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Abstract

The multivariate statistical techniques principal component analysis (PCA), Q-mode factor analysis (QFA), and correspon-
dence analysis (CA) were applied to a dataset containing trace element concentrations in groundwater samples collected from
a number of wells located downgradient from the potential nuclear waste repository at Yucca Mountain, Nevada. PCA results
reflect the similarities in the concentrations of trace elements in the water samples resulting from different geochemical
processes. QFA results reflect similarities in the trace element compositions, whereas CA reflects similarities in the trace
elements that are dominant in the waters relative to all other groundwater samples included in the dataset. These differences
are mainly due to the ways in which data are preprocessed by each of the three methods.

The highly concentrated, and thus possibly more mature (i.e. older), groundwaters are separated from the more dilute waters
using principal component 1 (PC 1). PC 2, as well as dimension 1 of the CA results, describe differences in the trace element
chemistry of the groundwaters resulting from the different aquifer materials through which they have flowed. Groundwaters
thought to be representative of those flowing through an aquifer composed dominantly of volcanic rocks are characterized
by elevated concentrations of Li, Be, Ge, Rb, Cs, and Ba, whereas those associated with an aquifer dominated by carbonate
rocks exhibit greater concentrations of Ti, Ni, Sr, Rh, and Bi. PC 3, and to a lesser extent dimension 2 of the CA results,
show a strong monotonic relationship with the percentage of As(IIl) in the groundwater suggesting that these multivariate
statistical results reflect, in a qualitative sense, the oxidizing/reducing conditions within the groundwater. Groundwaters that
are relatively more reducing exhibit greater concentrations of Mn, Cs, Co, Ba, Rb, and Be, and those that are more oxidizing
are characterized by greater concentrations of V, Cr, Ga, As, W, and U.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tect groundwater resources downgradient from the
potential nuclear waste repository at Yucca Moun-

A groundwater monitoring program, referred to tain, Nevada [1). A series of wells were drilled
as the Nye County Early Waming Drilling Pro- for long-term groundwater monitoring and to pro-
gram (NCEWDP), was recently established to pro- vide geologic and hydrologic information for this
area. The study area, shown in Fig. 1, lies within
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Fig. 1. Map of study area with approximate subbasin boundaries [2].

Meadows-Death Valley flow system which occupies
approximately 7250 km? [2]. The principal aquifers
of this flow system include a lower Paleozoic car-
bonate aquifer, valley-fill aquifers, and also localized
aquifers consisting of tertiary volcanic rocks [3,4).
Groundwater samples were collected from 14 wells
of the NCEWDP (Fig. 1) and analyzed for a total of
57 trace elements. Multiple zones were sampled from
three of these wells and several of the wells were sam-
pled multiple times. Three multivariate statistical tech-
niques were applied to the extensive dataset collected
in this study. The goals of these analyses are to: (1)
provide insight into the geochemical processes occur-
ring in the groundwater; (2) determine the extent of
communication between groundwaters from different
depths; and (3) to help ascertain groundwater flow di-
rections. The underlying hypothesis is that groundwa-
ters from the same aquifer system, from aquifers with

similar compositions (e.g. carbonate rock aquifers or
the tertiary volcanic aquifers), or that have experienced
similar processes along flow paths, would be readily
resolvable by these techniques. Perhaps more impor-
tant, waters from different aquifers or that experienced
different processes during their histories ought to be
clearly separated by these methods.

1.1. Review of multivariate statistical techniques

Three multivariate statistical techniques are used in
this study to evaluate the trace element concentrations
in the groundwater samples. For these analyses, the
trace element concentrations, in ppb, are first assem-
bled into a data matrix. The data matrix for the present
study consists of 57 columns describing each of the
trace elements and 41 rows describing the individual
samples. Considerable amounts of literature exist on
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each of the methods used [5-11]; this section will pro-
vide only a summary of each technique.

1.2. Principal components analysis

Principal components analysis (PCA) is a multi-
variate statistical technique used for data reduction
and for deciphering patterns within large sets of data
[8]. Because PCA is based solely upon eigenanaly-
sis of the correlation or covariance matrix, no con-
straints such as multivariate normality are imposed on
the data [12]. If large differences exist in the stan-
dard deviations of variables, PCA results will vary
considerably depending on whether the covariance or
correlation matrix is used. When the variables have
widely differing variances, the first few PCs will sim-
ply explain the variables with the greatest variance.
When the correlation matrix is used, each variable is
normalized to unit variance and therefore contributes
equally. The concentrations of the trace elements eval-
vated in this study vary by several orders of magni-
tude; some trace elements concentrations are observed
in ppb levels and other in ppt levels. PCA was there-
fore applied to the correlation matrix for this study.
Thus, the data are first standardized by mean center-
ing each column (i.e. the column mean is subtracted
from each of the values in the column) within the
original data matrix and then dividing each of the
values within each column by the column standard
deviation.

With PCA, the large data matrix is reduced to two
smaller ones that consist of principal component (PC)
scores and loadings. PC loadings are the eigenvectors
of the correlation or covariance matrix depending on
which is used for the analysis. The PC scores (s) are
linear combinations of the concentration data (x) with
the loadings (/) as the coefficients:

Spnoe = __>_ Xn,p X lp,('

where n identifies the sample, p identifies the partic-
ular trace element, and ¢ identifies the principal com-
ponent [§,13]. When the corrclation matrix is used
for the PCA, x refers to the standardized data. The
PC scores therefore contain information on all of the
trace elements combined into a single number, with
the loadings indicating the relative contribution each
element makes to that score.

