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STATISTICAL EVALUATION OF ADDITIONAL HYDROCHEMICAL DATA
FROM THE
SADDLE MOUNTAINS, WANAPUM AND GRANDE RONDE BASALTS
BASALT WASTE ISOLATION PROJECT
HANFORD SITE

1. INTRODUCTION

This report is the second of two reports in which the hydrochemical
data from the Basalt Waste Isolation Project (BWIP) have been analyzed
statistically. The first report (Williams and Associates, Inc., 1983)
analyzed BWIP hydrochemical data obtained by the Nuclear Regulatory
Commission from Rockwell Hanford Operations during the workshop held in
Richland, Washington, in July 1982. These data comprise the results of
chemical analyses of water samples obtained by Rockwell during their
drilling and testing program at the BWIP site prior to that date. These
data include analyses of samples from the Saddle Mountains, Wanapum and
Grande Ronde Formations, mainly within the Hanford Site boundaries. The
first data set includes few data, especially from the Grande Ronde Basalts
in the vicinity of the Reference Repository Location (RRL). Isotopic data
also were obtained at the July 1982 workshop but the isotopic data were not
used in this study.

Additional data have been collected since the July 1982 workshop. It
was deemed appropriate for the NRC to obtain these additional data for
evaluation in mid 1984, The water quality sampling program was interrupted

in March of 1584 in order to allow other programs to proceed withcut



interference.

A significant amount of data has been added to the pre-July 1982 data
base. This contribution is important especially with respect to the samples
collected in the vicinity of the RRL. Additional samples have been
collected from the Grande Ronde Formation which increase the vertical
distribution of data. The target repository horizon is the Cohassett F'ow
interior in the Grande Ronde Formation.

As noted in the first report (Williams and Associates, Inc., 1983),
Rockwell asserted that waters in the major geologic units (Saddle Mountains,
Wanapum and Grande Ronde Formations) are distinguishable on the basis of
hydrochemistry (U. S. Dept. of Energy, 1982, p. 5.1-184 & 202). The purpose
of the first study was to test this assertion using statistical procedures
applied to Rockwell's data base. The purpose of the present study is to
expand this effort using the new expanded data base.

The iscu. of hydrochemical distinguishability of basalt formations is
important _ecause of its implications to aquifer isolation. Rockwell states
in the BWIP Site Characterization Report (U. S. Dept. of Energy, 1982, p.
5.1-139 & 5.1-184) that the differences in hydrochemical data among basalt
formations constitute evidence that the basalt formations are isolated
hydraulically. Specifically, Rockwell concludes in the SCR (U. S. Dept. of
Energy, 1982, p. 5.1-139 & 5.1-184) that the hydrochemical data indicate
that mixing of waters among basalt formations does not occur at the BWIP
site. The NRC has concluded in the Draft Site Characterization Analysis (.
S. Nuclear Regulatory Commission, 1983) that many factors can influence

whether or not mixing occurs among aquifers in a multilayer aquifer system.



Williams and Associates has concluded that the problem of determining
whether or not mixing occurs on the basis of hydrochemical data is
sufficiently complex that the problem must be broken into parts in order to
understand whether or not mixing occurs.

We have concluded that the first necessary step is to determine with
the maximum possible degree of confidence whether the existing hydrochemical
data base is distinct by formation. The term “distinct" must not be
confused with hydraulic isolation. If it is possible to demonstrate
statistically that the ground waters in the Saddle Mountains Formation, the
Wanapum Formation and the Grande Ronde Formation can be distinguished from
one another then it is permissibie to proceed to the second step of the
problem. The second step of the problem requires evaluating other factors
such as vertical saturated hydraulic conductivity data, vertical head
distribution data, the natural evolution of the hydrochemistry in different
units due to, e.g., the geothermal gradient, pH changes, Eh changes, and
other chemical factors, and structural mapping data in order to determine
whether these data are compatible with hydrochemical distinctness among
basalt formations. 1[It was specifically not the intent of the first report
nor is it the intent of this second report to address the second step of the
problem. We investigate only whether or not the hydrochemical data are
distinct according to basalt formation. Without quantification of this
information it is not reasonable to address step 2. This second report
analyzes a larger and better distributed data base than the first report.

Univariate and multivariate analyses were performed on the data base

described above in order to investigate hydrochemical distinctness among



basalt formations at the BWIP site. Williams (1982) performed a similar
evaluation in a different hydrogeologic environment. Williams showed that
structural mapping and mineralogical mapping can be combined with
statistical analysis of water quality data to interpret flow pathways and

controls on the pathways within Mt. Emmons, Colorado.



2. GEOLOGY

The following geologic description is repeated in its entirety from the
first report. This repetition minimizes the necessity for the reader to
refer to the first report for background information.

The upper geologic units at the Hanford site consist of the suprabasalt
sediments (Figure 2.1). These sedimentary deposits include the Hanford and
Ringold Formations. The geologic units of primary interest in this report
are the underlying basalts. Principal basalt units include the Saddle
Mountains, Wanapum, and Grande Ronde. The sedimentary interbeds of the
Ellensburg Formation are intercalated within these basalt units. The
majority of the interbeds occur within the Saddle Mountains and Wanapum
basalts. The distribution of the interbeds within the geologic section is
shown on Figure 2.1. No attempt is made in this analysis to distinguish
between the water quality of samples obtained from basalts and from
sediments. Most of the samples obtained from the Saddle Mountains Formation
are from the sediments. This may account for some of the distinctness of
the samples from the Saddle Mountains Formation as discussed subsequently.
We could not test the relationship between the sediments and the basalts
because too few groundwater samples are available from basalt flows in the
Saddle Mountains Formation.

