.
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Appendix B, Appendix D

Mann-Kendall Test Description
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' 16.3.3 Intervention Analysis and
Box- Jenkins Models

If a long time sequence of equally spaced data is avallable intervention analysis :
may be used to detect changes .in average level resulting from a natural or man-
induced intervention in the process. This approach, developed by Box and Tiao
(1975), is a generalization of the autoregressive intégrated moving-average
- (ARIMA) time series models described by Box and Jenkins (1976). Lettenmaier
~ and Murray (1977) and Lettenmarer (1978) study the power of the method to
“detect trends. They emphasize the design of sampling plans to detect impacts
~ from. pollutmg facilities. Examples of its use are in Hipel et al. (1975) and Roy
" and Pellerin (1982).
* Box-Jenkins modeling techmques are powerful tools for the analysrs of time
“series data. McMichael and Hunter (1972) ‘give a good introduction to Box-
' Jenluns modelmg of environmental data, using both ‘deterministic and stochastic
" ‘components to forecast temperature flow in the Ohio River. Fuller and Tsokos
(1971) develop, models to forecast dissolved oxygen in a stream. Carlson,
MacCormick, and Watts (1970) and McKerchar and Delleur (1974) ﬁ( Box-
_ Jenkins models to monthly river flows. Hsu and Hunter (1976) analyze annual
“series of air pollution SO, concentrations. McColhster and Wilson (1975) forecast 1
daily maximum and hourly average total oxidant and carbon monoxide concen-
trations in the Los Angeles Basin. Hipel, McLeod, . and Lennox (1977a, 1977b) ?
illustrate improved Box-Jenkins techniques to simplify model construction. ‘
Reinsel et al. (198la, 1981b) use Box-Jenkins models to detect trends in
. stratospheric ozone data. Two introductory textbooks are McCleary and Hay
(1980) and Chatfield (1984). Box and Jenkms (1976) is recommended readmg
for all users of the method. §
Disadvantages of Box-Jenkins methods are discussed by Montgomery and
-Johnson (1976). At least 50 and preferably 100 or more data collected at equal :
(or approximately equal) time intervals are needed. When the purpose is
- forecasting, we must assume the developed model-applies to the future. Missing
.. data or data reported as trace or less-than values can prevent.the use of Box-
- .Jenkins _methods. . Finally, the modeling process- is ‘often "nontrivial, - with a
considerable investment-in time and resources required to build a satisfactory
model. Fortunately, there are several packages of statistical programs that contain
- - codes for.developing time series' models, .including Minitab (Ryan, Joiner, and
Ryan 1982), SPSS (1985), BMDP. (1983), and SAS (1985) Codes for personal
;computers are also becommg avarlable e

PRAL .

R ]

16 4 MANN KENDALL TEST

1945 l(endall l975) Thls procedure is pamcularly useful smce mlssmz values
““are allowed and the data ‘need not conform to any pamcular distribution. Also,
‘data reported as . trace or Iess ‘than the detectron limit .can be used (if it is

acceptable in the context of the populauon being sampled) by assigning them
a common value that is smaller than the smallest measured value in the data
set. This approach can be used because the Mann-Kendall test (and the seasonal
Kendall test in Chapter 17) use only the relative magmtudes of the data rather

' From Luliurt, Rickard 0, 1957, Statsthed Methods for \
' Env’trmmmhd Folluron /Mmzu'zr/ﬂj Vam N"S?'m/no/ ﬁam/?olo/ N Y
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than their measured values. We note that the Mann-Kendall test can be viewed
as a nonparametric test for zero slope of the linear regression of time-ordered
data versus time; as illustrated by Hollander and Wolfe (1973, p. 201). -

16.4.1 Number of Data 40 or Less

If n is 40 or less, the pfoeedure in this section may be used. When n exceeds
40, use the normal approxnmatton test in Section 16.4.2. We begin by considering
“the case where only one datum per time period is taken, where a time period
- may be a day, week, month, and so on. The case of multtple data values per
time period is discussed in Section 16.4.3.

The first step is to list the data in the order in which they were collccted
over time: x;, Xa, . . ., X,, where x;’is the datum at time i. Then deterrmne
the sign of all n(n — 1)/2 possxble differences x; — x‘, where j > k. These
differences are X, — X1, X3 = X1, . . ., X, — X, X3 = Xoy X4 = Xz . . N
— Xy Xy = Xy_p. A convenient way of arranging the calculations is shown
in Table 16.1. '

Let sgn(x; — x;) be an ‘indicator functton that takes on the values l 0, or
—1 accordmo to the s:gn of x; — x;:

sgn(x, -x)= 1 if x;—x>0

=0 if xj—xkéo.f

=1 i - x <0 16
Then compute the Mann-Kendall statistic ‘
. n—1 .
S= 2 Z sgnlx; — x;) 16.2
k=l J=L+I .

whlch is the number. of positive. differences minus: the number of. negative
- differences. These differences are easily obtained from the last two columns of
Table 16.1. If S is a large positive number, measurements taken later in time
.tend to be larger than those taken earlier. Similarly, if S is'a large negative
number, measurements taken later in time tend to be smaller. If n'is large, the
computer code in Appendix’ B may be used to compute S. This code also
- computes the tests for trend discussed in Chapter 17. '

Suppose we want to test the null hypothesis, H,, of no trend against the
alternative hypothesis, H,, of an upward trend. Then Hj is rejected in favor of
H, if § is positive and if the probability value in Table A18 corresponding to
the computed S is less than the a priori specified o significance level of the
test. Similarly, to test Hy against the alternative hypothesis H, of a downward
trend, reject Hy and accept H, if S is negauve and if the probability value in
- “the table corresponding to the absolute value of § is less than the’ a’ priori
- specified & value. If a two-tailed test' is’ desired, that is, if we want to detect

either an upward or downward trend, the tabled probability level corresponding
to the absolute value of § is doubled and Ho is rejected if that doubled value
is less than the a pnon o lcvel

EXAMPLE 16. 1

We wish to test the null hypothesxs H,, - of no trend versus the
altemative hypothesis, H,, of an upward trend at the a = 0.10
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Table 16.2 Computation of the Mann-Kendall Trend Statistic S for the Time
Ordered Data Sequence 10, 15, 14, 20

Time 1 2 3 4 No. of + No. of -
Data 10 15 14 20 Signs Signs

I5-10 14-10 20 -10 3 0
14-15 2-15 ] ]

20 - 14 ! 0
s = 3 - 1 =4

significance level. For ease of illustration suppose only 4 measure-
ments are collected in the followmg order over time or along a line
in space: 10, 15, 14, and 20. There are 6 differences to consider:
15 -10, 14 - 10,20 - 10, 14 — 15, 20 — 15, and 20 - 14,
Using Egs. 16.1 and 16.2, weobtain S = +1 + 1 + 1 — 1 + 1
+ 1 = +4, as illustrated in Table 16.2. (Note that the sign, not
the magnitude of the difference is used.) From Table A18 we find
for n = 4 that.the tabled probability for § = +4 is 0.167. This
number is the probability of obtalmng a value of § equal 1o +4 or
larger when n = 4 and when no upward trend is present. Since this
value is greater than 0.10, we cannot reject H,.

o If the data sequence had been 18, 20, 23, 35, then § = +6, and
the tabled probability is 0.042. Since this value is less than 0.10,
we reject H, and accept the altemauve hypothesis of an upward
trend.

Table A18 gives probability values only for n < 10. An extension
of this table up to n = 40 is given in Table A.21 in Hollander and
Wolfe (1973).

16.4.2 Number of Data Greater Than 40

When n is greater than 40, the normal approximation test described in this
section is used. Actually, Kendall (1975, p 55) indicates that this method may
be used for n as small as 10 unless there are many tied data values. The test
procedure is to first compute S using Eq. 16.2 as described before. Then
compute the variance of § by the following equation, which takes into account
that ties may be present: ‘

q

VAR(S) = i [n(n - 1)@n +5) - Z 1, = Q1 + 5)] 16.3

where g is the number of tied groups and 1, is the number of data in the pth
group. For example, in the sequence {23, 24 trace, 6, trace, 24, 24, trace,
23} we have g = 3, 1; = 2 for the tied value 23, 1, = 3 for the tied value
24, and 1y = 3 for the three trace values (considered to be of equal but unknown
value less than 6).

Then § and VAR(S) are used to compute the test statistic Z as follows:

S—-1 ]
=W if $S>0
=0 if S=0

S+1

=W if S<0 ‘ 16.4
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Flgure 16 2 Concentranons of 2% in ground water in well E at the former St.
- Louis Airport storage site for January 1981 ‘through January 1983 (after Clark
»and Berven, 1984). ; : .

A posmve (negauve) value of Z mdlcates an upward (downward) trend If the
null hypothesis, Hy, of no trend is true,. the statistic Z has a standard normal
distribution, and hence we use Table Al 1o decide whether to reject H,. To
‘test for either upward or downward trend (a two- tailed test) at the o« level of
significance, H, is rejected if the absolute value of Z is greater than Z, _ .,
where Z, _ ., is obtained from Table Al. If the aliernative hypothesis is for an
upward trend (a. one-tmled test), H, is rejected if Z (Eq. 16. 4) is greater than
Z, _, We reject Ho in favor of the alternative hypothesis of a downward trend
if Z is negative and the absolute value of Z is greater than Z,_,». Kendall
(1975) indicates that using the standard normal tables (Table A1) to judge the
statistical significance of the Z test will probably introduce little error as long
asn = 10 unless there are many groups of ties and many ties within groups.

EXAMPLE 16.2

Figure 16.2 is a plot of n = 22 monthly ***U concentrations x,, xa.
X3, ... . , X2 obtained from a groundwater monitoring well from
January 1981 through January ‘1983 (reported in Clark and Berven,
1984). We use the Mann-Kendall procedure to test the nuil hypothesis
at the « = 0.05 level that there is no trend in **U groundwater
. concentrations at this well over this 2-year period. The alternative
,hypothesns is that an upward trend is present. . '
. There are n(n — 1)/2 = 22(21)/2 231 dlﬁcrences to examme:’
for their sign. The computer code in Appendxx B was used to obtain
S and Z (Eqs. 16.2 and 16.4). We find that § = +108. Since there -
-are 6 occurrences of the value 20 and 2 occurrences of both 23 and
30, we haveg =.3, t, =6,and 1, = 1, = 2, chce. Eq. 16. 3 gives
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VAR(S) = % [2221)(44 + 5)

- 6(5)(12 + 5) — 2()(& + 5) — 2()(4 + 5))
1227.33

or [VAR(S)]'? = 35.0. Therefore, since S > 0, Eq. 16.4 gives Z

= (108 — 1)/35.0 = 3.1. From Table Al we find Zy o5 = 1.645.-
Since Z exceeds 1.645, we reject H, and accept the alternative
hypothesis of an upward trend. We note that the three missing values
in Figure 16.2 do not enter into the calculations in any way. They
are simply ignored and constitute a regrettable loss of information
for evaluating the presence of trend.

