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1.0
INTRODUCTION

This annual report summarizes the results of groundwater chemistry analyses conducted from April 2004 to March 2005 as part of the Nye County Nuclear Waste Repository Project Office (NWRPO) Independent Scientific Investigation Program (ISIP). These activities were funded by a cooperative agreement with the U.S. Department of Energy (DOE) to support the evaluation of the high-level nuclear waste repository at Yucca Mountain, Nevada. 

The conceptual hydrogeologic model of the Yucca Mountain region has evolved with time as more data have been gathered and understanding of the region increases (Flint, et al., 2001; Kwicklis et al., 2003). Several workers have conducted mathematical modeling of the Yucca Mountain conceptual model at the site and/or regional scale, and base their confidence in modeling results by comparing calculated-to-observed hydraulic heads, estimated-to-measured permeabilities, and their results to results obtained by other mathematical models. Eddebbarh and others (2003), Winterle (2003), Kelkar and others (2003), and Liu and others (1995) present groundwater flow in the Amargosa Desert region, generally from areas of higher hydraulic head under the mountains in the north to low hydraulic head regions in the south (i.e., toward the Funeral Mountains).

Static water levels from 1,100 regional wells, including Early Warning Drilling Program (EWDP) wells (T. Buqo, personal communication, 2004), and surface mapping software were used to form the contours on Figure 1-1. The wells where data are available are shown with symbols. The results are overlaid on a satellite image of the region; major landmarks are labeled to assist with orientation. The contours drop sharply near Yucca Mountain, and then flatten out in the Amargosa Valley. A strong hydraulic gradient occurs between the Amargosa Desert and Death Valley. 

Static water levels provide an estimate of the direction of current groundwater flow. In a homogeneous, isotropic system, groundwater flow is perpendicular to the contours. In a heterogeneous anisotropic system, flow can be significantly more complex and may not go directly downgradient. Additional complexities exist, such as the interaction between surface and groundwater.

An analysis of groundwater chemistry is one way to better understand actual flowpaths, methods and locations of recharge, and the evolution of water chemistry. In this report a variety of methods are used to examine groundwater chemistry trends.

During the next ISIP fiscal year (i.e., April 2005 through March 2006), new data will be incorporated into the analyses conducted to date, and other approaches will be used to analyze water chemistry data, including vadose-zone chloride mass balance.

This report examines the spatial trends of individual chemical species and stable and unstable isotopes, as well as multivariate statistical analyses. Groundwater chemistry data used in the analyses described in this report were obtained from two sources: the NWRPO website (NWRPO, 2003) and a Los Alamos National Laboratory report (LANL, 2003). The NWRPO water chemistry data used in this study are listed by well name and record index designator (RID) number on the NWRPO website and summarized in Table 1-1.

2.0
MAJOR ION CHEMISTRY

Spatial trends in major ion data from 204 wells in the greater Yucca Mountain region were analyzed as described in the following.

2.1
Total Dissolved Solids and Chloride

A geographical picture of ion distribution in groundwater is useful because it may reveal how the chemistry is related to the geology. Figure 2-1 is a contour map of total dissolved solids (TDS) overlaid on the digital elevation map (DEM) of the region. Three trends are distinct on Figure 2‑1. First, a large trough of more dilute waters follows along the path of Fortymile Wash and turns to the southeast, where the wash joins the Amargosa River. Both the wash and river are ephemeral in the present climate. Logically, the signature could result from groundwater flow beneath the wash and/or infiltration and recharge of water along the wash; however, the trend is very distinct, narrow, and follows the surface drainage more than the anticipated groundwater flow direction. 

Groundwater is unlikely to follow the surface drainage patterns so precisely when the potentiometric head gradient points in a different direction. The flatness of the potentiometric heads in the Amargosa Desert is also inconsistent with the narrow pathway indicated by the plume of dilute water on Figure 2-1. The fact that TDS is lowest in the groundwater along the wash argues for less rock/water interaction and low evaporation prior to infiltration, both of which are most consistent with a pattern of infiltration and recharge of surface runoff subsequent to runoff-generating storms.

The second major trend on Figure 2-1 is a gradual increase in TDS along the pathway of the Amargosa River coming out of the Oasis Valley. The density of wells in this portion of the figure is very low, making the definition of a TDS-related plume more difficult than for the one along Fortymile Wash.

The third observed trend in this figure is the “noise” in the TDS contours that is apparent along the Highway 95 Fault at the edge of the valley, which may be evidence for some mixing between deep and shallow groundwater along the fault. 

Chloride is hydrologically mobile and chemically inert, making it an ideal natural tracer for water movement through soil. An increase in chloride concentrations above levels present in precipitation results from evapotranspiration because chloride is nonvolatile and vegetation uptake is not selective. Chloride mass-balance methods have been used to estimate soil water ages (Stone, 1992) and paleorecharge rates (Stone, 1992; MacFarlane et al., 2000). 

