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Mr. 0. L. Olson
U. S. Department of Energy
Richland Operations Office
BWIP Project Office
P. 0. Box 550
Richland, WA 99352

Dear Mr. Olson:

We have reviewed "Analysis of Two-Well Tracer Tests With a Pulse Input,"
RHO-BW-CR-131-P, by Lynn Gelhar, April 1982. NRC staff and contractor
comments on the application of the analytical method and the mplications
for future tracer tests and analyses at BWIP are attached.

We appreciate the opportunity to review the subject document. If you have any
questions, please contact Matthew Gordon (FTS 427-4133) or Neil Coleman (FTS
427-4677), both of the Division of Waste Management, who are responsible for
this review.

Sincerely,

W08oR INEB IT
Robert J. Wright
Senior Technical Advisor
Repository Projects Branch
Division of Waste Management
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REVIEW OF "ANALYSIS OF TWO-WELL TRACER TESTS WITH A PULSE INPUT"
RHO-BW-CR-131-P, LYNN GELHAR, APRIL 1982

NRC General Comments

The report (RHO-BW-CR-131-P) describes an analytical method for estimating the

dispersivity and "effective thickness" (product of total aquifer thickness (b)

and effective porosity (n)) of a confined aquifer from two-well tracer test

data. The report also describes an attempt to validate the method using tracer

test data obtained itI 1979 by Science Applications, Inc. (SAI).

While a detailed analysis of the mathematical derivations was beyond the scope

of our review, the type curve method presented appears to be a straightforward

extension of Gelhar and Collins (1971) solution of the advection dispersion

equation for a pulse input of tracer. However, we consider that the method is

valid only for a restrictive set of assumptions that must be considered by BWIP

in test design and analysis. Our review therefore focuses on the described

validation attempt, insofar as the C-7/8 test case may provide a

representative example of BWIP's intended application of the method. As

discussed in detail below, the illustrative test case may have violated several

major assumptions of the analytical method and therefore provides limited field

validation of the methods, and raises concerns regarding proper application of

the method in future BWIP site characterization efforts.

NRC Specific Comments

The subject document contains a limited discussion of the assumptions inherent

in the analytical methods, and the limitations of these assumptions in the case

study presented. It is recommended that, in accordance with accepted

hydrologic test documentation, all assumptions inherent in the evaluation of

the tracer test be clearly presented in one place. It is also recommended that

all variables and constants used in the equations be listed in one place, along

with their dimensional descriptions. Clear documentation of assumptions and

variables would alleviate confusion caused by, for example, use of the same
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symbol (m) for two entirely different variables (mass of tracer injected

(p. 1), and exponent in the stream tube equation (p. 5)).

A discussion of the test assumptions is critical to an evaluation of the tracer

test data. In the case of the DC-7/8 tracer test, we consider that several of

the stated assumptions may not be valid for the case described. We also

consider that several unstated assumptions of the analysis warrant detailed

discussion to determine whether the DC-7/8 test conditions violated these

assumptions. A discussion of NRC concerns regarding the validity of the stated

assumptions in the DC-7/8 test is provided below, followed by a discussion of

the unstated assumptions. Other NRC comments and concerns follow thereafter.

1. Validity of assumptions stated in the document

The assumptions noted on page 1 of the document may be listed as follows:

1) conservation of tracer: non-reactive, no decay

2) confined aquifer

3) homogeneous aquifer

4) steady flow of groundwater during test

5) pulse (instantaneous) input of tracer

The limitations of assumption 1) in the application of the Gelhar and

Collins (1971) solution to the DC-7/8 tracer test are not discussed

adequately in the document. For example, no mention is made regarding the

geochemical retardation potential of I-131 within the test interval.
Also, I-131 has a half-life of 8.05 days; therefore, the test duration of
about ten hours could have resulted in the decay of about 3.5% of the
tracer, thus lowering the peak concentration and changing the shape of the

concentration vs. time curve. The questions of whether this decay and

geochemical retardation are significant to the test results should have

been addressed.
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The validity of assumptions 2) and 3) could not be evaluated with the

information provided in the document alone. We consider that geologic and

geophysical logs, or at least a qualitative description of the tested

interval, should have been provided. This information is fundamental to

any hydrologic test analysis. This information may have been provided in

the "report submitted by Science Applications, Inc." cited on page E-1,

but this document is not referenced and does not appear to be available

for review.