16.4.3 Multiple Observations per Time
Period '

When there are multiple observations per time period, there are two ways to
proceed. First, we could compute a summary statistic, such as the median, for
each time period and apply the Mann-Kendall test to the medians. An alternative
approach is to consider the n; = 1 multiple observations at time i (or time
period i) as ties in the time index. For this latter case the statistic § is still
computed by Eq. 16.2, where n is now the sum of the »;, that is, the total
number of observations rather than the number of time periods. The differences
between data obtained at the same time are given the score 0 no matter what
the data values may be, since they are tied in the time index.: :
‘When there are multiple observations per time period, the variance of S is
computed by the following equation, which accounts for ties in the time index:
£

VAR(S) = -1]—8 [n(n - D@n +5) - El 1,(t, — D@1, + 5)

h

- E:l ugluy — 1)Quy + 5)]

R

h
,E:. 1, = 1)(t, = 2) El g, = 1, = 2)

9n(n — H(n — 2)
g h
El p(t, ~ 1) E.:. u u, = 1)

- : 16.5
+ 2n(n - 1) .

where g and 1, are as defined following Eq. 16.3, h is the number of time
periods that contam multiple data, and u, is the number of multiple data in the
qth time period. Equauon 16.5 reduces to Eq 16.3 whcn there is one observation
per time period. »

Equations 16. 3 and 16.5 assume all data are mdependent and, hence,
uncorrelated. If observations taken during the same time period are highly
correlated, it may be preferable to apply the Mann-Kendall test to the medians
of the data in each time period rather than use Eq. 16.5 in Eq. 16.4.




272 Appendix A

Table A18 Probabilities for the Mann-Kendall Nonparametric Test for Trend

Values of n . Values of n
s| s 5 8 9 s| 6 7 10
0 |o0.625 0.592 0.548  0.540 1]0.500 0.500 0.500
2 {0.375 0.408 0.452  0.460 3]0.360 0.386 0.431
4 |o0.167 0.242 0.30 0.381 s | 0.235 0.281  0.364
6 |0.082 0.117 0.274 0.306 7 | 0.136  6.191  o0.300
8 0.042 0.199  0.238 9 | 0.068 0.119 0.242
10 0.0%3 0.138  0.179 11 | 0.028 0.068 0.190
12 0.089  0.130 13 | 0.0%3 0.035 0.146
14 0.054  0.090 15 | 0.0%14 o0.015  0.108
16 0.031  0.060 17 | 0.0%54  0.07€
18 0.016  0.038 19 0.0214  0.054
20 -~ 0.0%71  0.022 21 0.0%20 0.036
22 0.0%28  0.012 23 0.023
24 0.0%87 0.0%3 25 0.014
26 0.0%19 - 0.0%9 27 0.0%3
28 0.0%5 0.0%12 29 0.0%46
30 0.0%3 31 0.0%23
32 0.0°12 33 : 0.0%1
34 0.0%25 35 0.0%47
3 0.0°28 37 0.0°18
39 0.0%8.
a1 0.0%15
43 0.0°28
45 0.0528
Source: From Kendall, 1975. Used by permission. )
Repeated zeros are indicated by powers; for example, 0.0%47 stands for 0.00047.
Each table entry is the probability that the Mann-Kendall statistic S equals or exceeds the specified
value of S when no trend is present.
This table is used in Section 16.4.1.
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1.0 Introduction

1.1 Purpose

-The purpose of this document is to fulfill the Ndclear Regulatory' Commrsslon (NRC)

requirements for an application for Alternate Concentration Limits (ACLs) for three

constituents at the Uranium Mill Tailings Remedial Action (UMTRA) Project New Rifle Site
(“New Rifle), Colorado. Much of the information required by the NRC for an ACL application
(10 CFR Part 40, Appendix A and NRC 1996) has been compiled in the Site Observational Work
Plan (SOWP; DOE 1999) for New Rifle as well as the Ground Water Compliance Action Plan
(GCAP). This document is an attachment to ‘the GCAP. The intent of this attachment is not to
duplicate information found elsewhere, but to provide a link between NRC evaluation critéria
and relevant detailed discussion pertaining to those criteria in prev1ously prepared documents.
NRC guidance for preparing ACL applrcatlons for Title II sites (NRC 1996) was used as a model
for this application. This document summarizes pertinent information from the SOWP regarding
“Factors Considered in Making Present and Potential Hazard Findings” (Table 1 in NRC-1996;
also specified in 40 CFR Part 192 with slight modifications). It also identifies sections of the
SOWP that contain information corresponding to sections listed in the “Standard ACL
Application Format” (Table 2 in NRC 1996). This ensures that all factors and information related
to the proposed ACLs have been con51dered whlle mmlmrzmg duplication of effort

NRC’s ACL guidance was gprepared for Title Il UMTRA- sites It is also noted that the guidance
can be applied to Title I sites, with modifications made to accommodate the differences between
Title I and Title I sites. One of the major differences between these sites is that the regulations
for Title I sites (40 CFR Part 192) permit natural flushing as the selected ground water
compliance strategy, providing that ground water will reach acceptable levels (UMTRA
standards, background, or ACLs) within a period of 100 years. Therefore Title I sites have an
extended timeframe for achieving compliance, which is factored into the altematives eva]uation.

Section 2.0 of this document brleﬂy dlscusses the constrtuents for Wh]Ch ACLs are proposed and
the rationale for the numencal values. Sectlon 3.0 summarizes the factors considered in making
hazard ﬁndmgs ‘Section 4.0 presents the “roadmap” to the SOWP followmg the standard ACL "
application format. References are included in Section 5.0.’

12 Brief S-ite‘Ba'ckrground i ,' ', )

Hlstoncally, vanadrum and uramum ores were processed at two dlfferent mill srtes located near
the city of Rlﬂe Colorado U S. Vanadrum Company constructed the first mill'in 1924 for the
production of vanadium (Merrltt 1971) ThlS plant was located approxrmately 0.3 miles east of
the city and is referred to as the Old Rrﬂe 51te Umon Carbide and Carbon Corporatron (Union
Carbide) purchased the assets of the U.S. Vanadium Company in 1926 and established the

U.S. Vanadium Corporation as a subsidiary (Chenoweth 1982). The subsidiary operated the
former Old Rifle plant mtermrttently until 1946 when it was modlﬁed to include the recovery of
uranium as well as vanadium. Productron contmued unt11 1958 when’ the old plant was replaced
with a new mill located approxrmately 23 miles’ west of the Old Rlﬂe srte The former location -
of the new mill is referred to as the New. Rrﬂe 51te (Frgure l) 4

DOE/Grand Junction Office Alternate Concentration Limits—New Rifle Site

“April 2003 Page 1
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' Figure 1. Location of the New Rifle Site

Uranium and vanadium production at the New Rifle mill lasted from 1958 to 1984. Concentrated
ore was shipped to the New Rifle mill from 1958 to the early 1960s from a variety of locations in
the region. From 1964 to 1967, the New Rifle mill also processed lignite ash. From 1973 to
1984, part of the mill was used to produce vanadium; this operation, which did not produce
tailings, involved processing vanadium-bearing solutions. '

The Atomic Energy Commission (AEC) records document that 2,259,000 cubic yards of Old
Rifle tailings and 1,802,019 tons of ore were processed. The west central portion of the New
Rifle mill site contained 33 acres of tailings in two distinct piles. The combined piles measured
approximately 1,600 ft in the north-south direction and approximately 1,150 ft in the east-west
direction. Former holding ponds that held processing wastes (including vanadium and gypsum) -
were located east of the plles The location of tailing piles, evaporation ponds, ore storage area,
and mill buildings as they ex1sted in 1974 are shown in Figure 2)

The tailing piles were partxally stabilized by Union Carbide with the applxcatlon of mulch and
fertilizer. An 1mgat10n system was installed to promote growth of native grasses that were
planted. However, much of the pile did not revegetate, and wind and water eroded some of the
tailings. The failings pile at the beginning phase of surface remediation in 1989 is shown in
Figure 3. All tailings, radiological contaminated materials, and associated process buildings and
structures were removed from the site during the surface remedial action completed in 1996.

Alternate Concentration Limits—New Rifle Site DOE/Grand Junction Office
Page 2 April 2003
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Figure 2. New Rifle Mill Site Showing the Location of the Northwest and Southwest Tailings Piles, Holding
Ponds, Mill Buildings, and the Ore Storage Area—August 1974
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Figure 3. View of the New Rifle Site Looking West During the Early Stages of Surface Remedial Action—
= August 1989
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2.0 Proposed ACLs

ACLs are proposed for three constituents at the New Rifle site—ammonia (as NHa), selenium,
and vanadium. An ACL for selenium is required because background concentrations in the
surficial aquifer system exceed the UMTRA standard of 0.01 milligrams per liter (mg/L). An
ACL is required for ammonia and vanadium because these constituents are elevated at the site
above background concentrations and no standards have been established for ammonia and
vanadium in ground water. The ACLs for ammonia and selenium are proposed cleanup goals
(200 mg/L and 0.05 mg/L, respectively). The ACL for vanadium is considered to be an action
level. Institutional controls will be put in place to ensure that no inappropriate uses of ground
water take place during natural flushing or the extended period of time during which vanadium
exceeds 0.33 mg/L.

The proposed ACL for selenium to be achieved by natural flushing is the Safe Drinking Water
Act standard of 0.05 mg/L. This value corresponds to the national primary drinking water
standard as well as the Colorado state drinking water standard. It is also well below the risk-
based concentration of 0.18 mg/L, which corresponds to a maximum acceptable risk when used
as drinking water on a regular basis (EPA 2001; EPA Region III risk-based concentration table).
As long as the ACL is maintained at points of compliance (POC; any well in the monitoring
network), concentrations of selenium will remain protective at the points of exposure (POE) in
the Colorado River and in the ground water to the west (downgradient) of the UMETCO site,
which is located adjacent to the mill site. Contaminants discharging to the river are diluted by a
factor of 30,000 because of the high volume of river water; the selenium plume is not predicted
to migrate beyond the UMETCO property boundary.