Figure 2-2 presents a contour map of chloride in groundwater overlaid on the DEM of the region. Chloride concentrations can be related to the degree of evaporation of the water before it drops below the root zone. Current precipitation averages 0.35 milligrams per liter (mg/L) chloride (Meijer, 2002). Mass balance gives:[image: image2.wmf]100
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Equation 1

where 


V is volume,


C is concentration, 


precip is precipitation, and 


gw is groundwater,

which means that groundwater containing chloride at a concentration of 35 mg/L represents approximately 1 percent of the initial precipitation; the other 99 percent is lost to evaporation and transpiration. Chloride concentrations and the implied degree of evaporation are lowest (i.e., 10 to 20 times the concentration of precipitation) along the Fortymile Wash to Amargosa River pathway and highest (i.e., more than 100 times the concentration) on either side of the pathway in the Amargosa Desert. These trends in chloride data support the hypothesis that groundwater from beneath Fortymile Wash results mainly from the infiltration and recharge of surface runoff in the wash.

2.2
Silica

The regional plot of dissolved silica on Figure 2-3 shows that concentrations are higher in the valleys than on adjacent highlands. Fortymile Wash, the Amargosa River, and the Amargosa Desert are all areas with high concentrations of silica. Silica concentrations are generally higher in alluvium than in bedrock.

Silica has statistically significant relationships with temperature, magnesium, and potassium (i.e., p less than [<] 0.0001), as shown on Figure 2-4. Silica passes through a maximum concentration and then declines with increasing concentrations of potassium and magnesium, suggesting incongruent dissolution at high concentrations. The relationship of silica with the temperature shown on Figure 2-4 is mystifying and suspect. Silica solubility is known to increase with temperature (Langmuir, 1996) and is sometimes used as a marker for upwelling of warm waters. However the concentration of silica in the samples decreases with temperature, which is the opposite of the expected trend. Unless downhole temperature measurements are taken or pumping rates are high, water temperature is a highly uncertain parameter that may be greatly influenced by sampling. 

2.3
Fluoride

Fluoride concentrations in the region are shown on Figure 2-5. Jacks and others (2005) report that fluoride concentrations in India are governed by adsorption and fluorite (CaF2) solubility. Sometimes an inverse relationship is found between calcium and fluoride as higher alkalinity forces the precipitation of calcium as calcium carbonate. Fluoride may also weather from volcanic rocks or result from precipitation. An average fluoride concentration in current precipitation is 0.02 mg/L (Meijer, 2002). In this report, fluoride concentrations correlate significantly with alkalinity and sodium but not with calcium, chloride, or silica. 

Scatter plots of chloride, sodium, and alkalinity versus fluoride are presented on Figure 2-6. For chloride, the line represents the evaporative concentration of precipitation. Fluoride in groundwater is always higher than the evaporation line, indicating the presence of a source of fluoride. Fluoride increases linearly with sodium and with the square root of alkalinity. Both relationships are statistically significant at p < 0.0001. For sodium, the regression coefficient (r2) is 0.25 (i.e., 25 percent of the variance explained), and the slope is 0.018. For alkalinity, the r2 is 0.13 and the slope is 0.15 times the square root of alkalinity. Each of the correlations explains only a small portion of the variance in fluoride, but is highly significant statistically with the large NWRPO database. As explained later in this report, alkalinity in NWRPO wells is primarily generated by the weathering of silicate minerals, which also releases sodium. High alkalinity can also lead to the precipitation of calcium carbonate, which increases the release of fluoride from any fluorite in the host rock.

3.0
ISOTOPIC ANALYSIS

3.1
Oxygen-18 and Deuterium

Stable isotopes oxygen-18 (18O) and deuterium (2H) are present in groundwater in the sampled wells in the region. The groundwater is mostly composed of oxygen-16 (16O) and hydrogen-1 (1H). Stable 18O and 2H isotopes are thought to behave conservatively, making them useful as groundwater tracers and helpful in identifying potential flowpaths in source water and mixing studies. Concentrations of stable isotopes are measured as deviations (i.e., delta [δ]) from reference standards. Stable 180 and 2H isotope compositions of soil water and groundwater partially reflect the isotopic composition of precipitation, which is correlated with mean annual temperature and may thus provide paleoclimate information (Liu et al.. 1995). In precipitation, 180 and 2H usually fall along a single line when plotted against each other; this line is referred to as the global meteoric water line (GMWL) (Clark and Fritz, 1997; Craig, 1961) and is presented on Figure 3-1. The location of precipitation along the GMWL depends primarily on the temperature during precipitation, with lighter waters associated with cold temperatures and heavier waters associated with warmer temperatures. Initial precipitation composition is also influenced by relative humidity.

Figure 3-1 presents a plot of 18O versus 2H from the NWRPO and LANL datasets relative to the GMWL. The dataset contains 18O and 2H values from 107 wells. The range of the δ18O and δ2H data corresponds to a relatively cold-climate precipitation, with temperatures in the range of 5 to 8 degrees Centigrade (oC) (Clark and Fritz, 1997). The data points lie mostly below the GMWL, suggesting some evaporation prior to infiltration.

