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1. INTRODUCTION

At the request of the Technical Assistance Contractor to the DOE-UMTRAP,
Rogers and Associates Engineering Corporation (RAE) has reviewed the report
entitled "Validation of Methods for Evaluating Radon-Flux Attenuation Through
Earthen Covers" (Ref. 1) as well as the comments to Reference 1 given by the
DOE-UMTRAP Remedial Action Contractor.(z) In general, we support the conclu-
sion stated in Reference 2 that "the methods (given in Reference 3-the Handbook)
are not validated by the data presented.” RAE has concluded from fts evalua-
tion that Reference'l neither validates nor invalidates the methods given in
the Handbook because the validatior project contains a poorly-conceived and
executed field and laboratory measurement program as well as an erroneous and
fncomplete application of the Handbook methodology. While the general concept
of a validation of the Handbook is desirable, it is important that the valida-
tion be planned and performed so that measured parameter values and calculated
values are comparad in a consistent and correct manner,

This memorandum 1s organized as follows: general comments on the work
reported in Reference 1 are given in Section 2, followed by specific comments
on each section of Reference 1, except for the Conclusions section, which is
addressed in Section 4. Finally, Section 5 contains RAE analyses of the CMS-NW

site, correctly using the methodology, and our final conclusions.




2. GENERAL COMMENTS

The main concerns about Reference 1 are organized into five general

comments.

1. Simplistic and incorrect representation of specific site data. For example,

using only three layers to represent a specific site with as many as 22 differ-
ent layers gives rise to calculational errors in the surface flux that are
greater than the flux differences presented in the report. This step alone
caused errors large enough to render the flux comparisons worthless and mis-

leading.

2. Erroneous measured values of key parameters. For example, the measured
values of the density of the tailings leads to the preposterous conclusion that
the tailings have expanded by 45 percent in two years. That results in an in-
crease in the pile height of up to 27 feet. VYet the density measurement 1s

never questioned in Ref. 1.

3. Poorly conceived and executed field and laboratory measurement program,
Examples are: total neglect of measuring R and E of the cover materfals,
neglecting to correct the measured fluxes for background, performing most f1ux
measurements only during the daytime, and making obviously erroneous diffusion

coefficient measurements for the uncompacted :over material.

4. Total lack of RAECOM calculations. The simple, accurate and quick-running

RAECOM code 1s the main tool! given in the Handbook methodology. This code was




completely ignored. As shown in Section 5, 1t can also be used as a valuable

part of validating the approximate analytical equations.

5. Lack of internal review. The many questionable statements, faulty data

values, omissfons and typographical errors indicates insufficient internal
review of the document before publication. The importance of the topic and
the general, broad conclusions contained in Reference 1 should have received
the careful, detailed, internal scrutiny normally accorded such reports in re-

view and clearance procedures.




3. SPECIFIC COMMENTS

This section contains a sequential listing of specific comments on, and

errors found in, the PNL validation report.

Comment

Radon fluxes were measured only over three days (five days for
two locations), and predominantly during daytime hours. Given

the large variations (diurnal, seasonal, etc.) that have been

observed, including those by PNL, the present flux data are

highly selective and subject to significant bias. The long-term
flux data mentioned on this page should be incorporated,or at
least included by comparison.

Since the objective was to validate a mode! for long-term radon
emissfons, only the 24 hour flux samples seem valid. Hopefully,
the four-hour samples are equivalent; however, such comparison

of methods 1s outside the scope f this report, and no data is
given or cited to support their equivalence.

The charcoal flux measuréments with open and closed-end samplers
again suggest poor procedural QA or a comparison of methods that
does not support the purpose of the study. What was the purpose
and interpretation of this?

No radium or emanation measurements were made on any of the cover
Zs-l

materfals. With fluxes in the 0-5 pCi m™ range, radon origin-

ating in the cover is significant, and for the Mancos Shale cover,




Item

Page

Comment

is dominant. These fluxes were known prior to the validation

(Ref. 4), but were neglected by not defining the cover radon sources

- that can dominate at such low levels

Specific gravity measurements are inexpensive and easy to con-
duct. Due to their strong impact on pososity and moisture
saturation estimates, they should be measured and not assumed.
Equations 5 and 8 are not valid for application to radon transport
through layered systems. Gross errors result from such averaging
over layers of different moisture and density, as shown in

Section 5 of this memorandum. Analogy is suggested to averaging
of parallel electrical resistances.

Reference year typo: (Nielson et al., 1982)

Weighted averaging of radium and emanation values is incorrect

for reasons similar to those in item 6 above.

Table 3 - what was the range of the two measurements from “this
study"?