The ACL proposed for ammonia (as NHy) is 200 mg/L, which will be met by natural flushing.
The ACL is protective at the POE, and the remediation level would be protective of both human
health and aquatic life. For human health in a residential exposure scenario 200 mg/L would be
protective for the pathway posing the greatest risk-exposure to ammonia through inhalation in a
residential setting. For ecological risk, if ground water with a concentration of 200 mg/L
ammonia were to discharge to the Colorado River, levels of ammonia in the river would still be
below applicable water quality criteria. Well RFN-635 is located directly adjacent to the
Colorado River and surface water sampling location RFN-322. During the last few rounds of
sampling of both the river and ground water, concentrations of ammonia in ground water ranged
from 200 to 400 mg/L. Concentrations in river water ranged from 0.009 to 0.54 mg/L. Ambient
water quality criteria for ammonia in surface water for pH and temperature conditions that
existed during sampling are in the 2 to 3 mg/L range. Institutional controls would prevent
unrestricted access to ground water for as long as the ACL is required. Therefore, the proposed
ACL is protective of human health and aquatic life.

Vanadium concentrations in the ground water increased during surface remedial action and have
been dropping ever since. Original modeling suggested that 300 years would be required for
vanadium concentrations to be reduced to a risk-based value of 0.33 mg/L. Sampling data
collected for the past 4 years does not agree with this prediction. The model was re-evaluated
(see Appendix B) and found not to be reliable for predicting concentrations of vanadium. Instead
another analytical technique was applied to vanadium data that indicated vanadium
concentrations should decrease to levels below the 0.33 mg/L value in less than 100 years.
Therefore, vanadium was added to the list of other COCs that will flush to acceptable

Alternate Concentration Limits—New Rifle Site DOE/Grand Junction Office
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concentratlons within 100 years The nsk—based concentration of 0.33 mg/L is the ACL for
vanadium. - : ' : : :

3 0 Factors Consndered In Makmg Present and Potentlal Hazard
' Fmdmgs | '

The llst of factors below is from the T1tle I regulatlons [40 CFR 192, O2(c)(3)(u)(B)(1) and (2),
which differ slightly from those in the NRC Tltle 1 guldance and add another factor to the
ground water quallty list. g

3.1 Potential Adverse Effects on Ground Water Quahty

.11 The physncal and chemlcal characterlstlcs of constltuents in the resndual radloactw
- material at the srte, lncludmg thelr potentlal for mlgratlon ‘No disposal cell is present
at the site. Surface remediation was completed in 1996. Subplle soil analysis for most
constituents indicates that no 31gn1ﬁcant contamination remains in place that would
contribute to ground water contamination (see SOWP, Section 5.3.1.3). Recent
characterization data for vanadium indicate some vanadium contamination in subsurface
soils. The low moblhty of vanadlum will result in slow mlgratlon

3.1.2 The hydrogeologlcal characterlstlcs of the site and surroundmg land. The
hydrogeology of the site was characterized for input to the flow and transport model (see
- . SOWP, Sections 5.1 “Geology,” and 5.2 “Hydrologic System”). Ground water flows in a
 westto southwesterly manner. Contamination has migrated downgradlent of the site,
though the worst contammatxon is conﬁned to the site. Modeling predicts that
- contaminated ground water w111 eventually discharge to the Colorado River,where it will
be diluted. There is a mmgahon wetland on the site that was artificially constructed.
" Ground water dlscharges to this wetland Ground water is pumped on the property
directly west and adjacent to the site as part ofa dewatermg operatlon The extracted
‘water is discharged to a holdmg pond on the site. The pumpmg operation does have an
- influence on ground water flow.. : : .

3.1.3 The quantlty of contammated ground water and the dlrectlon of ground water flow.
~ Ground water flow is generally west-southwest at an average rate of 0.8 to 1.7 ft/day. The
total volume of contammated ground water is estrmated at approximately 600 million
gallons (DOE 1996).

DOE/Grand Junction Office Alternate Concentration Limits—New Rifle Site
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3.1.4 The proximity and withdrawal rates of ground water users. One well (RFN-442) is

3.1.6

located approximately 1.5 miles downgradient of the site within the plume. It is equipped
with a reverse osmosis unit that can treat enough water to serve five properties. Two of
the properties are currently occupied—one by a business and one by a church. It is likely
the three other properties served by the one well will be light industrial. Exact withdrawl
rates are not available, but because of the nature of the development it is probably less
than a few hundred gallons per day. A second well (RFN-617) is located 0.75-mile
farther downgradient at a cement company. It is also equipped with a reverse osmosis
unit. Withdrawal rates are also expected to be low as the well is for potable use and not
for process-related purposes. DOE regularly samples and analyzes water from these wells
to ensure water is suitable for drinking.

The current and future uses of ground water in the region surrounding the site.
There are some pnvate ground water wells in the site vicinity. Wells used for drmkmg
water have some sort of treatment system as the quality of ground water in the area is
generally poor. Other uses for well water at residences include bathing, showering, and
watering plants and livestock. There are some wells that obtain ground water for
industrial purposes. The zoning for the land encompassmg the site is
agncultural/mdustnal Potential future uses could be open space/agrlcultural wildlife
habitat enhancement, environmental education, passive recreation, and mine reclamation.
Institutional controls prevent the use of ground water for any purpose at the site itself;
water use at nearby propertles is most likely to be agrlcultural or industrial.

The existing quality of ground water, including other sources of contamination and
their cumulatlve 1mpact on ground water quality. Ground water quality at the site is
generally poor, as is most of the ground water in the Rifle vicinity. Historically,
background concentrations of molybdenum, selenium, and uranium have exceeded EPA
standards. Fluoride, iron, manganese, and sulfate in background water all exceed EPA’s
secondary drinking water standards. Water at the site also has elevated concentrations of

arsenic, ammonium, selenium, uranium, and vanadium as a result of milling activities.

The potential for health risks caused by human exposure to constituents. The only
potentially unacceptable risks to humans would occur through regular use of untreated
ground water as drinking water in a residential scenario, which currently does not exist.
Incidental use would not result in any unacceptable risks. Institutional controls imposed

' by Garfield County require residents to prove a source of potable water to develop

property in county jurisdiction. Any property located within the Rifle city limits is
required to tap into the city’s municipal water system. Therefore, institutional controls
and the designation of the site as agricultural/industrial will ensure that ground water will
not be used in any manner resulting in unacceptable human health risks.

Alternate Concentration Limits—New Rifle Site DOE/Grand Junction Office
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3.1.8

The potential damage to wildlife, crops, vegetation, and physical structures caused

" by exposure to constituents. The ecological risk assessment showed that wildlife
‘exposure to ground water would result in little risk (see SOWP section 6.2). Vegetation is
- - exposed to ground water.in the mitigation wetland. This is an artifical wetland, therefore

no previously existing vegetation has been damaged. A wetland management plan is in
place to establish wetland vegetation. Water from the site discharges into the Colorado

- River and is rapidly diluted to undetectable levels, leavmg aquatlc hfe unaffected No -
.Aphyswal structures exist on the srte : : o R

3.1.9

The persnstence and permanence of the potentlal adverse effects It 1s possible that
ground water contamination could remain at levels determined to be unacceptable for

- drinking water for an extended period of time. However, during that period of time

institutional controls will ensure that no 1mproper use of water occurs that could produce

- adverse effects (see 3. 1 7.

3.1.10

The presence of underground sources of drmkmg water and exempted aqulfers
- identified under §144.7 of this chapter. There are down gradient drinking water wells

_installed into the contaminant plume. However, DOE has committed to ensuring that

users of those wells have treatment units and that water is of suitable quality for drinking.
DOE will continue to ensure that any property owners w1th1n the plume boundary have a
potable source of drinking water. 5 : -

3.2 Potential Adverse Effects on Hydraullcally Connected Surface Water
Qualrty " '

32.1

The volume and physrcal and chemrcal characterlstlcs of the résidual radioactive

‘material at the site. No disposal cell is present at the srte Surface remediation was
' completed in'1996. Subpile soil analysis indicates ‘that no s1gmﬁcant contamination

remains in place that would contribute to ground water contamination with the possible
exception of vanadium. However, any subsurface sorl contammatlon should not affect

',_"surface water qualrty (see SOWP Sectlon 5. 3 1 3)

322

"The hydrogeologlcal characteristics’ of the site and surroundmg land. Only the

_surficial aquifer at the site is ‘contaminated. It is composed of unconsolrdated alluvral

* material deposited by the Colorado’ River; the material ranges in size from clay to
" cobbles. The alluvial material is approxrmately 20 to 30 feet thick over.most of the site.

- The saturated thickness of the aquifer 1 ranges from'5 to 10 feet. Ground water movement
"' “is generally west-southwest. Ground water from the sife moves through the mitigation

wetland and the Roaring Fork pond, and discharges to the Colorado River (Sections 5 .1

“and 5.2 of the SOWP describe the geology and hydrology of the s1te respectlvely)

323

The quantity and quality of ground water and the direction and of ground water
flow. Ground water flow is generally west-southwest at an average rate of 0.8 to 1.70
ft/day. Water quality is poor, with several constituents exceeding ground water standards.
For a detailéd discussion of ground ‘water quality, see Section 5.3.3'of the SOWP. The
quantity of contaminated ground water is estimated at apprommately 600 million gallons
(DOE 1996).
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3.24

3.25

3.2.7

328

3.29

The patterns of rainfall in the region. The site receives on average approximately
11.0 inches of total precipitation per year. Rainfall occurs during the summer in high-
intensity, short-duration, late afternoon thunderstorms that are conducive to runoff.
Precipitation occurs in the winter as snowfall. Precipitation events have no measurable -
effect on quality. of water in the Colorado River as a result of site contamination.