The Umtanum flow within the Schwana sequence (Grande Ronde Formation),
the McCoy Canyon flow (Grande Ronde Formation) and the Middle Sentinel
Bluffs flow (Grande Ronde Formation) are the major geologic units of
interest. The Umtanum flow and the Middle Sentinel Bluffs flow (recently

named the Cohassett flow) constitute potential repository horizons for the
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BWIP site. Those geologic units overlying the repository horizons also are
of considerable interest because these units are the probable avenues of
waste migration via groundwater movement.

Geochem*stry of the basalt rocks is illustrated on Tables 2.1 and 2.2.
These tables present the general chemical make-up of the Saddle Mountains,
Wanapum, and Grande Ronde Formations. A geochemical evolution of the
groundwater is not addressed. We consider this to be a separate issue that
cannot be addressed adequately until the data are analyzed to show
quantitatively that the formations are or are not hydrochemically distinct.
It should be noted that the geothermal gradient at the Hanford site has been
measured at 35 to 45 degrees Centigrade per 1,000 meters (U. S. Dept. of
Energy, 1982, p. 3.6-20). The mean unconfined groundwater temperature at
the site is about 19 degrees Centigrade which is higher than the mean annual
air temperature of 11.7 degrees Centigrade (U. S. Dept. of Energy, 1982, p.
5.1-90). The high temperatures may be pertinent because most minerals other
than calcite, dolomite and a few sulfates are more soluble at higher
temperatures.

The frequency of interbeds decreases with depth. DOE's Site
Characterization Repert (U. S. Dept. of Energy, 1982) indicates that 24% of
the thickness of the Saddle Mountains Formation is interbeds (U. S. Dept. of
Energy, 1982, p. 5.1-28), whereas no percentage thickness of interbeds is
shown for the Wanapum or Grande Ronde Formations (Figure 2.1). Interbeds
consist of clastic and volcaniclastic sediments (U. S. Dept. of Energy,
1982, p. 3.5-4). The volcaniclastic sediments were deposited as ashfall and

by rivers flowing on the plateau (Rockwell International, 1981, p. 3-30).



Table 2.1 Basalt geochemistry, Grande Ronde (wt%) (Rockwell International
1981, Table 4-1)
N vean Standard Minimum* Max mumT* Standard error
daviation value value of mean
High-Mg Flows
St 50 53.61 0.4 52.61 54,45 0.06
Al S0 14.38 0.27 14,28 15.51 0.04
F 50 12.01 0.52 10.39 1.9 0.07
w0 50 .3 0.20 4.38 §.34 0.03
ca0 0 8.7% ¢.19 8.8 9.20 0.03
N %0 .80 0.17 .13 .17 0.02
K 50 0.9 2.1§ 0.51 1.31 0.02
T10; 50 1.81 0.10 1.62 1.3 0.01
P20g 50 0.28 0.02 0.25 0.8 0.00
b 0 0.2 0.01 0.19 0.23 0.
Low-ig Flows
St 13 §5.45 0.8 3., 56.31 0.18
Alady 13 4.8 0.19 14,44 15.19 0.0%
F 3 11.95 0.2 11.3 2.9 0.08
“g0 13 3.58 0.12 1.4 l.34 0.3
ca0 & 7.3 0.13 7.1 7.58 Q.04
Na 3 .8 0.18 2.45 .11 0.08
K 13 1.8 0.33 1.17 2.47 0.09
Ti0; 13 1.91 0.03 L& 1.9 0.01
P 2¢ 13 0.30 0.01 0.28 0.32 0.2
“MnQ & 0.20 0.1 0.19 0.2 0.00
Umtanum Flow
st 13 §4.%0 0.28 54,48 §5.45 0.07
Al & 14,34 0.15 14,08 14.59 0.04
F 3 13.10 0.4 12.70 13.39 0.06
g0 13 3.48 0.09 3.8 .Nn 0.03
Ca0 13 7.0 0.14 7.14 7.64 0.04
N 3 2.58 0.26 1.3 2.95 0.07
< & 1.48 0.2¢ 0.34 1.1 0.07
T104 13 2.17 0.04 2.12 .23 0.01
P20g 3 0.3% 0.01 0.33 0.36 0.00
“nQ 13 0.2 0.00 0.2 0.23 0.0
Very-High-tg Flow
St 10 51.% 0.42 0.3 §2.42 0.13
Alada 10 15.09 0.2¢ 4. 15.57 0.07
F 10 1.8 0.21 11.50 12.16 0.07
“q0 10 §.75 0.1§ .53 §.02 0.08
ca0 10 3.93 0.2 9.58 10.43 0.07
Ya 10 .3 0.18 2.%0 .01 0.06
X 10 0.53 Q.17 0.29 0.76 Q.08
107 10 1.54 0.07 1.57 1.79 0.02
?x0¢ 10 .27 0.02 0.2§ 0.20 0.01
g 10 0.2 0.33 0.20 0.30 0.01

*Tatal Fe given as Fed.

womaximum and ninimum values ire for ‘ndivicual oxices.

’



Table 2.2 Basalt geochemistry, Wanapum & Seddle Mountains (wt%) (Rockwell International, 1981,

Table 4-1)
Asotin Masber Elephant Mountain Member
Flow Esquatzel Member Huntz Inger flow Pomona Member Lower flow
N M U N6 Ne-23

Mean, One
28 . X lo X lo X lo ) § lo
510, $2.78 0.4 51.43 0.82 5).81 0.38 50.76 0.13
ﬁl80) 14.24 0.27 16.06 0.56 15.41 0.28 13.76 0.30
“uf 3.02 0.10 1.58 0.12 1.63 0.06 1.3 » 0.06
Fe 11.68 0.5 8.3 0.54 A.68 0.3 1. 0.51
Ml 0.2} 0.02 0.18 0.02 0.19 0.0} 0.23 0.0}
Cal 7.65 0.22 10.51 0.69 10.62 0.3 68.38 0.9
My0 3.8 0.22 6.82 0.97 6.73 0.27 4.22 0.4
k20 \.78 0.3 0.67 0.42 0.53 0.10 1.30 0.0
NA 0 2.50 0.4 2.16 0.20 2.16 0.12 2.29 0.2}
P04 0.3 0.02 0.26 0.06 0.24 0.02 0.49 0.01