Principal components are calculated so that they
take into account the correlations present in the origi-
nal data, but are uncorrelated (orthogonal) to one an-
other. The first PC explains the most variance within
the original data and each subsequent component ex-
plains progressively less. Typically, the data can be
reduced to two or three dimensions (i.e. principal com-
ponents) that account for the majority of the vari-
ance within the original dataset. The PC scores for
each groundwater sample are plotted and the plots are
inspected for similarities. Groundwaters with similar
trace element concentrations are observed as clusters
in the PC score plots. The loadings are then evaluated
to determine the elements that are responsible for these
correlations. Elements with the greatest positive and
negative loadings make the largest contribution. The
loadings can therefore be examined to provide further
insight into the processes that are responsible for the
similarities in the trace element concentrations in the
groundwater.

1.3. Q-mode factor analysis

Although scores derived from PCA can be used
to evaluate similarities between samples, PCA, an
R-mode technique, is primarily used to evaluate the
inter-relationships between variables {5]. PCA was
performed on the correlation matrix so that the trace
clements with a high degree of similarity/correlation
will typically load higher in the first few PCs than
those that behave independently. Thus, PCA results
will typically reflect the trace elements with the
greatest correlations and not necessarily the samples
with the greatest correlation/similarity. Q-mode factor
analysis (QFA), on the other hand, is used specifically
to evaluate interrelationships between samples [5].
When evaluating groundwater geochemistry, the rela-
tive compositions of the constituents in a sample are
often as important as their absolute concentrations.
The original data matrix can therefore be transformed
to describe an “index of proportional similarity” {14]
so that the similarity between samples is evaluated
based on the proportions of their constituents. With
Q-mode factor analysis, a similarity matrix is formed
that consists of coefficients of proportional similarity,
“cos 6” for all possible combinations of two samples.
The value of cos 6 ranges from +1 for two collinear
vectors to 0 for two orthogonal vectors. Column



Table 1

Trace element concentrations in groundwaters of the wells of the Nye County Early Warning Drilling Program

Wl Prepth (1) Sample date Code Coneentration (pph)
Li Al i \%

NC-EWDP-18 1ot 1RO IR May 1999 IS17n1 _4 424 1.38 250
NC-EWDP-18 160 180 & November 1999 1827/n1 634 RRR 16 v
NC-EWDP-18 166y 1RO 19 May 2000 1837n1 733 297 218 238
NC-FWDP-1S 210 27 17 May 1999 181702 ™S 463 1Al 144
NC-EWDP-18 210 27 K November 1999 1827n2 74.6 297 113 0.37
NC-EWDP-18 210 270 I8 May 2000} 1837n2 752 299 2R 0.52
NC-EWDP-38 340420 20 May (999 IS17n2 191 7.58 [ S K]
NC-EWDP-38 K 420 15 November 1999 382712 171 6RO 049 53
NC-EWDP-38 20 May 1999 381703 2359 7 0.49 205
NC-EWDP-38Dup R& 20 May 1999 ASIZa3D 274 RI8 0.39 207
NC-EWDP-3S 480 525 15 November 1999 38273 268 619 0.47 1.03
NC-LWDP-38 480 528 17 May 2000 382/n3 258 9.54 0.70 0.65
NC-EWDP-9N o120 19 May 1999 988 /mi 6S% 872 HRR nRY
NC-EWDP-98Dup K120 19 May 1999 981/n1h 782 134 162 286
NC-EWDP-98 96 120 16 November 1999 £38 485 04l 23%
NC-EWDP-9s Y120 20 May 2000 inn 457 0.61 1.82
NC-EWDP-98 140 160 19 May 1999 9NIZn2 k4.7 491 0.6R paix]
NU-EWDP-9S 140 (60 10 November 1999 9821 LY 584 .46 218
NC-1WDP-98 140 160 20 May 2000 103 607 0.64 251
NC-EWDP-98 2500290 19 May 1999 9817n3 9.8 401 0.63 1.93
NC-EWDP-98 250 290 9 November 1999 9827n3 780 236 0.37 148
NCEWDP-OS 250 290 19 May 2000 9837n3 953 169 0.45 119
NC-EWDP-98 330 340 18 May 1999 9S17n4 RR.0 .50 0.55 239
NC-EWDRP-9SDup 330 340 18 May 1999 9817041 9.7 TOR 0. 23R
NC-EWDP-9S 330 340 9 November 1999 9827n4 R3.4 333 043 216
NC-LWDP-98 330 340 19 May 2008 9837n4 SR RATAY .6l 23R
NC-EWDP-11y 2160 2240 24 May 1999 1D il 742 1.62 1.68 0.20
NC-EWDP-1DDup 2060 2240 24 May 1999 [T iy 182 174 .18
NC-EWDP-113 2160 240 25 May 2000 1D #3 727 249 .88 0.07
SD6-ST1 281y 15 June 1999 SD6ST 729 639 4.20 286
SD6-ST1Dup 2810 15 June 1999 SDESTD 729 606 0.22 275
Bond Gold Well 13 1005 19 July 1999 BGW RO 103 0.2 0.30
Bond Gold Well #13bup 1005 19 July 1999 BGWD 2 0.68 10.5 0.27
NC-EWDP-12PB 325 38s 22 May 2000 2r 269 1.79 0.95 0.21
WNC-EWDP-12PC 170 230 22 May 2000 ’2ec 76.00 1.53 137 310
NC-EWDP-12PA 325 34 22 May 2000 1A 324 336 .00 0.46
NC-EWDP-15P 200 260 23 May 2000 150 109 261 03210
NC-LWDP-19p 359 459 23 May 2000 19r 369 163 062 121
NC-LWDP-4PR T R3Y 26 May 200 Rliid SR Y DO
NC-EWDP-4PA 45 4RSS 15 May 2000 4PA 478 10.3 142 3.76
NC-EWDP-58 601 7RO 17 May 2000 58 180 178 2 Ho3
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well Depth (1) Sample date Code Coneentration {ppt)
Be Ca Gia Ru Rh r Au Bi Te