The proximity of the site to surface waters. The Colorado River forms the eastern and
southern boundaries of the site. The mitigation wetland is on and downgradient of the
site. The Roaring Fork gravel pond is located on the property adjacent to and

- downgradient from the site; it is within the plume boundary.:

The current and future uses of surface waters in the region surrounding the site and
any water-quality standards established for those surface waters. The Colorado River
in the site vicinity is classified for use as recreation, water supply (i.e., source of drinking
water for a community), and agriculture. Water quality standards for the river are
established in Regulation No. 37 of the Colorado Department of Public Health and the
Environment’s Water Quality Control Commission. The river water in the site vicinity
does not exceed any of these standards or any of the Colorado state standards established
for agricultural water use. No water quality criteria have been established for the
mitigation wetland. State surface water standards generally do not apply to constructed
wetlands. For details about surface water quality, see Section 5.3.2 of the SOWP,

The existing quality of surface water, including other sources of contamination and-
the cumulative impact on surface water quality. Water in the Colorado River is the
vicinity of the site is designated high quality by the State of Colorado. The site has no

‘measurable impact on the river water quality. Water in the vicinity of the site is

1ndlstmgulshable from background Colorado River water samples Water quality in the
mmgatlon wetland and the Roarlng Fork gravel pond is currently of poor quality, but will
1mprove as site remedlatlon occurs.

"The potentlal damage to w1ldllfe, crops, vegetatlon, and physncal structures caused

by exposure to constituents. The ecological risk assessment (section 6.2 of the SOWP)
has indicated that risks to wildlife are low due to exposure to contaminated water at the
wetland area and the Roanng Fork gravel pond. There is no potential damage associated
with the Colorado River as site contamination has little to no impact on the Colorado
River quality. Vegetatlon in the mltlgatlon wetland is currently of limited diversity, but
will become more diverse as water quality improves through natural flushing and active
remediation. No phy51cal structures or crops are exposed to contaminated surface water.

The persnstence and permanence of potential adverse effects. No adverse affects are
currently present and none are expected in the future.

4.0 “Roadmap” to the New Rifle SOWP

4.1 General Information

4.1.1

Introduction—Section 1.0 of SOWP
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4,12 Facility Descnptlon—Sectlons 3.2 and 5.3.1 of SOWP

4.1.3 - Extent of Ground Watér Contamination—Section 5.3.3:2 6f SOWP :
4.1.4 Current Ground Water Protection Standards—Table 2—1 of SOWP
4.1.5 Proposed Alternate Concentration Limits—Section 2.2 of GCAP

42 Hazard Assessment

Generally corresponds to Secnon 6 of SOWP whlch contams human health and ecologlcal risk
assessments : o ) <

4.2.1 Source and Contanlination Characteriaation%Sections 5.3.l and Tahle 6—1 of SOWP
4. 2 2 Transport Assessment—Section 5 3.5 and Appendlx D of SOWP

4.2. 3 Exposure Assessment—Sectlons 6.1. 2 2 and 6.1.2.3 of SOWP for human health
-Section 6.2.2 of SOWP for ecologrcal risk o ,

4. 3 Correctlve Actlon Assessment—Sectlon 8 of the SOWP

4.3.1 Corrective Action Costs—Sectron 8.4.3 of the SOWP

432 ALARA Demonstratron

The As Low As Reasonable Achievable (ALARA) concept does not directly apply tothe
proposed ACLs because its intent is to limit exposure to radroactmty However, the general goal
of achieving a cleanup goal that is as low as can reasonably be met is satisfied by application of
the proposed ACLs. The ACL for selenium is proposed because of elevated background
concentrations. The ACL proposed for ammonia will be protective of human health and the

environment; it is highly likely that even lower concentrations than proposed can be met within
the 100-year natural ﬂushmg penod based on historical trends.

4.4 Proposed Alternate Concentratlon lerts
44.1 Proposed Altemate Concentratlon L1m1ts—Sect10n 2.2 of GCAP. S

4.4.2 Proposed Implementation Measures—Section 7.2 and 7.3 of SOWP; Sections 2.6 and 3.0
of the GCAP)

4.5 References—Section 9 of SOWP

4.6 Appendices and Supporting Information—Appendices A through E of
SOwWP
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Executlve Summary

The U. S Department of Energy (DOE) conducted studles from 1997 to 1999 at the New Rlﬂe
Uranium Mill Tallmgs Remedial Action (UMTRA) PI‘O_]eCt site to understand the types,
dlstnbunons interactions, and movement of contaminants in ground water and to evaluate the
risks posed to human health and the environment from these contaminants. A site conceptual
model incorporating this information was used to propose a future course of action

(i.e., compliance strategy) for the site. Based on results of these studies, a compliance strategy
for all of the contaminants of concern (COC), except vanadium, was proposed in the Site
Observational Work Plan (SOWP) (DOE 1999). This strategy was natural flushing of ground
water to meet maximum concentration limits, alternate concentration limits, or background
concentrations. Institutional controls and monitoring were to be implemented to ensure

‘protectiveness of the compliance strategy until cleanup goals were met. Additional studies

regarding vanadium, including distribution, behavior, and removal from the ground water were
recommended and have been ongoing until recently (DOE 2000 and DOE 2002).

Initial modeling of ground water flow and vanadium transport, conducted in 1998 and using
established methods for measuring vanadium mobility, showed that about 300 years would be
required to decrease dissolved vanadium levels to a risk-based screening level of 0.33 milligrams
per liter (mg/L) (EPA 2003). Actual data obtained from monitor wells during the 4 years since
that modeling was completed indicate that the concentration of vanadium in ground water is
decreasing faster than the modeling predicted. Recent evaluation of the initial model indicates
that geochemical processes controlling vanadium in ground water at the site are more complex
than originally assumed and could vary significantly over small distances, making it difficult to
produce an accurate sitewide model for vanadium fate and transport. Consequently, an analytical
solution describing localized vanadium transport has been applied to individual sets of time-
concentration data to better match the more rapid decrease in observed vanadium concentrations
and to develop a more realistic predictive tool. This analysis indicates that vanadium
concentrations in ground water are likely to decrease to levels below the risk-based screening
level of 0.33 mg/L in less than 100 years.

The apparent reason for the discrepancy between the earlier model and observed vanadium
concentrations stems from the behavior of vanadium in this ground water setting. Vanadium
attaches itself or sorbs to various materials in the subsurface, more so than most ground-water
contaminants. These materials that act as sorbents include iron and manganese hydroxides, clays,
and organic materials; all are commonly found in alluvial sediments at the New Rifle site.
Therefore, vanadium tends to be easily sorbed but slowly released from these locations into the
ground water. Changes in ground water chemistry, such as the addition or loss of oxygen, may
accelerate the vanadium uptake to or release from the alluvial materials. The resulting sorption
and desorption processes are controlling the natural flushing of vanadium observed today. The
ground water system at New Rifle, in the area of the vanadium plume, is apparently more
variable than characterization data suggested; therefore, it is more difficult to predict how these
sorption-desorption processes will influence vanadium movement. Evidence strongly suggests
that disturbing the subsurface tends to release vanadium from sorbed sites and increases
concentrations in the ground water; consequently, further disturbance should be minimized.
Studies indicate that the risk to human health and environmental for allowing vanadium to
slowly flush from the New Rifle site is low, especially with institutional controls to prevent
access to the contamination.

DOE/Grand Junction Oftice Vanadium at the New Rifle Site
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This information, when considered with other vanadium studies at the site, was used to select a
compliance strategy for vanadium of natural flushing that is the same for all contaminants at
New Rifle. Institutional controls and monitoring will continue for all contaminants at the New
Rifle site until cleanup objectives are met. This strategy will be discussed in the Ground Water
Compliance Action Plan and the Environmental Assessment for the New Rifle UMTRA Project
site. ‘

Vanadium at the New Rifle Site DOE/Grand Junction Office
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1.0 ‘Ba’ckgroun’d Information

Contaminated soil and sediment were removed from the New Rlﬂe 51te durmg the UMTRA ,
Project from 1992 t0'1996 (DOE 1999). After the surface program concluded contammatron A
remaining in the ground water was ‘characterized and evaluated. The purpose of this . '
characterrzatron was to select a complrance strategy for. ground water contammatron based
1996). This process was followed for all contammants except vanadlum Wthh requrred
addrtronal study ThlS data analysrs drscusses these results '

After 1nformatlon was collected from the srte the ﬁrst attempt at quantlfylng the mrgratron of
vanadium and other contaminants in ground water was made in the Site Observational Work
Plan (SOWP) that was prepared for on the basis of conditions observed in the late 1990s

(DOE 2000). Studies of vanadium chemistry during that time revealed that numerous
geochemical processes, including sorption on aquifer solids and chemical precrprtatron might
influence levels of dissolved vanadium in ground water. Although these processes can vary
greatly in both space and time at a given site, the conceptual model developed for the New Rifle
site assumed that the result of all of these processes could be described through the use of .
contaminant sorptron theory based « ona linear soil-water drstnbutron coefficient, which is often
denoted by the term Kg. In’ 1998, in accordance with the conceptual model for vanadrum a
numerical model of ground water flow and an associated transport model, using both

. deterministic and probablhstlc methods was developed for the srte usmg thrs dlstrlbutlon .

coefﬁcrent theory.