§ bow rlemuu Mountalin Member Ice Harbor Member Ice Harbor Member Ice Harbor Member

upper flow (Ward Gap) Basin City flow Martindale flow Goose Island flow
N= 10 N-8 N N=-d
—

Mean, One
Sts. Bow. X lo X lo X o X o
510, 50.57 0.28 47.62 0.29 8.4 0.49 47.46 0.67
?1.601 13.78 .22 14.04 0.2\ .18 0.% 3.1 0.3

2 .4 G. s v - 3, A X i
Feos 3% 6:% AR 0:% 338 8:b 3§ R
M0 0.22 0.0} 0.23 0.0 0.23 0.0} 0.28 0.0
Cal 8.5 0.3 9N 0.28 10.20 0.59 8.85 0.1
Hy0 4.26 0.24 5.5 0.20 5.65 0.36 4.3 0.1%
K‘o 1.20 0.12 0.68 0.1 0.68 0.17 1.22 0.06
NA O 2.27 0.14 2.23 o.n 2.30 0.3 2.25 0.16
P L0, 0.47 0.02 0.78 0.04 0.68 0.04 1.49 0.04

NOTE: Analyses are in wiX. Samples are core that was collected from drill) holes and specimens from type

localities.

“fotal Fe expressed as Fel.



Table 2.2 Cont'd

Frenchaman Springs Mamher | Freachman Springs Mesber Mest Priest Rajpids Mesber
§how plagloclase phyric flows aphyric flows feze Rosalla flow
N -4 N=-28 =N N5
Mean, One
SRR “Nau X lo X lo X lo X lo
510, 51.24 0.3 51.27 0.39 50.60 0.35 49.85 0.35
?1.603 13.93 0.29 14.04 0.32 N.‘I,S g.ll u.:o 0.21
" 0.08 " ¥ ’ v " W
Fe 5.8 0:44 1388 8:3F TR a:i 34 o:
M0 0.24 0.0\ 0.23 0.u}) 0.23 0.0} 0.24 0.0}
Cal 8. 0.V 8.4 0.15 E.65 0.20 8.5 0.9
Mgl 4.2 0.2% 4.2) 0.23 4.59 0.3) 4.4 0.22
“"0 .15 0.14 1.29 0.12 |} 0.13 1.05 0.20
NAZ0 2.54 0. 2.49 0.17 2.43 0.20 2.50 0.22
P20s 0.53 0.05 0.52 0.04 0.54 0.03 0.66 0.02
fl Priest Rapids Member Unatilla Member Unatilla Member Wi lbur Creek Member
- Llolo flow Sthlust flow tmatilla flow Wahluke flow
N9 N =26 N=-24 N=-4
Mean, Oue
Sait Bew. X o X lo X lo X lo
510, 49.8) 0.53 54.3) 0.73 53.65 0.59 53.4) 0.3%
M‘603 14.28 0.30 14.70 0.60 14.51 0.27 15.01 0.28
110; 3.15 0.09 2.83 0.30 2.99 0.1 1.87 0.02
Fel* 12.20 0.45 10.48 0.92 10.87 0.7 9.66 0.2}
Mol 0.24 0.00 0.22 0.02 0.22 0.05 0.19 0.01
(a0 9.00 0.63 6.60 0.64 6.68 0.37 8.5 0.19
Mg0 5.18 0.3\ 2.6) 0.26 3.00 0.3 4.6\ 0.25%
Kio 0.98 0.1 2.62 0.36 2.52 0.14 1.90 0.16
NA L0 2.45 0.V 2.82 0.25% 2.84 0.24 2.31 0.15
P,0¢ 0.66 0.02 0.8) 0.05 0.22 0.02 0.45 0.0}
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Clastic sediments derived from the plutonic and metamorphic rocks of the
Rocky Mountain terrain also are present (Rockwell International, 1981, p. 3-
30).

Several known and some potential geologic structures exist at the
Hanford site. Several hydrogeochemical implications are possible in view of
the potential effect these structures might have on groundwater flow. These
structures might have no discernable effect on groundwater quality; but it
is arguable also that these structures might retard lateral groundwater flow
or provide preferential hydraulic conductivity pathways for groundwater flow
in the vertical direction. The major hydrogeochemical issue addressed is
whether the major basalt formations (Saddle Mountains, Wanapum, and Grande
Ronde) are isolated hydraulically from each other by flow interiors with low
vertical saturated hydraulic conductivity or whether there is a significant
vertical exchange of groundwater among these formations. This issue cannot
be addressed until the hydrochemical distinctness of the waters in the

basalt formations is resolved in a defensible quantitative manner.
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3. DATA

The boreholes used for the collection of data for this evaluation are
widely scattered on and around the Hanford site (Figure 3.1). Numerous
geologic units are represented by water chemistry analyses from different
boreholes but few boreholes offer a comprehensive representation of water
chemistry analyses for the entire geologic section. The distribution of
boreholes is not random which presents some difficulty in testing hypotheses
as noted later in this report. The distribution of boreholes for the
current data base is better than the distribution that was available for the
study presented in Williams and Assoc., Inc. (1983). The geologic units
that constitute sample sources range from the Saddle Mountains Formation
through the Grande Ronde Formation. The computer code used to designate the
stratigraphic units is presented in Appendix A. Interbeds dominate the
sample sources in the Saddle Mountains Formation. Flow tops dominate the
sample sources in the Wanapum and Grande Ronde Formations. This observation
may be important to the interpretation of water chemistry data as noted
subsequently herein,

The chemical data in the appendix contain concentrations of some
constituents that were reported as being less than some detection limit,
For purposes of a consistent data base these values are shown in the
appendices as being equal to the detection limit. Detection limits are
indicated by a minus sign preceding the concentration value in Appendix 8.
In addition the detection limits are not always constant for the same
variable; this inconsistency is a consequence of the fact that multiple

samples were sent to different laboratories with different analytical
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capabilities. From a statistical analysis viewpoint these procedures should
not be deleterious.