NC-FWDP-18 16k TR0 1R May 1999 iS17n1 110 204 401 1.52 12.8 441 139 .68 6.11
NC-FWDP-IR 160 180 8 November 1999 182701 948 128 1.8 (B 513 244 13.7 0.70 8K
NC-EWDP-18 1600 180 19 May 2000 183701 715 %0 246 {46 698 308 919 181 112
NC-EWDP-18 200 270 17 May 1999 1S17n2 9.7* 519 3RS 174 H 344 319 04.69 397
NC-UWDP- IR 210 270 R November 1999 182702 913 219 260 155 507 299 45.2 126 7.8
NC-EWDP-18 200270 18 May 2000 183/n2 333 Ls 408 184 6.70 365 997 n7 155
NC-EWDP-38 340 420 20 May 1999 ISIZn2 27K 15.2 63.1 7.21 0.43 4.75 336 409 158
NC-LWDP-38 340 420 15 November 1999 82702 567 R0 07 116 104 0.99 1.62 118
N('-FWDP-3: 20 May 1999 381703 M 5RY 239 3.20 0* 1.73 7 176
NC-EWDP-38Dup 2 May 1999 381703 R4y 5.61 241 3.37 o* 294 313 183
NC-EWDP-38 15 November 1999 3N27n3 903 5R2 215 0.97 038 226 187 5.5
NC-EWDP-38 17 May 2000 3 n3 32 5.25 213 0.86 195 366 108 16.7
NC-LEWDP-9S 9120 19 May 1999 981701 493 224 R 631 107 172 RV 515
NC-EWDP-9SDup Yy 120 19 May 199y YS1/7n1D 944 271 39.7 435 .61 1.84 208 473
NC-EWDP-Y8 90120 H) November 1999 9827nl 185 181 16.7 084 1.44 252 9.55 .44 7.2
NC-1'WDP-98 o120 20 May 2000 9837n1 16 9.70 02 157 128 478 13.7 .53 7.4
NC-EWDP-98 140 160 19 May 1999 981702 204 30.0 6.53 289 440 519 289 0.74 1.98
NC-EWDP-08 140 160 10 November 1999 n2 13.6 147 6.67 0.70 119 206 9.62 n.9n 6.3%
NC-TWDP-98 140 160 20 May 2000 159 Y 6N 128 165 10* 19 068 692
NC-EWDP-98 250 290 19 May 1999 798 17.5 511 3.96 261 402 7.63 0.7l 6.63
NC-LWDP-98 250 290 9 Nuvember 1999 X 377 152 4.47 6.9t 124 2R2 143 0.78 $.4*
NC-EWDP-98 250 290 19 May 2000 983703 10.6 LR 3 1.72 136 815 47.0 040 815
NC-EWDP-9S 330340 18 May 1999 981/n4 118 205 482 122 268 o 985 0.34 254
NC-EWDP-95Dup 330 340 1R May 1999 9817n4D) 109 244 604 233 hvd) 242 159 G4 342
NC-EWDP-98 330 340 9 November 1999 9827/n4 21 15.0 477 0.8 160 214 9.74 0.72 g.6*
NC-EWDP-98 330 Mo 19 May 2000 953/n4 42 12 AR 116 1.61 533 21 0.44 242
NC-UWDP-ATY 2160 2240 24 May 1999 1«1 505 s 148 171 144 29 45.7 912 496
NU-EWDP-1D1Dap 2160 2240 24 May 1999 D Al 576 441 129 157 176 252 242 778 350
NC-EWDP-1TY 2160 2240 25 May 2000 (D 53 127 40 R4 2.65 /.20 5.7 133 168 0.7
SDAST] 2810 3 June 199y SDEST 1 64.4 189 s.01 0.63 6.55 378 U066 704
SHAXT I Dop IR0 S e 1999 SO 3497 633 187 549 075 TOR 3t 0.70 70
Bond Gold13 1005 July 1999 BGW 627 407 4.98 148 320 26 853 368 RR
Bond Gold! RDup 1005 19 fuly 1999 BGWD 315 3RS 44 147 MR 279 GIR 291 349
NC-EWDP-12PB 325 3RS 22 May 2000 e 552 1o 01 174 26 R &in7 0.72 1.2

WDP-120¢ 17 230 22 May 2000 12r¢ v 101 336 146 322 4.69 M 0.RS 714

WDP-12PA 325 3R4 22 May 2001 12PA 96.1 361 6,74 L7 296 3.64 157 047 ISR
NC-EWDP-15P 200 264 23 May 2000 15p 4 722 275 L3 1RR A 235 193 57
NC-EWDP- 191 359 459 23 May 2000 P 1.7 423 368 t17 0.68 4.61 9* 079 483
NC-EWDP-4PB T4 K3y 16 May 2000 Elt) Rl 181 27 132 052 739 49.1 0.65 507
NC-EWDP-4PA 405 485 15 May 2000 4PA o¥ 397 45.7 0.74 0.84 353 163 219 543
NC-AEWDP-58 601 TR0 17 May 2000 S8 6.0* 255 26.5 L97 474 334 20.6 202 222
Methud deteetion timits 14 35 4.8 4.1 37 4.2 37 43 R7
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normalization is typically performed for R-mode anal-
ysis (e.g. PCA), whereas each row is normalized to
unit length with Q-mode factor analysis. This row nor-
malization does not affect the proportionality relation-
ship between variables but removes the effects of size
differences between samples. This means that a con-
centrated sample will exhibit similarities to one that is
more dilute if the relative proportion of the trace ¢le-
ments are the same. Like PCA, Q-mode factor analysis
can be used for data reduction. Eigenvectors, referred
again to as loadings, are extracted from the similar-
ity matrix. The loadings describe the proportion of
each individual sample necessary to project the vari-
ables onto the factor axis as opposed to describing
the proportion of each variable used to project each
sample onto the factor axis as in R-mode analysis [7].
Therefore, the Q-mode factor loadings, rather than the
scores, are plotted to explore relationships between
samples. With QFA, the loadings are used to describe
the relative proportions of the trace elements in the
samples.