One of the purposes of modehng ground water ﬂow and transport at the srte was to assess the
potentral for vanadium to naturally flush. Chemrcal transport prmcrples dictate that, as the K4 for
a ground water constrtuent increases, the mobrlrty of that constituent is reduced, and its potential
to flush naturally decreases. In such a case, the constrtuent shows a preference to attach to solid
particles that the aqu1fer comprlses and its transport in ground water is said to be “retarded ” The
corresponding decrease in transport. rate compared to a constituent that does not attach to aqurfer
solids is described using a ‘dimensionless retardation factor R, whrch is calculated using the Kg
for the chemical, the dry bulk densrty of aquifer materlals and porosrty of the aqurfer The larger
the Kq value, the greater the retardation and the value of R. '

With an empha51s on sorl-water drstnbutlon coefﬁcrents attempts were made durmg preparatron
of the SOWP to derrve reasonable estimates of Kd for vanadium in the alluvial aquifer at the
New Rifle site. Laboratory estrmates of vanadrum Kd based ¢ on samples of alluvial aqurfer ,
material ranged from3.1t05 8.8 mllhllters per gram (mL/g) A standard correction factor was ‘
applied to the fractlon of smaller size (< 2 millimeter) partrcles in the samples of aquifer materlal
that act as locations for sorption of grotind water contaminants more than the coarse fractron The
resulting K4 values were lower and ranged from’ 1. 2't0 10.5 mL/g However even 'these revrsed .
estimates of the soil-water distribution coefficient suggested that vanadlum transport in ground
water would be heavily retarded. Assuming an aquifer porosity "0of 25% and an aquifer material
density of 1.5 g/ml, the range of revised Kgs resulted in computed retardation factors of about

8 to 64. This in turn meant that vanadiut could be m1gratmg downgrad1ent and toward the
Colorado River anywhere from 8 to 64 times slower than a non-retarded constituent, thereby
drmmrshmg the potentral for natural ﬂushmg of vanadrum wrthm a reasonable t1me frame

DOE/Grand Junction Office Vanadium at the New Rifle Site
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With the concerns over the apparent low potentlal for vanadium flushing from the site, DOE
recommended that additional study be conducted to better understand the lateral and vertical
extent of vanadium in ground water and soil before a remediation strategy could be selected for
vanadium. In Oc'ober 1999, a series of backhoe trenches were dug and soil samples were
collected every 2 feettoa depth of 10 feet (DOE 2000). Analytical results showed that
vanadium was most concentrated in the deepe:t intervals. In the spring of 2000, 20 boreholes
were drilled and sampled. Soil and ground water grab samples were collected from the top of the
water table, from just above bedrock and from a point halfway in between. Soil samples were
also collected above the water table. In addition, four sets of three nested wells were constructed
near the edges of the vanadium plume, and samples were collected from the same depths as the
borehole samples. Results suggested that vanadium in the soil was most concentrated near well
cluster 855, 856, and 867 and that the maximum vanadium concentration in ground water was in
the middle part of the saturated zone located about 400 feet downgradlent of the area of
maximum soil contammatron

DOE then decided to evaluate the effectlveness of removmg vanadium from the ground water
and established a prlot plant for this purpose in the center of the plume A pump and treat system
using zero valent iron to remove vanadium and other metals operated from January until
November of 2001 and treated nearly 3,000, 000 gallons of water. This resulted in removal of
approximately 99 kilograms (kg) of vanadium from the ground water in the plume area ‘
(DOE 2002).

In the past 3 years since modeling was completed, and in the past year since the pilot study was
conducted, vanadium concentrations in most wells at the site were decreasing faster than the
model predicted. In 2002, the model was reevaluated using several probabilistic modeling
techniques. Probabilistic simulations were conducted with the ground water transport model for
the site to determine if condmonmg ‘of model results on observed vanadium concentrations
collected during the past few years would produce parameter ranges leadmg to a decrease in the
time needed for natural flushing of vanadium. Most of this evaluation was accomplished using
the model prev1ously developed for the site as part of the SOWP (DOE 1999). This model was
constructed using the ground water ﬂow simulator MODFLOW (McDonald and Harbaugh 1988;
Harbaugh and McDonald 1996) and the transport code MT3DMS (Zheng 1999) with the Ground
Water Vistas (ESI 1998) graphical user interface.

A probabilistic model is dlstlngurshed from a deterministic model in the sense that the latter v
consists of a single set of parameter inputs, rather than numerous comblnatlons of parameters in
the probabilistic realm. The parameter setin the determlmstlc model is developed through the
process of model calibration, wherein the model user manually adjusts input parameter values
until a single, reasonable’ combmatlon of provides model results that compare favorably with
observed conditions wrthm a specrﬁed criterion. The callbrated determmrstlc model is then used”
to provide a best estlmate of future vanadlum concentrations. In contrast, the probabilistic
approach does not produce a best estimate, but rather a suite of simulation results that are
expected to span the expected future behavior of vanadium.

The probabilistic modelmg consrsted of making multiple runs with the original SOWP model,
with each run based on input parameters that were randomly sampled from prescribed
probability density functions (PDF) for each parameter Thls approach which is generally
referred to as Monte Carlo simulation, madé it possible to examine hundreds of different
parameter sets to better match observed trends in vanadium concentration.

Vanadium at the New Rifle Site DOE/Grand Junction Office
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The most sxgmﬁcant ﬁndmg from the recent probablllstlc mode'l ng (dlscussed in Attachment A)
was that no better fits to observed natural ﬂushmg data could be derived than had been predlcted
previously using the same SOWP model. The model is not capable of predlctmg what actual data
are showing. This conclusion was drawn despite the fact that additional probabilistic runs took
into account distribution coefficients that would cause less sorption than was simulated in the
SOWP model. Therefore, it was unlikely that reasonable distribution coefficients could be used
to fully explain the decrease in dissolved vanadium levels observed at site monitor wells during
the past several years. Attachment A provides a more detailed discussion of the steps taken with
the probabilistic modeling and the applied logic that led to these findings.

Given the uncertainties regarding vanadium fate at the site, DOE concluded that tools other than
the existing model should be used to evaluate the observed decreases in vanadium with time. A
simpler analytical solution was employed to evaluate current time-concentration curves and to
predict future vanadium concentrations (see Sectlon 1 3, Alternative Determmlstlc Slmulatlons
this report). , .

1.1 General Behavior of Vanadﬁum

The behavior of vanadium in sediments and ground water is not well understood. Vanadium may
be removed from water by sorption onto clays, amorphous iron, manganese hydroxides, or
organic matter in the soil or sediment. EPA (1999) defines sorption as any variety of processes
by which an aqueous phase partitions to a solid, such as by precipitation of a three-dimensional

- solid molecular coating on the surface of a solid, adsorption onto the surface of a solid,

adsorption into the structure of a solid, or partitioning into organic matter. This general usage is
helpful because it is usually not known how the contaminant is associated with the solid. This
varied chemical behavior is true of vanadium, which has oxidation states of +3, +4, and +5 for
most environments of normal, near-surface pH ranges and oxidation potentials (Rai and
Zachara 1986). These oxidation states affect the mobilization or sorption of vanadium. A
decrease in pH could lead to the dissolution of carbonates and iron or manganese hydroxides
along with any metals sorbed onto them because of competition with the more strongly adsorbed
hydrogen ion (Hounslow 1995). Mobilization of vanadium might also be caused by changes in
dissolved oxygen, which can be produced by the addition of organic matter (Bloomfield and
Kelso 1973). These or other processes could be acting on vanadlum-hosted soils and sediments
at the New Rifle site. Drilling and excavation may have introduced oxygen from the atmosphere
to the ground water, thus increasing desorptlon of vanadium from the sediments and :
concomitantly increasing concentrations of vanadium in ground water. ..

Vanadium contamination in ground water was 1dent1ﬂed in the eastern portion of the New Rifle
site during the 1980s. Most of this contamination appeared to be associated with the gypsum and
vanadium ponds located 1mmed1ately east of the former tailings pile at the site (DOE 1999). The
observed vanadium concentrations in the 1980s steadily and gradually decreased over time.
Increased vanadium concentrations at the New Rifle site first appeared in 1992 when surface
cleanup began, concentrations declined following completion of these activities in 1996. Plots of
vanadium concentration over time at several monitor wells (ones that have a long monitoring
history) show high concentration spikes during the early to mid 1990s, indicating a distinct
correlation with the cleanup activities.. The best example of this is shown in Figure 1 for

well 0590, which has a long monitoring hxstory Well 0590 is located farthest from the center of
the of the vanadium plume; the graph shows an increase in the concentration of vanadium during

DOE/Grand Junction Office . Vanadium at the New Rifle Site
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surface remedial action from about 1994 to 1996. Well 0658 (Figure 2) is near the center of the
. vanadium plume and shows vanadium mobilization during remedial action around 1996 and =
again in 2001 when new wells were being i 1nstalled in this area. At most monitor wells that have
existed since the 19805 post cleanup vanadium concentrations have returned to, or are below R
levels that were observed prior to the cleanup penod

© RIFLE (NEW) (RFN01)
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Figuf’é 1. Vanadium Concentration Through Time for Monitor Well 0590
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Figure 2 Vahédiuﬁ? Conce_ntration Through Time for Monitor Well 0658
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Regardless of the relationship between pre-cleanup and post cleanup vanadium levels at monitor
wells, declines in dissolved védnadium concentration have been observed in recent years at nearly
all wells now used to monitor site contamination in the vanadlum plume area (see Plates 1a and
1b). This observatlon indicates a general trend toward natural flushing of vanadium. Such
flushing is occumng now, during the perxod followmg the surface remedlatlon program and was
probably occumng pI’lOI’ to surface remedlatlon '

1.2 Vanadium as a Risk

The current srte—related contamination does not pose any unacceptable nsk to human health or
the environment. The only exposure pathway that presents a potential risk is ingestion of ground
water. The vanadlum ground water plume is mamly confined to the site and the wetland area,
and there are no uses of ground water in those areas. Institutional controls will prevent ground
water use for at least 100 years while contaminants flush, Although concentrations of some
constituents, including vanadium, are somewhat elevated in the wetland area surface water, these
levels do not present unacceptable risk-to ecologlcal receptors or livestock. As contaminated
ground water slowly dlscharges to the Colorado River, it is rapidly mixed with river water and
diluted by a factor of about 30,000 times. It has no detectable effect on surface water quallty
Thus, no unacceptable risks to human health and the environment are expected as contaminants
flush. For additional information, see Sectlon 6i in the SOWP (DOE 1999), Summary of Human
Health and Ecological Risk.

1.3 Alternatlve Determlnistic Simulations

Despite the fact that the probabilistic modeling was inconclusive as to whether vanadium is ‘
naturally flushing at a faster rate than previously indicated, the fact that most monitor wells show
a gradual decrease in dissolved vanadium suggested that further analysis of vanadium fate and
transport was warranted. To carry out additional analyses, several deterministic modeling runs
were made with the site model using various model conditions and parameters that led to

“improved simulation of vanadium flushing at selected wells during the past 5 to 6 years. The .
approach allowed model conditioning (i.e., model calibration) to be based on individual wells -
rather than several wells together and also allowed the use of initial conditions and flow and
transport parameters different from those used in either the SOWP model or the probablhstlc
analyses in this study. »

Part of the rationale behind conducting alternative deterministic simulations was that the SOWP
modeling did not account for the spatial variability in geochemxcal conditions at the site that
control observed levels of dissolved vanadium. Additional rationale was based on the assumption
that the initial vanadium concentrations adopted in the SOWP model were representative of
observed concentrations at monitor wells where they were measured but not necessarily .
representative of actual concentrations between monitor points. This latter reasoning was - .
tantamount to saying that the interpolation techniques employed to develop initial concentratlons
in the SOWP model provided smoothed estimates of concentration between observed
‘concentrations, - when in fact the actual concentrations in these locales though not known, were .
different from the smoothed estimated values. The combination of these rationales suggested that
the behavior of dissolved vanadium at one well is independent of vanadium fate at all other
monitor wells. Such a conclusion was warranted by the fact that the probabilistic modeling
performed earlier revealed no combinations of parameters for the entire model that provided
better fits to observed concentrations at all wells.