On page 31 of Appendix E, the test interval is said to be about 220 feet

above the top of the Umtanum flow. Given that the test zone has a

reported thickness of 49.8 feet (p. E-3) it can only be assumed that the

zone occurs somewhere between 270 and 170 feet above the top of the

Umtanum and includes portions of the flow top breccia and underlying

vesicular zone in Grande Ronde 9. On the basis of this report, we cannot

rule out that the top part of the test interval is open to the Grande

Ronde 8 flow.

Assumption 4), "steady flow," appears to have been violated by the DC-7/8

tracer test. Judging from the information provided in Appendix E, the

pumping and injection rates were highly variable throughout the test. It

is stated on page 12 that the "elapsed time was corrected to correspond to

a constant pumping rate," but the nature of this correction, and whether

or not it fully compensates for flow variations, is not discussed in the

document.

Assumption 5) (instantaneous pulse input of tracer) also merits

discussion. The horizontal distance over which the tracer migrates in the

test interval is small compared to the vertical distances traveled by the

tracer in moving down the injection wellbore (DC-8) and up the pumping

wellbore (DC-7) to the surface. As described on page E-28 of the report,

the tracer material travels through 6690 ft. of pipe and only through 46.2

ft. of the test horizon. As calculated on pages E-29 and E-30 of the

report, the tracer material spent approximately 7 hours traveling in the
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wellbores and only about 1.2 hours migrating through the test interval.

Therefore, dissolution of the frozen I-131 would have occurred while it

traveled down the injection hole, and dispersion within the boreholes

would be significant. Furthermore, there is no guarantee that the tracer

source concentration would be evenly distributed across the aquifer

thickness at the assumed source location. These effects would result in

the violation of assumption 5) at the assumed source location at the

interval horizon depth. Also, the return of tracer pumped out of DC-7

back to the iection well DC-8 causes the tracer input to be distributed

in time rather than instantaneous. These considerations may compromise

the validity of the test results, and should be discussed in the document.

It is also important to note that the SAI-calculated travel times within

the tubing discussed on page E-30 differ with the travel times calculated

in the report (p. 12) by a total of over one hour (almost 15%). The

reasons for this apparent discrepancy should be discussed in the document.

2. Validity of assumptions not clearly stated in document

A number of assumptions inherent in the tracer test analysis were not

stated, or not clearly stated, in the document. These assumptions

include:

6) flow conforms with Darcy's law

7) aquifer thickness is constant between wells

8) effective porosity is independent of flow rate and

concentration

9) lateral dispersion is negligible

10) longitudinal dispersivity is constant

With regard to assumption 6), an important requirement of the presented

tracer test analysis is that Darcy's law is valid for the flow conditions

generated in the aquifer during the test. We consider that this

assumption may be questionable due to the relatively high flow velocity

attained in the medium (>1.8 x 10 ms).
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Our reasoning is based on consideration of the Reynolds number. Todd

(1980) describes how the Reynolds number (Nre) has been used to establish

the upper flow limit characterized by Darcy's law. Experiments have shown

that in porous media Darcy's law is valid for Nre <1 and departs seriously

for Nre >10. This represents an upper limit to the validity of Darcy's

law.

