge:

,J

pH Redox Temperature Carbonate Sulfide Alkalinity Dissolved °2 Conductance
(mV) ( °C) (mg/l) (mg/l) (mg/l) (mg/l) (~S/cm)

Sample Collection

CHEMISTRY I ISOTOPES

NAA/XRF AA Gases 14C 3H 222Rn 234U/258U 12C/13C 180/ 160 H/D 34S04/32S04 34SH/32SH

Analysis Remarks:

LBL Engineer:
Date:

LBL Pasco Basin Hydrology Study - 5.1.78 D-13 HFOP 02
U.S.GPO:19/9-6U9-0~B(~)40
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