. DOE/Grand Junction Office Vanadium at the New Rifle Site
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Ultimately, it was found that the observed gradual decline in vanadium concentration at each
monitor well was best matched by allowing the initial vanadium distribution to be focused on the
area surrounding the well and not distributed in space in the manner :h:t previous models had
adopted. In addition, various ‘combinations of initial spatial dlstnbut.un of vanadium and
vanadium K4 could be applied to specific areas while still prov1d_mg accurate simulations of
observed concentrations. Application of these techniques to numerous wells using the existing
site flow model led to three major conclusions:

e  Geochemical conditions that control vanadium dissolution and transport in the alluvial
aquifer are very heterogeneous, and vary strongly over distances of a few hundred feet or
less. Such spatial heterogeneity appears to be partly the result of surface remediation
conducted during the early to mid-1990s, during which time natural background
geochemistry was dlsturbed

e The spatially variable geochemical conditions make it extremely difficult to accurately
model how dissolved vanadium throughout the New Rifle site will behave in coming years,
particularly since the numerous factors governing the distribution of vanadium between
dissolved and solid phases can only be modeled using re]atlvely simple soil-water
distribution coefficients. This conclusion is likely to be true even if concerted efforts were
made to further characterize the site over spatial scales of tens of feet.

e Because the numerical model did not work, simple models applled in the area of specific
wells were tried.

In accordance with the third bullet, simple models were developed for several of the monitor
wells onsite for which dissolved vanadium concentrations had been declining during the past -
several years. These simple models were developed using an analytical solution (as opposed to a
numérical model) included in a package of solutions referred to as 3DADE (Leij and :
Bradford 1994), as provided and supported by the U.S. Salinity Laboratory of the

U.S. Department of Agriculture: The specific solution used at each well allows for an initial
vanadium concentration uniformly distributed over a block of finite dimensions, advective and
dispersive transport along a uniform ground water flow path, and control of vanadium
partitioning between the dissolved and solid phases in accordance with a soil-water distribution
coefficient (Ky).

All of the simple model evaluations were made by adjusting the K4 value and the size of the
block containing the uniform initial concentration of vanadium. In each case, the monitor well-
being analyzed was assumed to lie at the center of the initial concentration block. By running
multiple simulations with varying initial concentration blocks and Kgs, it was possible to identify
a range of natural flushing estimates that all correlated well with observed vanadium
concentrations at the monitor well. If the range of these estimates all fell within a 100-year time

" frame, it was reasonable to conclude that decreases of dissolved vanadium to levels below the-
0.33 mg/L risk-based screening level over the entire site was possible within 100 years, and that
natural flushing was a viable alternative. As shown in Table 1, the projected cleanup dates all fall
within the 100-year time frame.

Vanadium at the New Rifle Site DOE/Grand Junction Office
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Table 1. 3DADE Simulations and Estimated Year of Vanadium Cleanup

Initial Concentratlon Initial Soil-Water " Retardation Projected
Well Block Dimensions — Coincentratlon Distribution Factor Y elar of
Width x?Length x Height S Coefficient ) R Cleanup®
(feet) . (mg/L) ‘Kq (mL/g) (dimensionless) ,
0216 100x100x30 - 0.55 11.5 70.0 2002
0216 100 x 100 x 30 0.50 13.2 80.0 2001
0216 100 x 100 x'30 047 14.8 90.0 2001
0216 100 x 300 x 30 0.55 2.7 17.0 12002
0216 100 x 300 x 30 0.50 3.2 20.0 2002
0216 100 x 300 x 30 0.47 3.5 22,0 2002
0218 100 x 100 x 30 3.5 4.8 30.0 2009
0218 100 x 100 x 30 3.2 6.5 40.0 2012
0218 100 x 300 x 30 35 1.5 10.0 2006
0219 100 x 100 x 30 0.268 4.8 30.0 1998
0219 100 x 100 x 30 0.24 7.3 45.0 1998
0219 100 x 300 x 30 0.24 1.5 10.0 1998
0590 100x100x30 ~ " 0.90 82 ©.50.0 2002
0590 100 x 300 x 30 -0.80 2.3 "~ 15.0 2001
0657 100 x 100 x 30 1.31 198 ~ 1200 2015
0657 100 x 300 x 30 1.31 4.8 '30.0 2010
0658 ~~ 100 x 100 x 30 ~35.0. 057 - 35.0 -2035
0658 100 x 100 x 30 35.0 4.8 30.0 2029
0658 100 x 300 x 30 35.0 1.8 12.0 2018
0659 100 x 100 x 30 10.0 6.5 40.0 2023
0659 100 x 300 x 30 10.0 25 16.0 2016
0669 100 x 100 x 30 14.5 7.3 45.0 2032
0669 100x300x30 . 14.5 1.8 120 = 2014
0670 100x100x 30 5.2 14.8 90.0 - 2040
0670 100 x 300 x 30 5.2 3.2 20.0 2017

*Year at which simulated vanadium concentration decreases to risk-based screemng level of 0.33 mg/L.

Figures 3 through 6 graphically show the decreasing trends of vanadium for several)

representative wells from Table 1, both in the form of observed information and plots for two
predicted curves using the simple analytical model. The vanadium concentrations predicted by
the flow and transport model used in the SOWP are also included for comparison. In each of
these illustrated cases, the time needed for dissolved vanadium concentration to drop below the
risk-based concentration as predicted by the simple analytical model is much shorter than the
cotresponding time predicted by the SOWP model. Well 0659 shows three spikes for vanadium
concentrations that correspond to three June sampling events, when the river stage was high.
This might suggest that vanadium is mobilized when water levels are high at this location.
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1.4 Uncertainty

The observations made regarding spatial variability of geochemical conditions at the New Rifle
site along with the difficulties encountered in providing an accurate vanadium transport model
for the entire site highlight the large degree of uncertainty associated with the assessment of
vanadium fate. The SOWP model made the best available use of site data at the time it was
prepared in 2000. And though this model properly emphasized the generally retarded movement
of vanadium in comparison to more mobile constituents like uranium and selenium, it was
apparently unable to account for the uncertain geochemical conditions that have existed for the
past several years in the vicinity of and downgradient of the gypsum and vanadium ponds.

In addition to the uncertainty associated with the SOWP model, the simple models used in this
study to represent vanadium flushing at selected wells are also uncertain. Though these simple
models match recent vanadium data relatively well and project quicker cleanup times than
predicted by the SOWP model, the fact remains that the exact year at which complete flushing to
the risk-based screening level will be achieved cannot be predicted with complete confidence.
Actual cleanup time could be somewhat longer than the 35 to 40 years that is indicated by the
simple models, or possibly less. Continued monitoring of dissolved vanadium, and maintaining
undisturbed conditions at the site are the key components to refining the estimated time of
cleanup.

1.5 Moving Vanadium Contaminated Soils

The alternative to remove the most contaminated portion of the vanadium-contaminated soil area
is not considered prudent for the following four reasons.

1. Recent time-concentration data strongly suggest that vanadium levels will diminish to
acceptable risk-based concentrations in less than 100 years. This is a change from
previous estimates.

2. Time-concentration plots (Figures 1 and 2) show that vanadium can be mobilized or
desorbed into ground water by any of several poorly understood means. The graphs for
well 0590, which is removed from the center of the vanadium plume, well 0658, which is
near the apparent center of the vanadium plume, demonstrate the increase in vanadium
concentration when either remedial action has occurred or other disturbances, such as
drilling of wells, has occurred. Active excavation of the vanadium plume would likely
remobilize vanadium in the area of the plume. For this reason, it is suggested that, since
vanadium is flushing at a faster rate than was originally estimated, the ground water
system should not be disturbed and should be allowed to continue this steady decrease in
concentration naturally. The area containing the highest vanadium concentrations was
excavated in most places to the water table and clean fill was replaced in the excavation.
It is unlikely that future construction activities in the vanadium plume area would require
excavation below the water table; accordingly, disturbance of the aquifer materials is
unlikely. The water table in the main area of the vanadium plume varies spacially and
seasonally from about 7 to 18 feet below the ground surface. Ground water is shallower
near the Colorado River.

Vanadium at the New Rifle Site DOE/Grand Junction Office
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Vanadium is residual radioactive ‘material (RRM) according to the first part of the

_ definition in'the Uranium Mill Tailings Radiation Control Act of 1978. Title 1,
’ 'Sectlon ]01 states that RRM is “(A) waste in the form of ta111ngs resultmg from the

processmg of ores from the extraction of vranium and other valuable constituents of the
ores.” The materials removed dunng surface cleanup at the New Rifle site were disposed

_ofina U.S. Nuclear Regulatory Commission (NRC)- approved disposal cell. Removal of
any additional material from the New Rifle site would require written permission from
"NRC and would srmrlarly requrre dlsposal in an NRC approved fac111ty ‘

Extensive soil characterlzatlon was conducted as part of the vanadium pilot study for the

‘New Rifle site. Sml samples were collected on an approximately 400- ft by 400- ft grid.
‘Four samples were collected from each location—one each from the unsaturated zone,

upper saturated zone, middle saturated zone, and the saturated zone just above bedrock.
The less-than-2 mm fraction of the samples was leached with a 5 percent nitric acid
solution. Results of these analyses showed a range of vanadium concentrations from
approximately 3 milligrams per kilogram (mg/kg) to 6,200 mg/kg. All but three
concentrations were less than 1,000 mg/kg. Only 38 percent of the aquifer material is

tepresented by the less-than-'2 mm fraction (DOE 1999); the rest of the alluvial materials
- are generally much larger than this and probably contain little if any leachable vanadium.
" Available vanadium’in the bulk aquifer is therefore on the order of 1 to 2,400 mg/kg

(with all numbers adjusted tothe 38 percent value), and samples from all but three ~
locations at less than 380 mg/kg (EPA 2001). EPA’s vanadium soil screening levels for -
protection of ground water range from 300 mg/kg (no attenuation in ground water) to
6,000 mg/kg (a 20-fold attenuation factor). The upper end of this range is reportedly more
realistic (EPA 2001). Concentrations of vanadlum in New Rifle alluvial material are well
below the upper end of EPA’s screening range most areas are below the lower end of the
range. Because EPA’s default soil screening levels represent conservative estimates, it is
unlikely that the soils remaining at the New Rlﬂe site represent a srgmﬁcant source of
long-term ground water contamination.