Concerns of the NRC staff can best be illustrated by obtaining an estimate

of the Reynolasrnumber for this tracer test. Hantush (1964) gives the

formula for Reynolds number as applied to porous media flow. Solving for

Nre:

Nre = PVdm/ = 9.8

where p = 988 kg/M3 @ 501C

V > 1.8 x 10-3 M/s- 46.2ft

-3
d = 30 x 10 m = 3mm

p = 5.44 x So kg/m * s @ 50'C

Values of p and p were selected based on known temperature conditions at
the depth of the test horizon. The value of V used above is based on the

travel time, tp, of the peak in activity ( page E-30 of the document) and

on the reported value of the shortest travel path (L = 46.2 ft). This

velocity is clearly a minimum estimate because the actual travel paths of

the bulk of the tracer follow curving streamlines of length L > 46 feet.
Accordingly, most of the tracer would move at velocities > 1.8 x 10 M/s.

The variable d refers to the mean grain diameter of the porous matrix and

indirectly describes the pore sizes. A reasonable value of d = 3 mm was
selected based on general observations of fractured and vesiculated cores

taken from flow top breccias in the Pasco Basin.
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We note that the calculated value of Nre = 9.8 approaches the realm of
divergence from Darcian assumptions, despite the fact that assumptions

were used to obtain the minimum tracer velocity and to define the flow

matrix as a homogeneous porous medium. The criticality of Nre is strongly

dependent on the physical characteristics of the flow matrix. These

characteristics determine the degree of isotropy and homogeneity in the

system and whether the matrix is dominated by fracture or porous flow. As

described in the section of this letter which discusses stated

assumptions, te report does not include a detailed geologic and

geophysical analysis of the test interval. Such information could have

been used to more explicitly define the test domain. It is quite possible

that the flow regime for this tracer test is more properly defined as a

fractured system. For such a case, departures from Darcian assumptions

could be radical.

Turbulent flow may generally be expected in the immediate vicinity of a

pumping or recharge well. Under most practical circumstances this can be

ignored. However, two-well circulating tests, like this tracer test,

induce cross-hole flow velocities which greatly exceed those under ambient

conditions. These velocities may be sufficiently high that inertial

effects become significant, perhaps even resulting in turbulence.

We recommend that BWIP review the DC-7/8 tracer test in light of this

analysis. NRC concerns about violations of Darcian assumptions would be

resolved by test methods that ensure a lower tracer velocity. The

relationship of test results to flow velocity may be examined by comparing

results of a series of tests performed on the same interval, with each

test involving a different flow rate.

The implicit assumption 7) that the aquifer thickness is constant between

wells is also not discussed in detail in the document. As discussed

previously, there is no description of the tested interval in the

document.
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The implicit assumption 8) has recently been challenged in the literature

(Nkedi-Kizza et. al, 1983). According to the Nkedi-Kizza et. al. study,

the effective porosity of an aquifer with respect to tracer movement may

depend significantly on flow velocity and tracer concentration. BWIP

should investigate the variations of effective porosity as determined by

tracer tests in a given aquifer in order to characterize this velocity-

and concentration-dependence.

The report alsorimplicitly assumes that lateral dispersion within the

aquifer may be neglected [assumption 9]. NRC considers that justification

for the adoption of this assumption should be provided in the document.

The tracer test analysis is also based on the assumption 10) that

longitudinal dispersivity may be considered as a constant for a given

test. While we do not question the validity of this assumption for a

given test interval and scale, a dispersivity value derived from a

small-scale test will not likely represent the dispersivity at other

scales of interest. It has been widely observed that dispersivity has a

definite scale-dependency, and may not be considered a constant over all

scales for most field conditions. The topics of the scale dependence of

dispersivity, and the development of alternative models of dispersion, are

currently being investigated by scientists within the hydrologic community

(including Dr. Gelhar). For this reason, NRC considers that estimates of

dispersivity should be used with great caution in radionuclide transport

evaluations and repository performance assessments, and dispersivity

values derived from one scale of testing should not be applied to other

scales of transport analysis. Since the subject document does not

describe the intended uses of the dispersivity value yielded by the test,

our comments on intended applications of dispersivity measurements in

repository performance assessment are necessarily restricted.