1.4. Correspondence analysis

Correspondence analysis (CA) is a relatively new
multivariate technique that was originally developed
for evaluating discrete count data contained in a
contingency table [15]. Since its introduction, this
technique has been widely applied to continuous data
similar to that of this study {16-19]. The matrix trans-
formation involves a measure of similarity between
both the samples and the variables providing some of
the advantages of both Q- and R-mode analysis. With
CA, normalization is performed on both the rows
and columns of the data matrix allowing plotting of
both the samples and variables (i.e. trace elements)
on the same graph. As with Q-mode factor analysis,
the influence of the “sizes” of the samples are re-
moved using CA [8]. Column normalization, similar
to that described with PCA, assures that the trace
elements that are present in relatively high concentra-
tions in the groundwater samples do not dominate the
analysis. Instead, proportions of the trace elements
within a sample relative to the proportion in the other
samples are evaluated. Trace elements that are pro-
portionally high in a particular sample relative to all
other samples will plot close to that sample on a CA
plot.

2. Methods

The wells sampled are identified in Table 1, along
with the sample collection date, and the depth of the
sampled zones. Samples collected and analyzed in
duplicate are identified in Table 1 as “dup”. Sam-
ples were collected into pre-cleaned, 10 L collapsible
containers after pumping the well for three well
volumes and once the pH, temperature, and con-
ductivity of the well water had stabilized. Samples
were then filtered from the collapsible containers
using a peristaltic pump equipped with precleaned
(acid-washed) Teflon® tubing, and Gelman Sciences
(0.45 wm) groundwater filter capsules, into 1L pre-
cleaned, acid-washed high density linear polyethy-
lene sample bottles. Before filling the sample bottles
with a particular groundwater sample, the bottles
were rinsed three times with filtered groundwater
from the well of interest. The samples were im-
mediately acidified to pH <2 with ultra-pure nitric
acid (SeaStar Inc., sub-boiling distilled in quartz),
double bagged in clean plastic bags, placed into
plastic chests with ice, and transported to the labo-
ratory where they were stored at approximately 4 °C.
Laboratory blanks, consisting of deionized water,
remained in the laboratory and were treated as sam-
ples. In addition, field (i.e. procedural) blanks were
also prepared and analyzed. Analyses for trace el-
ements were performed using a Perkin-Elmer Elan
5000 inductively coupled plasma mass spectrom-
eter (ICP-MS), equipped with an ultrasonic nebu-
lizer {20,21]. In addition, samples were collected
for analysis of major cations (Ca’*, Mg?*, Na™,
and K*) and major anions (C1~, F~, Br~, SO472,
PO43~, and NO3 ™) in a manner similar to the trace
element samples with the exception that 125ml vol-
umes were collected and the anion samples were
not acidified. Analyses were performed using an
atomic absorption spectrometer and an ion chro-
matograph for cation and anion analyses, respec-
tively,

The statistical software package STATISTICA [22]
was used for all PCA, and CA. For PCA, STATISTICA
normalizes the loadings to the eigenvalue (1) resulting
in loadings given by I* =/ x A.

A computer program was developed in S-PLUS2000
[23] programming language for the Q-mode factor
analysis.
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3. Results
3.1. Principal components analysis

A significant degree of noise was observed in the
score plots when all 57 trace elements were included
in the PCA. Other than samples clustering with their
respective duplicates, tight clustering of the samples
collected from the same site was not observed. These
results are not surprising because PCA was performed
on the correlation matrix; trace elements exhibiting
low concentrations that vary as much between sam-
ples collected from the same well as between samples
collected from different wells are given equal weight
to those elements that are measured more precisely
and that vary substantially depending on the aquifer
sampled. A subset of trace elements was therefore se-
lected based on the reproducibility between the mul-
tiple measurements made on each site relative to the

variability observed between all sites. In a recent paper
[24], simulation experiments were used to determine a
reasonable cut-off for eliminating variables (trace ele-
ments) from a dataset based on the ratio of the variance
between duplicates to the variance across all samples
for that trace element. In other words, the trace ele-
ments are removed from a dataset if: (1) large differ-
ences are observed in their measured concentrations
between duplicate samples; and (2) if the concentra-
tion of that trace element is relatively similar in all
samples within the dataset. An overall optimum value
for this cut-off was found to be 30% (the variance
between duplicates is equal to or less than 30% of
the variance for that element within the entire dataset
[24]). This criterion was extrapolated to address vari-
ance between all samples collected from the same well
and depth instead of only the duplicate samples. The
subset selected and used for further PCA includes the
following trace elements (Table 1): Li, Be, Al, Ti, V,

BGW
* BGWD
.

-1

PC 2 (Variance Explained = 20%)
o

1D#1D
..
.2 1D#1
1D%#3
L]

-3

-3.25 -2.25

-0.25 0.75

PC 1 (Variance Explained = 38%)

Fig. 2. Scores for principal components 1 and 2.
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Fig. 3. Scores for principal components | and 2—magnified.

Cr, Mn, Co, Ni, Ga, Ge, As, Rb, Sr, Mo, Ru, Rh, Te,
Cs, Ba, W, Ir, Au, Bi, U.