The fact that vanadium concéntrations in ground water are currently higher than should
be expected from this analysis would suggest the Rifle geochemical system is not in

~equilibrium, a criterion assumed for the EPA study. From historical information, original

milling-related concentrations of vanadium in solution may have been much higher than
the current concentrations and contributed more vanadium to the substrate. Merritt (1971)
discusses standard practlces for vanadium beneficiation. Unused portions of the solute
from the milling process could still contain 2 to 3 grams of vanadium per liter. '
Concentrations of vanadium at this level may have been sént to the former vanadium-
pond at Rifle for dlsposal It is unknown how long and at what concentrations vanadium

~ was sent to the evaporatlon pond but sorbed concentratlons in sediments beneath this
) lformer pond were probably htgher in the past than current sampling suggests. The
remedial action disturbance during the mid-1990s may have mobilized sorbed vanadium,

leaving dissolved concentrations potentially out of equilibrium with corresponding soil
concentrations. This equilibrium state, if not already present, should be obtained
everywhere at New Rifle in the future if no further intrusions into the system occur.

According to the Performance Report for the Pilot Study (DOE 2002), 99 kg of vanadium
was removed from ground water during pumping of the nearly 3,000,000 gallons of
water. This report also concludes that about 31,766 kg of vanadium is sorbed onto soil

DOE/Grand Junction Office : Vanadium at the New Rifle Site
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matrices and about 271 kg is dissolved in the ground water. However, the mean
concentration sorbed in the upper third of the saturated subpile soil (where it is most
concentrated) is 553 mg/kg. If the upper end of EPA’s soil screening levels for vanadium

" applied at the New Rifle site, it suggests that vanadium concentrations in soils are

acceptable and should not result in ground water concentrations of greater than

0.33 mg/L; therefore, removal of only the dissolved vanadium would be needed to
remediate the ground water to this level. This would indicate that the pilot study removed
in excess of 30 percent of dissolved vanadium from ground water. This is probably an
overestimate of the percentage of vanadium removed, and in all likelihood there is
continued desorption of vanadium from soils in some areas. However, the mass of
vanadium removed probably does represent a sxgmﬁcant amount of the mass that was in
solution at the time and most likely will have a positive impact on the ability of the
system to naturally ﬂush

2. 0 Compllance Strategy

The proposed compllance strategy for vanadxum and all other contammants at New Rifle is
natural flushing in conjunction with institutional controls and monitoring. The natural flushing
strategy is discussed in the Programmatic Environment Impact Statement (DOE 1996). Natural
flushing allows the natural ground water movement and geochemical processes to decrease
contaminant concentrations. These chemical processes include:

e Dissolution — the process of dissolving minerals from the aquifer matrix

e  Precipitation — the separation of chemical constituents from ground water to form new
‘minerals on the aquifer matrix

o Adsorptlon — the adhesron of chemical constituents from the aquifer matrix

. Desorptlon — the removal of a chemical constituent from the aquifer matrix by the reverse of
adsorption

e Ion Exchange - the replacement of adsorbed chemical constttuents by constituents in the
~ ground water, and.

o Biological — the process of transforming chemical compounds into different chemical
compounds by bactena or other biological agents

of these processes, adsorptlon and desorption are most likely the controlhng factors for -
vanadium movement at the New Rifle site. If this assumption'is, true for vanadium, the best
course of action is to not disturb the ground water system and continue to observe the decrease in
vanadlum concentration.

Vanadium at the New Rifle Site DOE/Grand Junction Office
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3.0 Instltutlonal Controls, Monltorlng Plan, Performance
Measures |

Currently, zone overlays have been adopted by the C1ty of Rlﬂe and Garﬁeld County for the site
that will prevent anyone from accessing contaminated water. Interpretation of the most recent
time-concentration information suggests that vanadium from most locations will flush to levels
below 0.33 mg/L in less than 100 years.-Deed restrictions will be imposed when the property is
transferred from the ‘State of Colorado to the future landowner (possibly the City of Rifle) to
prevent access to ground water. DOE has also provided fundmg for.a water line in the area to
furnish future users with municipal water. : : :

Monitoring of the vanadium plume area has been expanded to include two sample rounds per
year and the inclusion of the five additional wells: 0217, 0219, 0664, 0669, and 0670.

Wells 0215, 0216, 0218, 0590, 0657, 0658,-:0659, 0855, and 0856 are already being monitored in
this area, resulting in 14 wells in the plume area that will be monitored two times per year.’
Monitoring will be conducted when water levels are at approximately the same levels to allow
better correlation of data for the two annual events. This monitoring program will continue for 5
years and results will be reevaluated at this time.

As vanadium is monitored semiannually during the next 5 years, it will be important to establish
measures to evaluate the performance of the natural flushing alternative. These performance
measures are currently being developed and will probably consist of time-concentration graphs-
of a contaminant that were predicted by some modeling technique with actual sampling data .
superimposed on the graph.

4 0 Summary

. Most of the vanadium-contaminated smls were removed durmg surface remed1al actlon
therefore, the principal mass of vanadium is gone* o ~ 2

. Vanadium concentrations in soils at the site do not pose a threat to human health and the -
environment. Vanadium in the ground water could be harmful to humans only if they used
1t as thelr only source of drmkmg water ' T - :

. Vanadlum entermg the Colorado Rlver 1S dxluted by a factor of about 30 000 times and
does not present a threat to ecolog1cal receptors such as aquatlc 11fe and llvestock

. Vanadlum is apparently moblllzed when the ground water system is dlsturbed This was
observed during and immediately after surface remedial action and during subsequent well
installations in the vanadium plume area. Natural flushing will work best if the ground

... water system is not disturbed in the future.:Vanadium should not be removed as disturbing
the saturated zone would probably result in increased concentrations in the ground water.

o Previous modeling indicated that vanadlum would requ1re about 300 years to naturally
ﬂush from the alluv1al aquxfer : . .

DOE/Grand Junction Office Vanadium at the New Rifle Site
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. Data collected in the 4 years since modeling was completed 1nd1cate that dissolved
vanadium is flushing more quickly than suggested by the model.

. Analysrs of modeling and investigations of vanadlum geochemistry indicates that the
system is complex and that transport-modeling parameters do not adequately portray the
sorptlon/desorptlon quahtles for vanadium. L '

. Extrapolation of time-concentration curves for vanadlum at 12 wells in the plume area,
where data have béen collected most consistently, suggests that vanadium concentrations at
most sampling locations will decrease to a risk-based level of 0.33 mg/L within 50 to
60 years and all will flush in less than 100 years. :

e  The proposed compliance strategy for vanadium is natural ﬂushmg with institutional
controls and contmued monltonng ' =

o Institutional controls in the form of a zone overlay and deed restriction will prevent access
to ground water. :
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Probabilistic Simulations

Uncertain Parameters

Stochastic simulations with the New Rifle ground water flow and transport model were
accomplished using a conventional Monte Carlo simulation module built into GW Vistas.
Initially, several different model parameters were treated as uncertain in the analysis. However,
the simulations ultimately used to assess the potential for natural flushing were limited to three:
aquifer hydraulic conductivity, aquifer dlsperswlty, and the vanadium soil-water distribution’
coefficient, which is denoted by Kg4. These _parameters were observed to have the most significant
effect on dlssolved vanadium concentratioris over tlme

Initial Concentrations

The stochastic simulations made use of an initial vanadium distribution drawn from observed
vanadium concentrations during a sampling event that occurred between October 26 and
November 4 of 1987. At the time, vanadium concentrations were monitored at 17 alluvial
monitoring wells, which appeared to provide a realistic representation of the vanadium
distribution. The well numbers, coordinates, and vanadium concentrations (mg/L) from this
sampling event are’'shown in Table 1. The data in Table 1 were imported into the program Surfer,
and were subsequently used in a kriging module to determine a starting concentration value for
each active cell in the New Rifle transport model

Use of the 1987 vanadlum concentratlons as mmal condltlons in the model dlffered from the
approach taken with the ‘modeling performed for the SOWP (DOE 2000), wherein vanadium -
concentrations measured in the summer of 1998 were applled as initial conditions. The ratxonale
for employing initial conditions from an earlier year stemmed from the effects that surface :
remediation apparently continued to have on dissolved vanadium concentrations in the mid- to
late- 1990s, but had since declined in the 20005 This observatlon suggested that vanadlum ,
concentrations during the last few years had largely retumed to pre-remediation levels, and that
the fate of vanadium today was now governed solely by the processes that previously affected
the site in the late 1980s. Accordingly, it was believed that forward predictions with the model
using 1987 concentrations as starting conditions would provide reasonable fits to observed
vanadium levels during the last few years.

Conditioning Times and Locations

Conditioning of stochastlc model results was accomphshed usmg vanadlum concentrations that
have been measured in recent years. The conditioning exercise made use of differences between
observed and simulated vanadium concentratlons whlch are referred to as model residuals. The
criterion used to assess the overall fit of a model run to observed concentrations was the root
mean squared error (RMSE) (Anderson and Woessner 1992), which is defined as the square root

-of the sum of all squared residuals. In effect, the conditioning exercise comprised a method for

attempting to calibrate the model, as only the simulations that resulted in the lowest residuals
(i.e., the lowest RMSE values) were exammed to dlscem representatlve values for flow and
transport model parameters.

DOE/Grand Junction Office Vanadium at the New Rifle Site
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Table 1: Initial Vanadium Concentrations

Well Location X coordinate | Y coordinate Concentration
(mg/L)
0581 1346316. . 623212.6. 0.35
0585 . 1348610.8 625132.8 - 0.03
0588 1347475.3 . 623701.7 0.7.
0589 1344251.04 623257.37 0.05
0590 1345383.69 . '623244.7. 1.03
0591 1348693. 624928.1 0.03
0592 1348684.1 624921.8 0.03
0594 1347389.9 624261.4 1.78
0585 1346365.5 623163.7 0.22
0599 1344572.79 624314.81 0.05
0600 1345807.2 ©622993.3 0.29
0603 1341394.73 623420.95 0.03
0609 ©1343083.9 - 624827.2 0.04
0610 1346191.5 625242.5 0.84
0615 1346756.2 625071.4 9.86
- 0616 ° 1346603.1 - 622918.3 0.19
0618 1343239.48 623073.25 0.06

The selection of a threshold RMSE value as a condltlonmg criterion was subjective. Following

guidance provided in Knowlton and Peterson (1998), initial values for the threshold RMSE were
set at values that were of the same general magnitude as the model calibration targets

(i.e., measured concentrations during recent years). As discussed later, difficulties were
encountered in producmg 51mulat10ns that meet threshold criteria of these magnitudes.