Table 1. Dry weight percent moistures are reported to four signi-
ficant figures. This seems excessive given the apparent precisions

of the other sofl and tailings data.

Table 1. Tailings densities as low as 0.75 g/cm3 and saturations

of only 0.21 (CMS-NW-tailings) indicate volumetric compositions
of 28 percent tailings, 15 percent water, and 57 percent air
existing under the load of a three meter earthen cover. This
is inconceivable.

Table 2. Radon diffusion coefficients as low as 0.005 cmzls
for uncompacted adobe clay are unlikely even at seven to nine

percent moisture, as are the trends of higher diffusion coefficients




Item Page Comment

ifn the more moist, highly-compacted second layers. Although
; Table 3 suggests accuracy for dry diffusion tests, the measured

A}esu1ts with compacted, moist sofls are mostly questionable.

13. 11 The conclusfon that there was an “underground expansion” of the
tailings by a factor of 1.82 is incredible. From their 10-m ‘
tailings depth (p.13), this suggests that the elevation of the
tailings surface has risen by 26.9 feet between 1981 and 1983,
assuming 1t did not expand sideways beyond the property fences.
Surely the neighbors would have noticed! The density sampling
and measurement procedures need examination.

14, 12 The value of 0.15 assumed for porosity is not suggested by the
Handbook. The Handbook suggests 0.35.

15. 12 The Silker and Kalkvarf 1983 reference is missing in the
reference 1ist,

16. 12 Three-layer representation of the 22-layer systems described in
Appendix A rauses flux errors of several orders of magnitude,
(see item 6).

17. 13 Extrapolated D s in Table 7 have the same erroneous trends as
the measured D's (see ftem 12).

18. 15 The 0.2m original cover, also fllustrated in Fig. 1, is not
accounted for in the detailed logging in the appendix. Where
did 1t go?

19. 18 The cover thickness, xz. used in the calculations, is not given.
Is 1t as in Figure 1, or as in the Appendix?

20. 16 There 1s a 44 -cm discrepancs in the Mancos Shale thicknesses
(CMS-NW) between Figure 1 und the #ppendix. Which is correct?
This sould cause nearly 50 percent error in the radon flux cal-

culation,




In Table 9, the 95 percent Confidence Interval for a single
measurement is not appropriate to represent the sets of multiple
field measurements. The simple mean and standard deviation (or
even range) is more appropriate.

The last column in Table 9 has no meaning or application to

the Handbook validation,

Although certain soil properties may be "too costly or incon-

venient to measure" for initial licensing and its related con-

ceptual designs, such measurements are vital and very inexpensive
in designing detailed final reclamation plans.

In Table 10, the measured radon flux mean and S.D. should be
reported and corrected for radon generated by radium in the
cover,

The comparisons in Table 10 are not valid due to the represen-
tation of 22 lTayers (i.e., for CMS-NW) by three layers. Instead
of using the approximate equations for this calculation, the
RAECOM program, which 15 the main basis of the Handbook, should
have been used. Calculated fluxes employing all 22 layers
(CMS-NW) and measured parameters were less than 1 pCi m'zs'l,
neglecting cover radium, comparing favorably with the measured
fluxes. A three layer RAECOM calculation to represent the same

case yielded a flux of 15.6 pCi m'zs'l

due to averaging of layer
characteristics. Assuming E=0.2, as in Table 10, a complete
RAECOM analysis again gives a flux of less than 1 pCi m'zs°l.
while a three layer corresponding RAECOM calculation gives a

flux of 9.46 pCi m™%s™). The intent of the equations 10-12 is




Item Page Comment

to compute an approximate cover thickness to satisfy a given

radon flux. With this application, the approximate equations

give a top cover thickness of 222 cm to achieve a flux of

9.46 pCi m'zs'l. compared to the RAECOM calculated value of

224 cm. The factor of 31 excess and similar values for other
sites in Table 10 have no basis.

Equations 13 and 14 are both incorrect. In equation 13, the
sum should be normalized to % » not 1/1. In equation 14, the
first Ah should be multiplied by 3.

The first paragraph's conclusion is incorrect, as shown by
IECO's comment (Ref. 2). Other conclusions are also incorrect
as discussed in sections 4 and 5 of this review.

Botton of page - relation between flux and cover thickness

is readily determined using Handbook equations and the RAECOM
code.

The derivation of equation 19 is simplistic because it is based
on exponential flux attenuation (eq. 15). The approximate
equations in the Handbook superseded this approach.

Hartley et al., 1983 (shoﬁld be 1981 Field Test)

Moisture gradients in adjacent holes are inconsistent and need
explanation.