PCA was then applied to this subset of elements.
The score plot for the first two PCs, explaining 58%
of the total variance in the data, is shown in Fig. 2.
The results of the PCA for these trace elements show
that BGW and 1D have significantly different trace
element concentrations than the other well waters.
These samples plot separately from the majority of
the other well water samples on the PC 1 versus PC
2 diagram(Fig. 2). BGW and 1D (especially 1D #3)
plot similarly on PC 1 but are distinct in their PC 2
values. These wells were excluded in the magnified
portion of this plot shown in Fig. 3. Three clusters
containing the majority of the samples are identified
in Fig. 3 as follows: (1) samples from well 1S are
contained in cluster 1; (2) cluster 2 contains samples
from all zones of well 9S, along with wells 15P, 4PA,

and SD6ST; and (3) samples from well 3S are con-
tained in a separate cluster, cluster 3, that is clearly
distinct from all others. Well water from 12PC plots
close to cluster 1, and that from19P lies between clus-
ters 2 and 3. The three clusters are well separated by
PC 2, but some overlap is observed between clusters
2 and 3 when only PC 1 is considered (Fig. 3). Sam-
ples from wells 12PA, 12PB, and 5S are similar to the
well waters of 3S and 19P when only PC 2 is con-
sidered, but are distinct in their PC 1 values (Fig. 3).
The sample from well 4PB plots closest to 3S but is
still distinct from all samples included in this dataset
(Fig. 3). Interestingly, the two zones sampled from 3S
are separated by PC 1, and the two zones of 1S can
be distinguished when both PC 1 and PC 2 are em-
ployed. No clear separation of the four zones in well
9S are observed from the PCA results of these trace
element data (Fig. 3). This suggests that the zones
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Table 2
Principal component loadings

PC 1 PC 2 PC 3
Li —0.7t —0.65 ~0.08
Be —0.66 —0.58 0.14
Al 0.27 —0.18 —0.59
Ti —0.58 0.75 -0.17
v 0.43 -0.13 -0.51
Cr —0.41 —0.29 —0.56
Mn —0.0l -0.33 0.16
Co -0.57 0.10 0.10
Ni -0.57 0.74 -0.24
Ga 0.30 -0.24 -0.73
Ge -0.50 —0.60 —-0.31
As 0.42 —0.30 —0.69
Rb —0.80 -0.58 0.10
Sr -0.82 0.52 —0.04
Mo 0.17 —0.21 -0.07
Ru -0.81 0.18 -0.38
Rh —0.81 0.53 —0.08
Te —0.90 —0.07 -0.29
Cs —0.78 —0.58 0.02
Ba —0.82 -0.47 0.14
w 0.56 —0.25 —-0.66
Ir (.87 0.25 -0.33
Au —0.37 —0.39 0.21
Bi —0.63 0.65 —-0.33
u 0.16 0.46 -0.17

sampled for 1S and 3S may not be directly communi-
cating.

Evaluation of the PC loadings, listed in Table 2,
reveal some strong trends within these trace element
data. The majority of the trace elements have negative
PC 1 loadings demonstrating an overall greater con-
centration for most trace elements in the deeper, and
probably more mature waters (i.e. older and/or having
longer residence time in the aquifer) of BGW and 1D.

An interesting relationship between the PC 2 load-
ings and the correlations between the trace elements
and major solutes (Br, Cl, SOq4, Ca, Mg, Na, K) is re-
vealed in Table 3. Those trace elements most strongly
correlated with Na (r > 0.84) and K (r > 0.7) also
have the greatest negative PC 2 loadings (Li, Be, Ge,
Rb, Cs, and Ba). This trend is also observed, to a lesser
degree, with F. On the other hand, trace elements that
are strongly correlated with Ca (r > 0.83), Mg (r >
0.84), and SO4 (r > 0.91), are the same trace elements
that have the greatest positive PC 2 loadings (i.e. Ti,
Ni, Sr, Rh, and Bi). This trend is also consistent with

CI™ (Table 3). One interpretation of these observa-
tions is that PC 2 describes differences in the trace
element concentration of groundwaters that reflect dif-
ferences in trace element compositions of the aquifer
materials through which the water flowed (i.e. distin-
guishes groundwaters in aquifers dominated by vol-
canic versus carbonate rocks). Most of the NCEWDP
groundwaters (9S, 19P, 15P, 3S, 5S, 12PB, 12PA, SD6,
and 1D) are classified as Na + K-HCO3; waters [25],
consistent with groundwaters that have chemically re-
acted with felsic volcanic rocks such as the rhyolites
and quartz latites of the surrounding region [3,26].
The scores for the majority of these waters plot nega-
tively on PC 2 (Figs. 2 and 3). Na + K-HCO; hydro-
chemical facies, defined by the elevated concentrations
of Na and K, is consistent with those trace elements
that are highly loaded negatively on PC 2 (Li, Be,
Ge, Rb, Cs, and Ba). Indeed, the trace elements Ba,
Rb, Li, and Ge typically exhibit greater concentrations
in granites and shales when compared to limestones
(carbonates) [27]. The greater concentrations of these
trace elements are also consistent with those reported
for a group of rocks analyzed from within the study
area [28,29]. Groundwater from BGW, which has the
greatest positive PC 2 scores, is classified as belong-
ing to the Ca +Mg-SO4—HCO; hydrochemical facies
[25]. This facies is thought to result from mixing of
Ca + Mg-HCO; water with SO4—HCO3 water, which
may reflect the movement of water from carbonate
rocks into tuff or tuffaceous alluvium (predominantly
volcanic rock) [30]. Groundwaters from 1S and 12PC
also have positive PC 2 scores. These waters are of
the Ca + Mg-HCO; facies, which is representative of
water that has flowed through the valley fill deposits
composed, in part, of carbonate rocks [3]. The concen-
trations of Sr and Ni are typically higher in limestone
when compared to granites [27]. This is not consistent
for Ti which is commonly reported as “major” in gran-
ites, but not in carbonates [27]. Titanium, however, is
thought to be relatively insoluble in most groundwa-
ters [31]. Only a limited amount of data are available
for the other trace elements with positive PC 2 load-
ings (Rh and B1i).