The hydrochemical data list received by the NRC contains many instances
in which the same interval and basalt flow were sampled on several occasions
in the same borehole. Multiple sampling is particularly prevalent with
respect to borehole DC-14. A continuous flowing discharge test resulted in
approximately 35 samples and analyses appearing in the data listing in
addition to the multiple samples and analyses that occurred during normal
drilling and testing. The multiple analysis presented in the data from
borehole DB-1 is a more common type of occurrence. The Mabton interbed was
sampled and analyzed 4 times between July 1978 and May 1981. In cases such
as these the samples selected for statistical evaluation in this report were
selected based on several judgemental factors with a single primary
objective. This objective is to represent each sampled basalt flow from
each borehole with one sample and corresponding valid analysis. Each sample
is identified by a record number. Borehole DC-14 is an exception to this
criteria. Two samples from the end points of the testing period were
selected to evaluate the possible effects of contamination by drilling fluid
on groundwater quality. These two samples were selected in addition to
samples obtained during the normal drill and test sequence. The multiple
samples from each basalt flow-borehole were culled based on the time
interval between drilling and sampling. The most recent sample was selected
except where the sampling method shed doubt on the validity of the sample.
Multiple methods of sampling have been employed at the BWIP site. These

methods include swabbing, air 1ift pumping, pumping with a submersible pump,
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and free flowing discharge from artesian wells with a hydraulic head above
ground surface. Samples were selected based on the most desirable method of
sampling; the methods are listed in order from the least desirable to the
most desirable.

A cation-anion balance could not be performed on the data presented in
Appendix B because two major anions are missing from the chemical analysis
listing. These major anions are bicarbonate (HCO,) and carbonate {Co4).
A1l data in Appendix B are considered in the evaluation; the sequence of
data evaluation procedures is described in Section 4.2 Statistical
Procedures. An ion balance was performed on the data used in the first
report (Williams and Associates, Inc., 1983). Only 5 samples did not meet
the 10% balance criteria used in the first report.

The hydrochemical data are influenced by many factors such as
temperature. The geothermal gradient at the BWIP site appears to be uniform
and fairly consistent. This gradient results in groundwater temperatures of
approximately 15°% in the shallowest basalt units to 60°C in the deeper
Grande Ronde flows. This temperature variation, which appears to increase
Tinearly with depth, may have a significant impact on various ion
concentrations in the water samples. The interrelationships of physical
variables, geochemical variables, and hydrochemical variables is extremely
complex.

Several hydrochemical variables were selected based on subsequent
statistical analyses of the data. The selected hydrochemical variables are
plotted as ion concentrations versus depth below land surface (Appendix C).

The variables selected for this qualitative examination of the
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interrelationship of physical, geochemical, and hydrochemical variables are
pH, insitu temperature, boron (B), chloride (C1), fluoride (F), magnesium
(Mg), potassium (K), sodium (Na), and sulfate (S0,). Four borehole
locations were selected for this qualitative examination. These borehale
locations are DC-16a and ¢ and RRL-2 which are within or near the RRL and
DC-14 and DC-15 which are adjacent to the Columbia River. Boreholes DC-16a
and DC-16c are considered as one borehole due to their close areal
proximity. Their combined data bases result in an extensive depth and
stratigraphic representation of hydrochemical and temperature data. These
four borehole locations are the only boreholes that have a reasonably
comprehensive representation of data over the greatest depth of interest.
These plots of ion concentrations, pH, and temperature versus depth do
not illustrate a clear cut relationship between any of the variables. The
specific relationship of interest is the ion concentrations to temperature.
There is no apparent relationship of ion concentrations or pH to

temperature.

3.1 Hydrochemical Data

The data used in this study consist of 253 water sample analyses
reported in the BWIP Hydrochemistry Data Base as chemical data printouts
dated February 22, 1984. Record number, sample number, formation identity,
pH, specific conductivity, field alkalinity, chloride, fluoride, sulfate,
sodium, potassium, calcium, magnesium, silicon, total carbon, aluminum,
barium, boron, cobalt, chromium, copper, iron, lithium, manganese,

molybdenum, nickel, lead, strontium, and zinc were converted to machine



readable form (Appendix B) for use in the study.

3.2 Isotopic Data

The isotopic data collected at the BWIP site were not evaluated
statisticalliy. Primary emphasis was placed on the chemical data.
Conceivably the separate analysis of the isotopic data could be informative;
this analysis should be considered for future research. Emphasis is placed

on the chemical data because the data base i¢ larger and fewer gquestions

exist concerning the validity of sampling procedures and subsequent

analyses.
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4. DATA ANALYSIS

4.1 Working Hypotheses

The following hypotheses are the same as those stated in our first
report (Williams and Assoc., Inc., 1983). The primary issue is whether the
hydrochemistry data can be distinguished according to basalt formations; but
the statistical method used can segregate data areally as well as
vertically. Consequently two sets of working hypotheses are of interest.
These hypotheses are:

Al. Fracturing or vertical mixing caused by other factors preclude
quantitatively distinguishing groundwaters among basalt formations (or
flows) under the Hanford Reservation using concentrations of dissolved
constituents in water samples obtained from each formation (or flow).

A2. Groundwaters as represented by water samples from different
basalt formations (or flows) under the Hanford Reservation are largely
distinct and can be distinguished by the concentrations of their dissolved
chemical constituents.