Depth increments and radiological data for CAC-C and CAC-5E are
inconsistent with the data on page 10 and page A3.

Explanation is needed for large variations and trends in side-by-
side flux measurements for CMS-C and CAC-C.

References (Silker and Kalkwarf 1983) and (Oster and Mayer 1982)

are both missing from the Reference List.




4. COMMENTS ON THE CONCLUSIONS SECTION

RAE comments in Sections 2 and 3 support the fact that none of the ten
conclusive statements in the first four paragraphes on page four have a
valid basis as a result of the validation project. The obvious conclusive
statement in paragraph five concerning cover thickness being less sensitive
than surface flux, is supported by the report, and the qualitative state-
ments about cover defect effects in the last paragraph is also supported

by the report, even though there are errors in both equations used in the

relevant analysis. .

The broad conclusion that “"the radon fluxes predicted by the Handbook
equations were always equal to or larger than the fluxes measured at field
locations in this study" is not even supported by the report data as

demonstrated by the following comparison from reference 2:

Measured Flux Predicted Flux Ratio of
From Cover (Avg.) From C;¥7r Predicted to
Site (pCi/m2/$) (pCi/me/S) Measured
3

CMS-NW 0.76 3.9
CMS-C 1.08 10 9.
CMS-SE 5.05 . 3 0.2
CAC-NW 5.62 0.3 0.05
CAC-C 4.78 5 1.05
CAC-SE 21.52 3 0.14

The difference in predicted-to-measured flux ratios ranges from an
order of magnitude less than unity to an order of magnitude greater than
unity. This variation of two orders of magnitude arises from shortcomings

in the validation project, not from errors in the Handbook methodology.

Furthermore, the inconsistency of measured diffusion coefficients for

uncompacted adobe clay that are less than or equal to D's for compacted




Mancos Shale and compacted adobe clay should be cause for concern for the

diffusion measurements, and not be the basis for the statement that “"this

Handbook equation generally overestimates values for the radon diffusion

coefficient.® This issue should have been researched more thoroughly con-
sidering the vast quantity of diffusion coefficient data that are in

general agreement with the Handbook equations.




5. DISCUSSION AND CONCLUSIONS

Several comparative calcuiations were performed using the RAECOM com-
puter progrim, since this program is based on accepted physical principals
of gaseous transport, and since it was presented in the Handbook as the pri-
mary basis on which radon barrier cover designs should be based. The first
field measurement example (CMS-NW, pages A.l1 and A.4) was used in the calcu-
lations to determine whether the measured radon fluxes, when correctly
compared with the measured radon source data, indeed present significant
discrepancies.

The first example calculation, using all 22 layers of measured data from
the Appendix (p. A.1 and A.4), is shown in Figure 1. As illustrated, the
radon flux computed using measured radon emanation coefficients for the tail-
ings, empirically predicted diffusion coefficients, and ignoring the radon
that may originate in the cover, is nearly zero (8.6 x 1074 pCi m'zs'l).

Hence, the measured radon fluxes in Appendix 3 for this case (0.76 ¥ 0.33

pCi m'zs'l) exceed the radon from the tailings that could reach the surface,

and must be dominated by background levels of radium in the cover materials.
Figure 2 illustrates the same calculation with background levels (1 pCi/g
radium, E = 0.2) of radium assumed for the cover instead of zero radium as

in the first calculation. As shown in Figure 2, the 1 pCi/g levels of radium
in the cover completely account for the observed radon flux, yielding a com-

2-1 (compared to the 0.76 pCi m'zs'1 measured mean).

puted radon flux of 0.77 pCi m™
A third RAECOM calculation was conducted using the same measured radium

and emanation data as in Figure 1, but averaged into only three layers as done

in the PNL validation Report.(l) This calculation is shown in Figure 3, and

yielded a radon flux of 15.6 pCi m'zs'1 instead of the near-zero flux of the
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CHS-NW, MEASURED E’S, 1 PCL/GRAM RA-226 ASSUMED IN COVER
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(cm) {cal/sec) (pCi/cm3 sec) (dry wi. percent)
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Figure 2. RAECOM Calculations from Detafled Field Data with 1pCi/g Radium
in Cover
13




CHS - ‘WM, EXACT E’S

hikhkhsirhk I NPUT PARAMETERS sihhnhrikri

NUMBER OF LAYERS : 3

RADON FLUX INTO LAYER 1 : 0.000 pCi/nl/sec
SUREACE RADON CONCENTRATION : 0.000 pCi/liter
BARE SOURCE FLUX (Jo) FROM LAYER 1 : 793.0 pC1/02/sec