A plot of the PC 2 and PC 3 scores is shown in
Fig. 4. An additional 13% of the variance is explained
in PC 3 suggesting that this component may also ex-
plain important information within these data. Each
of the samples collected from the same well, with
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Table 3
Correlation coeflicients for major anions, major cations, and trace elements

Br~ cl- F- S042~ Ca’t Mg>+ K* Na*
Br™ 1.00
Ci- 0.14 1.00
F- ~0.16 0.17 1.00
S04~ 0.02 0.77 -0.30 1.00
Ca™t —0.04 0.72 -0.36 0.93 1.00
Mg+ -0.09 0.64 —0.45 0.93 0.98 1.00
K+ -0.02 0.57 0.69 0.09 0.21 0.04 1.00
Na* 0.07 0.54 0.85 0.04 0.03 —0.10 0.90 1.00
Li 0.00 0.47 0.85 —0.02 —0.00 -0.14 0.91 0.99
Be -0.05 0.45 0.69 0.02 0.09 —0.03 0.84 0.85
Al -0.07 -0.24 -0.07 —0.20 —0.25 -0.23 —0.18 —0.16
Ti 0.03 0.78 —0.30 0.98 0.89 0.90 0.05 0.01
\Y —0.14 —0.32 -0.12 -0.29 -0.33 -0.30 —0.31 -0.30
Cr -0.12 0.29 0.32 0.02 0.03 -0.06 0.45 0.37
Mn 0.57 045 0.37 0.09 0.13 —0.03 0.68 0.62
Co 0.07 0.42 0.10 0.39 0.45 0.36 0.48 0.31
Ni —0.05 0.73 —0.20 0.96 0.83 0.84 0.05 0.02
Ga —0.05 -0.31 0.30 -0.26 —0.43 -0.37 —0.24 0.06
Ge —0.12 0.25 0.84 —0.14 -0.16 —0.25 0.70 0.84
As —0.14 —0.36 0.27 —0.35 -0.53 —0.45 -0.29 0.06
Rb ~0.04 0.53 0.73 0.03 0.15 —0.01 0.99 0.91
Sr —0.03 0.88 —0.09 0.94 0.94 0.90 0.40 0.29
Mo 0.54 -0.02 0.07 -0.20 ~0.33 —0.36 —0.04 0.08
Ru —0.10 0.85 0.36 0.60 0.53 0.47 0.54 0.53
Rh -0.03 0.86 —0.09 0.91 0.93 0.88 0.38 0.28
Te 0.10 0.83 0.51 0.53 0.47 0.38 0.73 0.79
Cs —0.03 0.55 0.74 0.03 0.12 -0.03 0.95 0.91
Ba 0.01 0.58 0.57 0.13 0.29 0.14 0.95 0.85
W —0.17 -0.39 0.17 -0.44 —0.63 -0.52 —0.42 —0.12
Ir —0.09 0.84 0.27 0.71 0.66 0.59 0.55 0.49
Au —0.02 0.28 0.42 0.07 0.09 0.03 0.49 0.55
Bi —-0.05 0.81 —0.11 0.93 0.79 0.80 0.13 0.14
] -0.19 —0.09 —0.33 0.29 0.30 0.40 -0.39 -0.29

the exception of 1D #1 and #3, cluster weakly in PC
3. However, no distinct clusters within PC 3 are ob-
served. Trace elements with the greatest positive PC 3
loadings include Be, Mn, Co, and Ba (Table 2). Those
with the greatest negative PC 3 loadings include V,
Cr, Ga, As, and W (Table 2). Interestingly, four of the
trace elements with negative PC 3 loadings (V, Cr, As,
and W) typically occur as soluble oxyanions in oxidiz-
ing waters, whereas three of the trace elements with
positive PC 3 loadings (Mn, Ba, and Co) are com-
monly more soluble in oxygen depleted waters [32].
This suggests that PC 3 reflects, in part, the oxidizing
/ reducing conditions within the groundwater. Further
evidence to this end is provided by As(III) and As(V)

concentrations, listed in Table 4, measured for a group
of samples collected during the May 2000 sampling of
the NCEWDP wells [25]. The oxidation states of As
were measured by hydride generation atomic absorp-
tion spectrometry [33,34]. A strong monotonic rela-
tionship between PC 3 and the percentage of As(IIl)
is observed. The rank correlation coefficient [35] for
this relationship is 0.90. Close inspection of the trace
element data obtained for NCEWDP waters reveals
that the well containing the highest concentration of
reduced arsenic (i.e. 1D #3; 5.3 ppb) also has high
concentrations of Mn, Ba, Be and Co; as well as the
lowest concentrations of U, V, W, and Cr. The solubil-
ity of Mn, as Mn?*, is very high in low pH (reducing)
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Fig. 4. Scores for principal components 2 and 3.

waters, and much less so in oxidizing waters [32].
Under oxidizing conditions, manganese will precipi-
tate as Mn(IV)-oxide scavenging other trace clements
such as Co, Pb, Zn, Cu, Ni, and Ba from solution
in the process [32]. Consequently, it appears that the
trace elements with the greatest positive PC 3 load-
ings (Table 2) are also those that might be expected
to exhibit relatively high abundances in reducing wa-
ters. Trace elements with the greatest negative PC 3
loadings include V, Cr, Ga, As, and W. Because of
their tendency to form oxyanions, these elements are
typically relatively soluble in oxidizing alkaline, envi-
ronments [32]. In oxidizing, moderate to high pH wa-
ters, vanadium is expected to occur in solution as the
oxyanion HVO42~ [36-39]. However, under reduc-
ing conditions vanadium could occur as the oxycation
V(OH), " [38,39] which would exhibit strong adsorp-

tion to the aquifer materials. Also, the less highly oxi-
dized forms of vanadium have relatively low solubili-
ties unless the pH is below about 4.0 [32]. Chromium
concentrations are generally low in anaerobic ground-
waters that contain ferrous iron, which may reflect
reduction of soluble chromate (CrO42’) to the in-
soluble chromic ion, Cr3*, by Fe?* [40]. The redox
sensitive element, As, is commonly relatively soluble
in oxidized groundwaters occurring as the oxyanion
AsO4%~ or HyAsO,~. However, in reducing waters,
arsenic tends to be incorporated in insoluble minerals
[40-42]. The predominant forms of the trace element
W in seawater is WO42~, which again is also a soluble
oxyanion [32]. From these results, waters of wells 18,
1D, 12PA, 12PB, and 58S are thought to be relatively
reducing compared to the more oxidizing waters from
wells 3S and 4PB.
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Table 4