If hypothesis A2 is valid, then one is justified in pursuing further
the implication that the samples were derived from different flow paths that
are isolated or semi-isolated vertically. However even under this condition
some vertical mixing among nearly horizontal flow pathways could occur
across confining layers even though the upper and lower hydrostratigraphic
units have statistically significantly different concentrations of dissoived
constituents. In a mathematical sense this condition can be viewed as

necessary but not completely sufficient for hydraulic isolation. For this
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reason we have used the words hydrostratigraphic unit distinctness as
opposed to hydrostratigraphic unit isolation to deal with working hypothesis
A2 throughout this report.

Bl. Water samples from wells on the Hanford Reservation
statistically cannot be grouped spatially (areally) and

B2. Water samples from wells on the Hanford Reservation
statistically can be grouped spatially (areally).

We reemphasize the fact that samples from the Saddle Mountains
Formation are derived primarily from interbeds; consequently for the Saddle
Mountains Formation working hypotheses Al and A2 may simply reflect the
effect of nonbasalt rock types on hydrochemistry. The possible implications
of this observation should be researched further when more data become

available.

4,2 Statistical Procedures

The analysis is divided into two parts: exploratory and confirmatory.
In the exploratory analysis we calculate descriptive statistics in order to
detect any coding errors or cutliers in the data base and to determine if
the data should be transformed. After transformation the data are
standardized following which cluster analysis is perfo nred to segregate the
samples into relatively homogeneous groups or clusters of samples. Since

hypotheses Al, A2 and Bl, B2 concern the similarity or dissimilarity of

chemical characteristics of samples, we are interested in clustering

samples, not variables. Cluster analysis is useful for this purpose.

Multivariate principal component analysis and factor analysis examine




relationships among variables and, hence, are not directly applicable. We
perform two cluster analyses in this study. A preliminary cluster analysis
is conducted on a subset of the data having complete information on most of
the hydrochemical constituents. Only 85% of the data are used in this
analysis. We performed a second cluster analysis on 94% of the data after
deleting hydrichemical constituents that do not help to explain the
preliminary clusters. Using a preliminary and final cluster analysis allows
us to use as much of the data base as possible.

The result of the cluster analysis is a set of clusters or groups of
samples which, if they survive additional scrutinous analysis, may support
or deny the hypotheses discussed above. The confirmatory part of the
analysis tests the statistical significance of differences among the
clusters. Confirmatory analysis has two other purposes as well. We can
determine which hydrochemical constituents or combination of constituents
are important in differentiating among the clusters by using stepwise MANOVA
and canonical analysis (Johnson and Wichern, 1982, ch. 10). The canonical
analysis defines canonical variables much like principal components or
factors. The new composite variables differ because the canonical variables
aefine the dimensions along which the clusters can be segregated. Principal
components or factors define the dimensions associated with the overall
variability in the data. Secondly, we use discriminant analysis to clarify
"gray" areas of the cluster analysis. Inevitably, some samples fall between
clusters or fall into clusters that are made up of samples of an apparently
different type. The discriminant analysis either substantiates or corrects

the original placement of these statistically “anomalous" samples.
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4.3 Exploratory Analysis

Summary statistics, stem and leaf plots (histograms), and box plots
were calculated on each numerical response variable (SAS Institute Inc.,
1682). Tota! carben, cobalt, chromium, copper, lithium, nickel, and lead
were deleted from the analysis because of large n° _ers of missing values
and/or because many values are at or below detection limits. All the other
variables except pH and field alkalinity have a skewed distribution; these
variables were transformed logarithmically (Y = 1n (X + 1)). The variables
pH and field alkalinity do not require transformation. The 253 data vectors
were derived from 146 distinct water samples represented by one, two, and
occasionally three laboratory analyses. The 253 data points were averaged
to yield 146 observations -- one corresponding to each water sample. Not
all 146 observations have values for each of the variables. However, 124
observations have complete data for pH, logarithm of specific conductance,
field alkalinity, and logarithm of ion concentrations for chloride,
fluoride, sodium, potassium, calcium, magnesium, aluminum, boron, and iron.
Except for silicon and titanium, these ions constitute the major geochemical
constituents of the basalt flows under the RRL. Silicon dioxide comprises
about half of the basalts oy weignt but it does not provide a great deal of
information about differences between basalt layers. Titanium was not
assayed.

This study was initiated by conducting a preliminary cluster analysis
using these 124 observations on 12 variables. The variables were

standardized by converting raw data to Z scores according to:
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where X is the observation on a variable and X and S are the mean and
standard deviation, respgctive1y. This procedure gives each variable equal
weight in the analysis. ﬁé'calculated distances between observations as
Euclidean distances and used a hierarchical complete linkage clustering
algorithm (Dixon, 1981, BMOPIM). Four preliminary clusters were identified.

Stepwise MANOVA (SPSS Inc., 1983, Discriminant Procedure) identified
seven variables (C1, Mg, K, pH, F, Na, and alkalinity) as discriminators
among the four groups. In fact, 96.1% of the observations were classified
into their correct clusters using only chloride, magnesium, potassium, pH,
and fluoride. The four clusters identified generally represent two Saddle
Mountain-Wanapum Formation groupings and two Wanapum-Grande Ronde Formation
clusters. The fact that five variables are sufficient to identify the four
clusters is not surprising if one examines the 12 x 12 correlation matrix in
Table 4.3.1. The pattern of correlations suggests an association 1) among
specific conductance, alkalinity, chloride, fiuoride, sodium, and boron; 2)
between calcium and magnesium; and 3) between aluminum and iron. Chloride
and fluoride represent the information in variable association 1) and
magnesium represents association 2). Aluminum and iron do not help
differentiate these clusters. Most of the information content is captured
if potassium and pH are evaluated in conjunction with chloride, fluoride,
and magnesium. That is not to say that specific conductance, alkalinity,
sodium, boron, and calcium are unimportant; but the information content of

these five variables is represented adequately by the other five variables.
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Complete data for chloride, magnesium, potassium, pH, and fluoride
exist in 138 of the 146 observations. A cluster analysis of this larger
data set using the approach described above identified six clusters instead
of four (Figure 4.3.1). The additional two clusters are due in part to the
additional samples and in part due to using five variables instead of
twelve. The means of each of the five variables for each cluster are

presented in Table 4.3.2.