3. Other NRC Comments and Questions
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NRC notes that the validation of the graphical method of analysis for

consideration of unequal flow rates involves only comparison with the

analytical solution for the equal flow case. A validation of the

graphical method for the unequal flow case for which it is used would

provide more confidence in the results.

BWIP should consider the following additional questions not covered in the

previous sections of this letter regarding the documentation of the DC-7/8

test:

o What is the significance and possible impact of the observed

pre-test static head difference of 1.1 feet?

o What is the measured thickness variation of the test interval in

DC-7 vs. DC-8?

o How accurate is the determination of the value of L, which is

the actual separation at depth of the test intervals (presumably

based on gyro surveys)?

o What are the significant variations in geologic characteristics

and geophysical signatures of the test intervals?

o What was the rationale for selecting the test intervals?

We note that there is an apparent discrepancy in the reported value of L,

which is the lateral distance of separation between the injection and

withdrawal zones in the test intervals. On pages E-28, E-31 and in Fig.

E-1 on page E-3 the value of L is reported to be 46.2 feet. However, on

page 12 the value is listed as 56 feet and that is the number used in the

first equation on page 14. Was the value of L based on the results of a

borehole deviation gyro survey, or is it an approximation based on the

separation of the surface well casings? The discrepancy should be
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resolved because the difference in values is sufficient to cause between

18% and 22% error in the calculation of a.

We also note that the type curve of time vs. concentration presented in

the document as figure 9 represents only a fair fit to the data. The peak

appears to arrive about a half-hour before it would be expected according

to the closest matching type curve, and there is significant scatter along

both the rising and falling parts of the curve. This scatter may be a

result of the se of questionable assumptions as noted in this review.

It may also be noted that the type curve method may not be useful for

values of &=a/L of less than about 0.01, where the type curves become

asymptotically similar.

As a final comment, the most valuable data yielded by tracer tests such as

the C-7/8 test are values of effective porosity. However, the test

yields only effective thickness, which is the product of effective

porosity and interval thickness. The effective interval thickness is

difficult to quantify in most cases, particularly in a fractured medium.

This report fails to provide an adequate geologic description which could

defend selection of the effective interval. Therefore, values of

effective porosity calculated from the tracer test results can be no more

accurate then the determination of effective interval thickness. This

limits the quality of porosity estimates yielded by tracer tests in

evaluating vertical or three-dimensional transport of radionuclides.

Recommendations

On the basis of our review and the attached reviews by NRC contractors Golder

Associates, Inc., and Williams and Associates, Inc.), we offer the following

recommendations for tracer test procedure and analysis:

1. BWIP should consider validating the analytical method applied in the

subject document against a numerical flow and transport (mass
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balance) model (e.g., PORFLO, SWIFT, USGS-2D solute transport, or

other appropriate model). For the DC-7/8 test this validation would

be especially valuable since the test conditions (unequal pumping

rates, variable flow rates, etc.) were complex, as has been discussed

in this review.

2. A mass balance of tracer injection and uptake should be performed

routinely to determine the degree of tracer recovery. This would

provide i7ormation regarding the validity of assumption 1), in

particular.

3. Downhole equipment should be used for injection and measurement of

tracer to avoid problems associated with tracer travel and dispersion

in the boreholes.

4. Test design and procedure should be carefully chosen and conducted so

that the assumptions (1 through 10) apply. Special care should be

exercised to avoid possible violations of Darcy's law.

5. Documentation of test results should be sufficient for proper review

by NRC and other interested parties, including a geologic description

of the test interval and full discussion of any limitations of the

analysis.

6. Measurements of dispersivity should be made at various spatial scales

and locations in order to evaluate the scale effect and spatial

variability of dispersivity.

Additional comments by NRC contractors are attached.
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