Concentrations of As(Ili) and As(V)

Well As(1) (ppb) As(V) (ppb)
NC-EWDP-1S Zn 1 0.46 4.24
NC-EWDP-1S Zn 2 0.25 0.39
NC-EWDP-3S Zn 3 0.07 39.2
NC-EWDP-9S Zn 1 0.48 8.18
NC-EWDP-9S Zn 2 0.51 15.1
NC-EWDP-9S Zn 3 0.36 9.11
NC-EWDP-9S Zn 4 0.07 11.51
NC-EWDP-5S 0.22 0.65
NC-EWDP-1D 5.30 2.71
NC-EWDP-4PA 0.04 12.3
NC-EWDP-4PB 0.08 40.5
NC-EWDP-12PA 0.13 2.31
NC-EWDP-12PB 0.13 1.21
NC-EWDP-12PC 0.24 13.1
NC-EWDP-19P 0.35 10.2
NC-EWDP-15P 1.33 14.3

3.2. Q-mode factor analysis

Q-mode factor analysis was performed on the en-
tire dataset as well as the dataset containing the subset

of 25 trace elements used for PCA. No significant dif-
ferences were observed in the Q-mode factor results,
therefore only the results of the analysis of the sub-
set are described herein. A total of 76% of the vari-
ance in the dataset is explained in factor 1, and 19%
is explained in factor 2. The amount of variance ex-
plained by the first two Q-mode factors is much greater
than that observed using PCA (e.g. 38 and 20% for
PC 1 and PC 2, respectively). Because the similar-
ity matrix consists of row-normalized data and is not
column-normalized, the first few factors typically de-
scribe the variance of those trace elements with the
greatest concentrations. This is illustrated in the plot
of the scores for the first two Q-mode factors shown in
Fig. 5. This figure, for example, shows the dominance
of Sr and Li in the Q-mode factor results. Both of these
elements exhibit higher concentrations in NCEWDP
groundwaters when compared to all others measured
(Table 1).

The factor loadings for the first two factors are
shown in Fig. 6. As mentioned earlier, the Q-mode
factor loadings describe the relative proportions of the
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Fig. 5. Q-mode factor scores for factors 1 and 2.
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trace elements in the groundwater samples. Although
the concentration of most of the trace elements in
the samples collected from well 1D are greater than
those for the majority of the groundwater samples in-
cluded in the dataset, QFA demonstrates that the rela-
tive proportions of these elements are similar to those
found in the samples from well 95 (Fig. 6). Similarly,
the samples collected from well BGW plot close to
those collected from wells 1S and 12PC. Three clus-
ters are identified in Fig. 6. Cluster 1 contains ground-
water samples collected from wells SD6ST1and 38,
suggesting that these waters have similar trace ele-
ment compositions. Samples from wells 12PA, 4PA,
19P plot within cluster 2 which also contains waters
from wells 9§ and 1D. Cluster 3 contains groundwa-
ter samples from wells 1S, 12PC and BGW. Samples
from wells 4PB, 5S, 12PB, and 15P plot distinct from
these three clusters (Fig. 6). No clear separation of
the zones within wells 1S, 38, or 9S is observed in
Fig. 6. This suggests that the separation of 1S and 3S
zones observed in the PC score plot (Fig. 3) is a re-
sult of overall concentration differences and not dif-

ferences in the relative proportions of the trace ele-
ments. Furthermore, Fig. 6 suggests that QFA Factor
1 (QF 1) describes the combined relative proportions
of Sr and Li concentrations, whereas QF 2 separates
the groundwaters based on greater proportions of Li
(samples with positive QF 2 loadings) and Sr (sam-
ples with negative factor loadings). For instance, the
waters contained in cluster 3 (i.e. wells 1S, BGW, and
12PC; Fig. 6) plot negatively on factor 2 and have
concentrations of Sr that are 6-30 times greater than
Li (Table 1). The waters from wells 3S and SD6ST
plot positively on QF 2 and have concentrations of
Li that are a factor of 40-200 greater than that of Sr
(Table 1). The Li/Sr ratios in waters that plot clos-
est to cluster 2 (i.e. 4PB and 15P) are roughly 2,
whereas those waters with factor 2 loadings around
zero have Li/Sr ratios ranging from 0.5 to 1.0. On the
other hand, the samples with negative factor 2 load-
ings (wells 18, 12PC, and BGW), exhibit Si/Li ratios
between 6 and 32. Again, from Table 3, it is clear that
Li concentrations are correlated to Na (r = 0.99) and
K (r = 0.91), and Sr concentrations are correlated



Dimension 2 (25.45% of Inertia)

10

0.5

0.6

[
* Mn
L]
12PB
"
cs
Co )
.
Be
>
o uim:p Ro
¢ o 12°A
1832Zn2 1DRY 159
" v v
Y “PA
1522n2+ 181Zn2 1203 *
S oy L
152208 o s Te *
1S1Znt  +12pC ana D "o
BOW NI ] 0
W 1832Znt n 2203, 2701323 Ru + 1Zn1D - M SD0STQpper
BGWD o 7 o) Ge )
32nt )
N
& 1204120403202 + 45 0 o
.
3532n3
., 38
3512Zn3,351Zn3D
v , 38222
. -8 + 381Zn2
v
v
* wal
. As
. ]
o
-0.5 0.0 0.5 1.0 1.5 20
Dimension 1 (47.69% of Inertia)

Fig. 7. Correspondence analysis results for the first two dimensions.