Table 4.3.2. Group meansl) for the clusters of Fig. 4.3.1

CLUS pH CL F K MG
1 7.93 1.782 0.433 2.219 2.071
2 8.67 2.301 (.998 2.608 0.362
3 9.42 4.407 2.459 2.846 0.125
4 8.99 5.930 3.046 3.319 0.111
5 9.59 5.230 3.137 2.276 0.077
6 9.78 4.839 3.408 1.422 0.057
TOTAL 8.89 3.498 1.814 2.467 0.619

- -~~~

1) In (mg/1 + 1) except pH

The first two clusters contain samples from the Saddle Mountain and Wanapum
Formations. The two clusters have relatively low pHs and low chloride and
fluoride levels. Cluster 1 is characterized also by samples that are high
in magnesium. Cluster 2 contains five apparently anomalous samples from
Grande Ronde Basalts. Clusters 5 and 6 reflect samples collected from
greater depths. Cluster 6 contains nine Grande Ronde Formation samples and
cluster 5 contains 17 samples that were obtained from the Grande Ronde
Formation (out of 20 samples in the cluster). One Priest Rapids flow sample
appears in cluster 5. It is a relatively shallow Wanapum sample compared to

the other samples in cluster 5. It is treated as an anomaly in the



CLUSTER DIAMETER

Saddle Mountains
Waonopum

COCK | PRAP 9
ELEMI RATH 4
FRSRS ROSA 2
LEVY 2 SELA 3
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2

Saddie Mountains

Wonapum

ASOT 3 PRAP 4| COMA |
COCK 4 RATR 2| GRRD 2
ELEM | ROSA | | ROCK 2
FRSR 5 SELA 2|

MABT 9 SQCK | !

3

Wonopum  Mixed Cluster
FRSR |13 |COMA | PRAP 4
PRAP 3 |FRSR 2 ROSA |
ROSA 3 |GRRD 8 UNKN 2
IMCCo

VANT 2

* unidentified formation by Rockwell

Figure 4.3.1.

Cluster diagram (see Appendix A for formation code).
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discussion below. The five means for cluster 4 indicate that it is a
cluster high in chloride, fluoride, and potassium. It contains four Wanapum
basalt samples and five Grande Ronde Basalt samples. Cluster 3 contains a
cohesive group of 19 samples from the Frenchman Springs, Priest Rapids, and
Rosa strata. It also contains a group of 16 samples from a variety of
Wanapum and Grande Ronde samples mixed together indiscriminantly (labeled
"mixed cluster” in Figure 4.3.1). This mixed group of samples is treated as
an anomaly in the MANOVA, canonical analysis, and discriminant analysis
d.scussed below. If one counts the unknown formation sample between
clusters 4 and 5, 23 of the 138 samples are not clearly placed via the

cluster analysis.

4.4 Confirmatory Analysis

The remaining (138 - 23 = ) 115 samples were subjected to a stepwise

MANOVA in order to identify the hydrochemical constituents most responsible

for cluster differences and to test for differences among the cliusters. The

results appear in Table 4.4.1. MANOVA identifies the clusters as being

significantly different, but clusters 3, 4, 5, and 5 are less so. A

canonical analysis was used to identify a rotation of the five original axes

(variables) to axes most aligned with differences among groups. The first

two axes are associated with eigenvalues representing 89.4% of the

efgenvalue total. A plot of the data using canonical axes 1 and 2 is

presented in Figure 4.4.1.



Table 4.4.1 Summary of stepwise MANOVA on six clusters

Summary of action at each step

ACTION VARS  WILKS'

STEP ENTERED REMOVED IN LAMBDA
1 CL 1 0.087955
2 MG 2 0.017427
3 K 3 0.003938
4 PH 4 0.00z801
S F 5 0.002526

SIG.

8

COO0O0O0
. . - - -
00008

F Statistics and significances between pairs of groups
Each F statistic has 5 and 105.0 degrees of freedom.

GROUP 1 2 3
2 103.3
3 184.3 69.1
4 170.2 9.9 15.0
5 253.6 140.6 20.4
6 180.0 115.1 48.4

5

24.4
56.6 15.3

Each F is significant at the .0001 level.
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The details of the canonical analysis are presented in Table 4.4.2.

Examination of the standardized discriminant function coefficients and the

structure matrix facilitates interpretation of the canonical axes.

A sample

will have a high value on canonical axis 1 if it is high in chloride and

fluoride, (relatively) high in pH, and low in magnesium.