Three sampling events, each with five momtormg locations within the area of vanadium
contammatlon were used for the model condmomng Table 2 shows the well locatlons

the stochastic 51mulat10ns, all sampling times and wells were usedin the condmomng, whereas
other stochastic analyses were conditioned on just one or two sampling events and fewer wells.

Table 2: Locations, Times, and Measured Vanadium Concentrations (mg/L) Used for Model Conditioning

November/
Well Location June 2000 ‘December June 2002
2000

0218 : : _ ) ‘ T 1.26
0590 0.289 0.294 0.443

. 0857 0.896 - 0.945 0.666
.- 0658 10.2 6.94 8.09
0659 12.2 24 - 2.22

Uncertain Parameter‘Distributions |

Characteristics of the probability density function (PDF) used for each of the three parameters -
treated as uncertain in the probabilistic simulations (aquifer hydraulic conductivity, aquifer
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dispersivity, vanadium soil-water distribution coefficient [Kd]) are presented in Table 3. As this
table shows, uniform distributions were assigned to each parameter. The choice of the PDF type
was somewhat arbitrary; that is, no statistical tests were performed to determine if the assumed
distribution conformed with measured or literature estimates of distributions for each parameter.
Nevertheless, the use of a unlform distribution was believed to be sufficient for identifying
parameter combinations, if any, that would i improve the fit between modeled and observed
vanadium concentratlons

During each Monte Carlo analysrs with the srte model constant values were assigned to all ﬂow
and transport parameters that were not consrdered uncertam The constant values were 1dent1cal
to those employed in the SOWP model ’ : ‘-

Table 3 Dlstnbut/on Charactenstlcs of Uncertam Parameters in the
Probablhst/c Slmulat/ons

" Parameter - | Minimum Value Maximum Value Distribution Type

Hydraulic Conductivity (ft/day) 94.0 - 1 1740 . Uniform

Dispersivity (ft) - ’ -50.0 . 150.0 ' Uniform

Distribution Coefficient (ml/g) 20 - - 78 - : Uniform .
Probablllstlc Results

Several probabrhsnc analyses were performed each varymg w1th respect to the sampling times
and monitor wells used for conditioning of the predicted vanadium concentrations. During each
analysis, three hundred (300) realizations of parameter combinations were generated, which in
turn resulted in 300 sets of modeling results. This number of simulations was believed to be
sufficient for analyzing the effects of all possible parameter combinations on computed
vanadium concentrations. Though no statistical tests were performed to demonstrate that this was
accomplished, visual inspection of the parameter values generated in each model realization did
appear to support this goal. To help demonstrate this point, Figures 1 and 2 show plots of
realization number versus hydrauhc conductivity and soil-water distribution coefficient,
respectively. These plots provide a subjective indication of how well the snmulated parameter
values represent thelr respectlve theoretlcal drstrlbutlons R : o
Four probab1llstlc analyses that were conducted are llsted in Table 4 along with the assumed
RMSE criterion and resultmg minimum and maximum RMSE values for each analysis. An
obvious conclusion drawn from the table is that none of the Monte Carlo analyses was capable of
producing a simulation with an RMSE value less than the respective RMSE criterion. This result
strongly suggested that the behavior of dlssolved vanadium in ground water at the site varies
considerably in time and space; and, as a consequence, it is very difficult to produce a flow and
transport model that can perform reasonably in matehmg observed vanadlum concentrations at
monitor wells. : ST

DOE/Grand Junction Office Vanadium at the New Rifle Site
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{ Hydraulic Conductivity versus Realization- :
| o Number
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Figure 1. Generated Hydraulic Conductivily versus Realization Number
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Figure 2. Generated Distribution Coefficient versus Realization Number
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Table 4. Cénd/t/on/ng Results from Monte Carlo Analyses

Mconte Conditioning | Conditioning | - RMSE | RMSE |. RMSE
arlo  Times Locations Criterion | Minimum | Maximum
Analysis ' P (mg/L):- {: (mgiL) (mg/L)
June 2000 ‘ a - :
1 N/D2000. . AllWells 3.60 4.42 14,73
June 2002 .
2 qune o | miwels | 403 502 | ‘532
3 June 2002 - ~AllWells | - 1.15 2.82 3.24
June 2000 ) '
4 ~| - N/D2000 - [ --Well0590 | 0.342 - -0.531 - 0.851
o June 2002- . - . . .

Inspection of Table 4 also reveals that the range of RMSE values resulting from each Monte
Carlo analysis is very narrow. This observation suggests that, despite the relatively wide range in
possible values of uncertain parameters that can be utilized in the model (See Table 3), no
particular parameter value or combination of values exists that allows the model to perform
significantly better than other realizations in matching observed vanadium concentrations. To
examine this latter issue further,-analyses were performed on the probabilistic modeling results
with the intent of identifying explicit trends in parameter values that are most representative of
site conditions. These additional analyses are discussed in the following section. ‘

It should be noted that several simulation scenarios other than those listed in Table 4 were
performed during this study. Though the results of those additional analyses are 51m11ar to those
mentioned above they are excluded from this report in the mterest of brevity.

Potential Relationships Between RMSE and ,Uncertain Parafneter Values

Regression analyses were conducted to determme if any correlatlon existed between the values
of uncertain parameters used in each Monte Carlo simulation and the correspondmg RMSE for
that simulation. Results from one of the regression analyses is shown in Figure 3, which contains
a scatter pIot of RMSE (mg/L vanadium) and associated hydraulic conductmty for Monte Carlo
Analysis 1 in Table 4. Also listed are the coefficient of determination (R?) and the equation
describing the least squares fit between RMSE (y) and hydraulic conductivity (x). An obvious
conclusion taken from Flgure 3 is that there is no apparent relationship between RMSE and
hydraulic conductivity. The scatter plot does indicate that- RMSEs tend to be slightly smaller
when lower hydraulic conductivities are used, but the low R? value assomated with the
regressmn do not suggest that such a relatlonshlp is strong ) :

The results of a similar regressmn analys1s are 111ustrated in thure 4, whlch comprlses a scatter
plot of RMSE and the vanadium distribution coefficient (K4) for Monte Carlo Analysis 1. Again,
there appears to be no distinct correlation between RMSE and the model parameter being -
investigated, in this case vanadium K4. However, unlike the potential relationship between --
RMSE and aquifer hydraulic conductivity, RMSE values show no distinct trends toward -
increasing or decreasing with increases in Kq4. Thus, it is impossible to discern whether model
performance improves with lower K4 values, an observation that would be expected if natural
flushing were to be more rapid than has been previously observed or predicted.. o

DOE/Grand Junction Office Vanadium at the New Rifle Site
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RMSE versus Hydraulic Conductivity
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* Figure 3. RMSE (mg/L) Versus Hydraulicl Conductivity in Monte Carlo Analysis 1
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Figure 4. RMSE (mg/L) Versus Vanad/um Distribution Coefficient for Monte Carlo Analys:s 1

Because the limited RMSE ranges produced the model makes it difficult to ple a meamngful
RMSE criterion for assessing model uncertainty, additional analyses were arbitrarily conducted
on the 50 model runs from Monte Carlo Analysis 1 with the smallest RMSE values. The intent of
these additional assessments was to ascertain whether distinct correlations exist betweéen RMSE "
and uncertain parameter values with the simulations that perform best in matching observed
vanadium concentrations that could not be discerned from analyzmg all simulations
sxmultaneously '

Figure 5 shows the results of a regression analysis between RMSE of the 50 best performing .
simulations and associated aquifer hydraulic conductivities from Monte Carlo Analysis 1. An -
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analogous evaluatlon of thé vanadium’ dlstrlbutlon coefficient is provided in Figure 6. Though
the scatter plot in each of these figures shows a tendency for RMSE values (.e., better model fit)

. .Hydraulic Conductivity vs RMSE
P y=0/0007x + 4.3644
4.45
] R?=0.3464
cw-4.44
[72]
= o)l
K 443 14—
4.42
4.41 -
50 75 100 - 125° 150 175
Hydraulic Conductivity (ft/day) »

200

Flgure 5. RMSE{mg/L) Versus Hydraulic Conductivity for the 50 Model Runs wn‘h the Lowest RMSE
; values Monte Carlo Analys;s 1 : ;

Distribution Coefficient vs RMSE
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4.45 ' * *y '
R?%= 0.1675 * ®
4.44 * L2
w . 4 —~
2 f./ e 340
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* e
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Figure 6. RMSE(mg/L) Versus Vanadium Distribution Coefficient for the 50 Model Runs with the Lowest
RMSE values, Monte Carlo Analysis 1

to occur with decreasing values of hydraulic conductivity and Kg4, neither analysis indicates that
such tendencies translate into strong correlations. This observation again suggests there is little
evidence to indicate that, in general, dissolved vanadium is flushing from the New Rifle Site than
had previously been predicted in the SOWP (DOE 2000).

DOE/Grand Junction Office
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To provide some quantitative evidence as to whether the distribution of the 50 smallest RMSEs
in Monte Carlo Analysis 1, was mgmﬁcantly different from the distribution of the remaining

250 realizations, two statistical tests were performed. Both tests made use of the t-statistic with a
level of significance of 1% for each test.

The first test assumed that the standard deviations of the 50 smallest RMSEs and the remaining
250 RMSEs were unknown but equal. The second test assumed that the standard deviations were
unknown and not necessarily equal. Both tests indicated that there was no difference in the mean
RMSE values calculated for each set of simulations. This finding indicated that the results of
attempts to find correlations between uncertain model parameters was no more significant in the
case of the 50 simulations with the lowest RMSEs than it was in the analysis based on all
simulations. That is, there was no reason to believe that analysis of a limited number of
simulations that perform better in matching observed vanadium concentrations would provide
evidence of accelerated natural flushing.
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