9¢1

SEI-E21 (S007) 06% DIOY DMWY DIVADUY /' [D J2 WDHDd W]



IM. Farnham et al./ Analytica Chimica Acta 490 (2003) 123-138 137

to Ca (r = 094), Mg (r = 0.90), and SOq4
(r =0.94).

3.3. Correspondence analysis

The R- and Q-mode factor loadings for the first two
dimensions of the CA results are shown in Fig. 7. Sam-
ples collected from wells 1S, 12PC, and BGW, along
with the trace elements Ni, Sr, Rh, Ti, and Bi, are con-
tained in one cluster (Fig. 7). Correspondence analy-
sis dimension 2 {(CA-D2) separates the zones of the
1S samples. Samples collected from well 9S are con-
tained in a relatively tight cluster with no consistent
separation of the four zones (Fig. 7). The trace ele-
ments that cluster with the groundwater samples from
well 98 include Ru, Te, and Ir. The samples collected
from the 3S well plot in a relatively tight cluster near
samples collected from wells SD6ST1 and 4PB. As
with the 1S samples, dimension 2 separates the two
zones, zones 2 and 3, within the 3S well (Fig. 7). The
trace elements that plot in the vicinity of these sam-
ples (i.e. wells 3S, SD6ST1, and 4PB) consist of As,
W, Al, V, Cr, Ge, and Mo. The sample collected from
well 19P lies between the 9S samples and the sam-
ples collected from wells 3S, SD6ST1, and 4PB. Sam-
ples collected from wells 12PB and 35S plot together
along with the element Mn. Samples from wells 1D
and 12PA plot relatively close together. The trace el-
ements that plot in close proximity to these samples
(1D and 12PA) include Cs, Co, Ba, Be, and Rb.

The results of the CA are consistent with those ob-
tained using PCA, especially in the case of PC 2 and
PC 3. With the exception of the 1D well waters, the
samples are distributed similarly along CA-D1 of the
CA results as with PC 2. Waters with greater Ca + Mg
concentrations (i.e. BGW, 1S, and 12PC) plot to the
left of the origin in Fig. 7, whereas those with greater
Na + K concentrations plot to the right. Dimension
2 of the CA results is somewhat similar to the PC 3
scores; the rank correlation coefficient [35] between
CA-D2 and the percentage of As(IIl) is 0.70. Ground-
watets that plot positively on CA-D2 (wells 1S3Zn2,
1D, 12PA, 12PB, and 5S) also plot positively on PC
3. These waters are thought to be relatively reducing
when compared to the others from the region (Table 4).
These results are again consistent with those trace ele-
ments that plot along with these waters in CA-D2 (Mn,
Cs, Co, Ba, Rb, and Be); with the exception of Cs and

Rb, these trace elements also loaded high positively in
PC 3. Similarly, based on the PCA results, the waters
of 3S and 4PB were thought to be more oxidizing. This
again is consistent with the trace elements (V, As, and
W) that are plotting close to these waters in Fig. 7. In-
terestingly, U also plots quite negatively on dimension
2 (Fig. 7). In oxidizing environments, highly soluble
U(VI) will dominate over U(I1V), occurring in solution
as the uranyl ion (UO,2%) and uranyl-carbonate com-
plexes such as UO»(C0O3)22~ and UO,(CO;)34 [43].
In reducing environments U(VI) is reduced to U(IV)
and precipitated as a solid phase.

4. Conclusions

The differences in the specific aspect of the trace
element chemistry that each of the multivariate sta-
tistical technique evaluates, made each one valuable
for the exploratory data analysis performed in this
study. Different normalizations of data used by these
techniques bring out varying aspects of groundwater
geochemistry. Each technique contributed new and
important information that was useful in evaluating
the chemical similarities and differences in these
groundwaters. The results of multivariate statistical
analysis of the trace element chemistry in the ground-
waters of the NCEWDP demonstrated the diversity
in the chemical composition of the groundwaters of
the area. With the exception of waters from wells 1S,
BGW, and 12PC, the groundwaters of the NCEWDP
were characterized by rock-water interaction with
aquifers dominated by volcanic rocks. The trace el-
ement chemistry of the waters from 1S, BGW, and
12PC instead reflect rock-water interaction within an
aquifer dominated by carbonate rocks. Perhaps of
most interest, the combined use of these statistical and
chemical techniques strongly suggest that groundwa-
ters of 1D, 12PA, 12PB, 5S and 15P are somewhat
reducing, whereas the rest of the waters, especially
those of 3S and 4PB are more oxidizing.

Knowledge of the redox conditions of the ground-
waters is important when evaluating the mobility of
radionuclides associated with the high-level nuclear
waste planned to be contained in a repository, poten-
tially at Yucca Mountain, Nevada. In the rare event
of a breach of the repository, the spent fuel consisting
primarily of UO2 may leach into the groundwater.
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Leaching of the spent fuel by groundwater could re-
lease U to the environment along with the associated
radionuclides, %°Sr, ¥Tc, 1251, 137Cs, and long-lived
radioisotopes of Am, Np, and Pu [40]. Geochemi-
cal modeling experiments described by {40} indicate
that some of the radionuclides (Am, Pu, and Th) are
highly insoluble in an environment of near neutral pH
whether oxidizing or reducing, while other radionu-
clides are insoluble in low-Eh environments but may
be highly soluble at high Eh values (Np, Tc, U).

The current dataset does not provide conclusive in-
formation regarding groundwater flow paths in this
area. Drilling of additional wells, upgradient of those
reported in this study, is currently in progress. Multi-
variate statistical evaluations of the trace element con-
centrations in these additional groundwaters may then
provide a better understanding of flow directions down
gradient from the potential repository.
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