A sample will have

a high value on canonical axis 2 if it is low in potassium and/or high in

magnesium. The figure shows that in general water samples are organized

into groups of samples from generally shallower basalt flows and from

generally deeper basalt flows.
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Table 4.4.2 Summary of canonical analysis on six clusters
~ CANONTICAL DISCRIMINANT FUNCTIONS T

Percent of Cumulative Canonical

F'nction Eigenvalue Variance Percent Correlation
1% 19.31222 74.57 74.57 0.9750736
- 3.84723 14.85 89.42 0.8908965
3* 2.63470 10.17 99.59 0.8513955
4* 0.09459 0.37 99.96 0.2939717
- 0.01061 c.C4 10C.00 0.102442%

STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1 FUNC 2 FUNC 3 FUNC 4 FUNC 5

PH 0.42623 0.01111  -0.09556 0.89781 -0.42809
CL 0.69226 0.23672 0.31356¢ -0.22120 -0.88815
F 0.22192 0.21374 0.26317 0.01665 1.15659
K -0.10724 -0.74282 0.66476 0.22249 0.27754
MG -0.39221 0.54455 0.74255 0.32962 0.08463

STRUCTURE MATRIX

FUNC 1 FUNC 2 FUNC 3 FUNC 4 FUNC 5
CL 0.70672* 0.12083 0.49712 -0.41052 -0.26514
F 0.70173* 0.24751 0.11871 -0.01013 0.65736
K 0.03872 -0.80727* 0.58604 0.05759 0.00758
MG -0.53694 0.58529* 0.54128 0.24244 -0.13179
PH 0.34864 0.01035 -0.22368 0.90959* -0.03101

A discriminant analysis was conducted in order to place the 23 samples
that were not placed clearly by the cluster analysis into one of the six
clusters described above. The discriminant analysis also was used to place
each of the 115 samples analyzed in the MANOVA-canonical analysis in order
to check the discriminating power of the five variables. The incidence
matrix is presented in Table 4.4.3. The boundary lines in Figure 4.4.1 were
drawn using the results of the discriminant analysis. The boundaries
visually confirm the tabular results listed in the incidence matrix. One

sample in cluster 1 is designated as belonging to cluster 2. Similarly one



Table 4.4.3. Incidence matrix from the six cluster discriminant analysis.

NO. Of PREGICTIED GROUP MIEMBERSHIP

ACTUAL GROUP CASES 1 2 3 Iy 9 6
GROUP 1 26 25 1 0 0 0 0
96.2% 3.8% 0.0% 0.0% 0.0% 0.0%

GROuUP 2 i3 0 32 1 0 0 0
0.0% 97.0% 3.0% 0.0% 0.0% 0.0%

GROUP 3 19 0 0 19 0 0 0
0.0% 0.0% 100.0% 0.0% 0.0% 0.0%

GROUP i 9 0 0 0 9 (1] 0
0.0% 0.0% 0.0% 100.0% 0.0% 0.0%

GROUP 5 19 0 0 2 0 1 0
0.0% 0.0% 10.5% 0.0% 89.5% 0.0%

GROUP 6 9 0 0 0 0 1 8
0.0% 0.0% 0.0% 0.0% 11.1% 88.9%

UNGROUPLED CASES i 1 9 13 2 4 l
3.2% 29.0% h1.9% 6.5% 12.9% 6.5%

PERCENT OF "GHOUPED" CASES CORRECILY CLASSIFIED:  9%.65%

0¢
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cluster 2 sample is classified into cluster 3. All cluster 3 and 4 samples
remain within their respective borders. Two cluster 5 samples fall within
the cluster 3 region, but this placement probably is due to the unknown
(anomalous) sample that occurs in the “"cul de sac" of cluster 3 near the
cluster 4-5 border. This sample is record number 128 which comes from an
unknown formation in borehole DC-14. The discriminant analysis gives this
sample a 0.45 probability of being in group 3 and a 0.42 probability of
being from group 4. One cluster 6 sample is misplaced in cluster 5.
Overall, the discriminant analysis correctly classifies 95.65% of the 115
samples.

In addition to the 23 set aside samples explained above, 8 samples were
omitted from the cluster analysfs because data were missing for one or more
of the five variables. This total of 31 samples have group memberships as
predicted in Table 4.4.4 and as detailed on Figure 4.4.1. Eighteen of the
set of 23 samples not clearly placed in the cluster analysis are placed into
the same groups as in the cluster analysis. Five of the 23 samples were not
placed into the same clusters. Record number 178 appears in cluster 3; the
discriminant analysis places it into cluster 5. Record number 180 appears
in cluster 3; the discriminant analysis places it into cluster 4. The
single sample clustered between clusters 3 and 4 is record number 205 from
an unknown formation in borehole DC-2. It was discriminated as an isolated
cluster 4 point (see Figure 4.4.1). It has a 0.46 probability of being in
cluster 4 and a 0.35 probability of being in cluster 1. Visually it appears
to be a cluster 2 point. This apparent singularity occurs because this

sample has a value of 7.1 on canonical axis 3 which is not depicted in the




Table 4.4.4 Disposition of unknown (#) samples

Rec No Formation Borehole Cluster Fig 4.4.1 Fig 4.4.2

37 PRAP DB-14 3 3 3-6
42 UMAT DB-15 N/A 2 2
46 PRAP DB-15 3 3 3=6
47 PRAP DB-15 3 3 3-6
50 FRSR DB-15 3 3 3-6
79 POMO DC-1 N/A 4 2
86 CCUM LC-1 N/A 2 2
87 UMAT DC-1 N/A 3 3=-6
88 PRAP DC-1 5 5 3-6
91 GRRD DC-1 2 2 2
92 GRRD DC-1 N/A 6 3-6
96 GRRD DC-1 N/A 6 3=6
104 GRRD DC-12 3 3 3=6
106 GRRD DC-12 3 3 3-6
128 UNKN DC-14 3 3 3=-6
178 GRRD DC-15 3 S 3-6
180 GRRD DC-15 3 4 3-6
189 PRRZ DC-16A 3 3 3-6
190 FRSR DC-16A 3 3 3-6
202 MCCO DC-16C 3 3 3=-6
205 UNKN DC-2 X + 1
208 UNKN DC-6 3 3 3=-6
212 GRRD DC-6 3 5 3-6
214 G DC-6 N/A 2 2
229 SBFL DOE-17 N/A 1 1
242 GRRD MCGEE 2 2 2
243 GRRD MCGEE 2 2 2
244 GRRD MCGEE 2 2 2
245 GRRD MCGEE 2 2 2
250 PRAP RRL-2 3 3 3=-6
254 COHA RRL-2 3 5 3=-6
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figure. Record numbers 212 and 254 appear in cluster 3 and were
discriminated into cluster 5.