LAYEF THICKNESS DIFF COEFF POROSITY SOURCE MO ISTURE
cm) (cal/sec) (pCi/cm3/sec) (dry wt. percent)

103. 4.6164E-02 0.7200 1.2360E-03 20.49

119. 1.09€0E-02 0.3700 0.0000E-01 10.89
224, 2. 9458E-02 0.44%0 0.0000E-01 7.76

kkhkk RESULTS OF RADON DIFFUSION CALCULATIONkksra

LAYER  THICKNESS EXIT ELUX SXIT CONC. MIC
(cm) . (pCi/ml/sec) {(pCi/liter)

103. 1.9333E+02 4.4503E+0S 0.8408
119, 9.2917E+01 3.623TE+04 0.6295
prl N 1.5613E+01 0.0000E-01 0.8027

Figure 3. RAECOM Calculation for the PNL 3-Layer Representation with
Measured Emanation Coefficients

corresponding detailed calculation. It is thus suggested that the high, "gen-

erally conservative" radon fluxes ascribed to the Handbook by the validation

report(l) are not, in fact, characteristic of the methodology in the Handbook.

Instead, they resulted from a simplistic interpretation of the field data

that was neither suggested nor justified by the Handbook.

A fourth RAECOM calculation was conducted similar to that in Figure 1,
but assuming the emanation coefficients to all be 0.2, hence corresponding
to the case represented in Table 10, column (b) of the validation report.(l)

As 1llustrated, in Figure 4, the radon flux was again computed to be nearly

14
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sero. A fifth RAECOM calculation, for the E - 0.2 case using the PNL three-
layer sinp\if?cation. fs shown in Figure 5 and yielded a radon flux of 9.5

pCi .-25-1. Using the approximate equations in the Handbook to do this calcu-
-2 -1

lation manually, we obtained a radon flux of 9.3 pCim s ~, nearly identical

to the value from the RAECOM calculation. The higher value of 13 pCi nlg!

reported in the validation report (Table 10, column b) apparently utilized the
nominal 1.8 m thickness for the top cover layer that they reported in Figure l.(l)
instead of the actual measured thickness of that layer, 2.24 m, as reported in
the Appendix (p. A.1), to obtain the higher flux. It also included 20-cm of

"original overburden" that was apparently not observed in the field measurements

and logging, based on Appendix A.

CHD - NN, E=0.2

Ahikhkhikir I NPUT PARAMETERS rbikiiini

NUMBER OF LAYERS : 3

RADON FLUX INTO LAYER 1 @ 0.000 pCi/nl/sec
SURFACE RADON CONCENTRATION : 0.000 pCi/liter

BARE SOURCE FLUX (Jo) FROM LAYER 1 : 480.5 pCi/m2/ze

LAYER THICKNESS DIFF COEEFF POROSITY SOURCE MO ISTURE
(cm) (ca2/sec) (pCi/ce3/sec) (dry wi, percent)
103. 4.6164E-02 0.7200 7.4900E-04 20.49
119, 1.0960E-02 0.3700 0.000CE-0! 10.89
224, 2.9458E-02 0.4400 0.0000E-C1 7.76

ki RESULTS OFEF RADON DIFEUSION CALCULATION kkiki
LAYER  THICKNESS EXIT FLUX EXIT CONC, w1

(cm) (pCi/m2/sec) (pCi/liter)
5 103. 1.1716E+02 2.6971E+05 0.8408
119. 3.2067E+01 2.195CE+04 0.629%
3 224, 9.4610E+00 0.0000E-01 0.8027

Figure 5. RAECOM Calculation for the PNL 3-Layer Representation with E=0.2

- —— i e - ——
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" In summary, we conclude that the Validation Study and Report(l) neither

validate nor. invalidate the Handbook methodology because of their misapplication

of the Handbook methodology, their failure to collect adequate field data from
which to make direct, quantitative comparisons, and their use of erroneous
laboratory and field data. While we agree with the concept and value of com-
paring the Handbook methodology with additional empirical data, we feel that
this goal was not accomplished. The Handbook uag-notﬂgﬁoun to either over-
estimate or underestimate required cover thicknesses because valid compari-
sons were not made. If correct interpretations were made of the measured
field and laboratory data, perhaps some value could be derived from this
study. However, the value will be extremely limited unless explanations or
corrections can be found for many of the doubtful but dominant measured param-
eters such as tailings densities, tailings and cover diffusion coefficients
and moisture contents, and cover layer thicknesses. Radon source data for the
cover materials is also necessary for quantitative comparisons with measured
fluxes, even though 1t would not ordinarily be required for cover design

calculations.
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