The confirmatory MANOVA above showed relatively less significance among
clusters 3, 4, 5, and 6; consequently we performed another MANOVA-canonical
analysis using clusters 1, 2, and a combined 3-4-5-6 cluster. The results
appear in Tables 4.4.5 and 4.4.6 and Figure 4.4.2. Only magnesium,
chloride, pH, and fluoride are required to differentiate the three groups.
The average potassium levels do not vary greatly among them. The net result
of this second MANOVA-canonical analysis-discriminant analysis is that one
cluster 1 sample is confused with cluster 2 and vice-versa. OJnc cluster 2
sample is predicted as combination cluster 3-4-5-6. All of the 3-4-5-6
samples were predicted as cluster 3-4-5-6. Irregular record number 205
shown in Figure 4.4.1 is predicted as a cluster 1 sample in this case;
however, it is a distant point in cluster 1. Using this second canonical-
discriminant analysis, group membership for the 31 unclearly clustered

samples appears in the last column of Table 4.4.4.

4.5 Hydrogeologic Significance of Cluster Analysis

Several samples (record numbers) did not group in the expected cluster.
For example, some samples which were obtained from the Grande Ronde
Formation did not fall in the cluster with the rest of the Grande Ronde.
The anomalous placement of these samples is discussed below with respect to
their possible hydrogeologic significance. The record numbers of interest
are 128 (borehole DC-14), 178 and 180 (borehole DC-15), 88 and 91 (borehole
DC-1), 104 and 106 (borehole DC-12), 242, 243, 244, and 245 (McGee well),



34

Table 4.4.5 Summary of MANOVA- canonical analysis on three clusters

Summary of action at each step
ACTION VARS WILKS'
STEP ENTERED REMOVED IN LAMBDA SIG.

1 MG 1 0.115899 0.0
2 CL 2 0.028272 0.0
3 PH 3 0.020142 0.0
4 F + 0.018597 0.0

F Statistics and significances between pairs of groups
Each F statistic has 4 and 109.0 degrees of freedom.

GROUP 1 2
GROUF
2 131.79
3 378.65 158.41

Each F is significant at the .0001 level.

CANONICAL DISCRIMINANT EUNCTIONS

Percent of Cumulative Canonical

Function Eigenvalue Variance Percent Correlation
1% 14.39569 85.24 85.24 0.9669782
o* 2.49260 14.76 100.00 0.8447958%

STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS

FUNC 1 FUNC 2

CL 0.66285 0.42514
MG -0.54294 0.85375
PH 0.49376 0.12025
F 0.07367 C.41367

STRUCTURE MATRIX:

EUNC 1 FUNC 2

13 0.63765* C.43899
CL 0.61246* 0.51126
PH 0.37478* 0.02047
MG -0.66674 0.70209¢*
K -0.056%5 -C.13998*




Table 4.4.6. Incidence matrix from the three cluster discriminant

analysis.
NO. OF
ACTUAL GROUP CASES
GROUP 1 26
GROUP 2 33
GROUP 3 56
UNGROUPED CASES 3

PREDICTED GROUP MEMBERSHIP
1 2

29
96.2%

1
3.0%

o0
0.0%

2
6.5%

3

I 0
3.8% 0.0%

3 1
91.9% 3.0%

0 56
0.0% 100 0%

9 20
29.0% 64.5%

PERCENT OF “GROUPED" CASES CORRECILY CLASSIFIED: 97.39%

13



=>»0=-20FTP®O

—-ZPIL=T=-DOV~T

N 2O==-LEIC™

Figure 4.4.2.

Map of three clusters plus unknowns

-4 -2 ] 2 I 6 oul
W h e A R Wive b dwiee Woobtnseses i s o @ P srs sy W15 oo X
.

+

' v

33 +

o SV EET .

# 3 33313 .

33 3 3 .

333 3 -

H3WN 3 .

N3 3 +

333y -

3 .

+

+

+

X

i3 T B s s R SN Np—— R N W ol e A Wi Rl s X
-l -2 O 2 I 6 oul

CANONICAL DISCRIMINANT FUNCTION 1 hi Ci, |
1o Mg

in canonical space.

9t



214 (borehole DC-6), and 205 (borehole DC-2).

Details about borehole DOE-17 are not available. Details about
boreholes DC-1, DC-6, DC-12, DC-14, DC-15, and the McGee well are relevant
to the consideration of the above analyses. Boreholes DC-6, DC-14, and DC-
15 are located in close proximity to the Columbia River (Figure 3.1).
Borehole DC-1 is located north of the 200 East Area. Borehole DC-12 is
located southeast of the RRL and south of the 200 East Area. The McGee well
is located between Umtanum Ridge and the RRL.

Borehole DC-14 is a flowing well that has been allowed to discharge
over an extended period of time. A free flow discharge test was conducted
in it to investigate the possibility of contamination of the groundwaters in
the basalt flows by injection of drilling fluid. Record number 128, as
discussed above, is a misplaced sample from a formation that the data base
does not identify. Record number 128 predates this free flow discharge
test. Record number 128 reportedly was extracted from a depth of 2,410 ft
to 2,513 ft (735-766 meters). This depth should place the sample interval
at the top of the Middle Sentinel Bluffs sequence (Figure 4.5.1) within the
Grande Ronde Formation. Record number 132 was selected as a sample that
represents the groundwaters at a deeper interval in the Grande Ronde
Formation near the beginning of the free flow discharge test. Record number
166 collected near the end of the free flow discharge test was included in
our analysis also. This sample (record number 166) is grouped appropriately
in the Grande Ronde Formation cluster. Record number 132 is placed in the
same cluster as record number 166 but much closer to record number 128.

This difference in clustering of these three samples from the Grand<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>