Figures 3-2 and 3-3 present contour plots of δ18O and δ2H data, respectively; δ18O data indicate a distinct tracer pathway following Fortymile Wash. Values of δ18O at the upper part of Fortymile Wash correspond to the warmer, but still colder than present-day, climate of the range, whereas values found adjacent to the lower wash correspond to the coldest climate presented in the data. Both 18O and 2H data suggest that groundwater is younger at the upper end of Fortymile Wash, ages along the course of the wash, and is significantly older adjacent to the wash. Moreover, both datasets indicate that water to the east and west of the wash is older, and thus the groundwater beneath the highlands on either side cannot be the source areas for the younger groundwater beneath the wash.

3.2
Oxygen-18 and Nitrogen-15 in Nitrate

Figure 3-4 presents a plot of NWRPO data for the stable isotope composition of 18O and nitrogen-15 (15N) in the dissolved nitrate in groundwater. Signatures from several sources of nitrate from Kendall (1998) are also shown. Information about nitrate is potentially important because the DOE relies heavily on the presence of nitrate to reduce waste package corrosion. The data suggest that nitrate in the sampled wells comes primarily from the natural decomposition processes of soil organic matter, shown as nitrified soil ammonia on Figure 3-4. Reduced nitrogen in plant material is oxidized to nitrate in the soil. Given the age of most of the groundwaters in the region, anthropogenic sources of nitrogen are not anticipated. 

3.3
Carbon-14

Carbon–14 (14C) is a radioactive isotope with a half-life of 5,730 years. The source of 14C is atmospheric carbon dioxide, whereas carbon in groundwater is a mixture of atmospherically derived carbonates and dissolved carbonate minerals. The interpretation of 14C data is complicated by the mixing of young (i.e., atmospheric) and old (i.e., carbonate minerals) sources of carbon. Given the deep vadose zone and slow percolation rates, vadose zone water can interact with older carbonate rocks, more recently formed carbonates (e.g., caliche), and the atmosphere for extended periods before reaching the water table.
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To correct for mineral sources of carbon, the accepted correction method is to begin with the assumption that all carbon is of atmospheric origin and apply a correction factor based upon estimates of the fraction of carbon from mineral carbonates (Clark and Fritz, 1997). A correction factor (q) is applied to determine the corrected 14C age dates:

Equation 2

where


t is time before present, and


14Cpmc is percent modern 14C.

The correction is intended to compensate for the dissolution of older carbonates in the vadose zone and groundwater. 
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None of the methods developed to determine q apply well to the NWRPO and LANL datasets. For example, a common method is to base q on alkalinity, with the assumption that alkalinity is a result of the weathering of carbonates. However, an analysis of the NWRPO data suggests that the alkalinity results primarily from the weathering of silicate minerals, rather than the dissolution of carbonates. Another method is to use Carbon-13 (13C) data as follows: 

Equation 3

where


it is assumed that carbonate rocks have 0 parts per thousand of δ13C, and


δ13C value for recharge water is -15 parts per thousand. 

The major limitation of this method is that the precise value for ancient δ13C must be estimated.

Figure 3-5 presents contours of uncorrected age dates, which range from 11,000 to 27,000 years. The dataset contains 14Cpmc values for groundwater sampled from 111 wells. This estimate is likely to be an upper estimate of the age of the groundwater since rock/water interaction both in the vadose and saturated zones and atmosphere/water interaction in the vadose zone causes the apparent age to increase. 

Figure 3-6 represents 14C dates that have been corrected using δ13C data. The dataset contains δ13C information for groundwater from 135 wells. Corrected and uncorrected 14C water beneath Fortymile Wash is younger than that on adjacent highlands, which means that the water below the wash has a different source. 

Based on the contours of piezometric head, groundwater would be unlikely to follow the surface contours in this arid region so precisely. This hypothesis appears to be supported by 18O and 2H data, which indicate that younger groundwater is found in the center of Fortymile Wash relative to the water on either side of the wash. The water along the wash also has lower TDS and chloride values, suggesting it is not derived from the migration of adjacent groundwater but instead from focused infiltration. 

4.0
STATISTICAL ANALYSIS

Multivariate statistical analysis is one way to explain the relationships among different chemical species and suggest chemical processes important to groundwater evolution. Multivariate analysis methods are powerful tools for the investigation of large, complex datasets that help identify parameters or dimensions that describe the data and may provide new insight into their behavior. The multivariate methods applied herein fall into two categories: factor analysis and classification methods. Principal component analysis (PCA) and correspondence analysis (CA) are the factor analysis methods used herein. Factor analysis methods calculate new descriptive variables from the original variables in an attempt to detect structure or similarities among the original variables. Factor analysis allows for a reduction in the number of variables that describe system behavior and the identification of new, homogeneous subgroups that are easier to identify (Mellinger, 1987). The new variables are generally called “factors” or “axes” in PCA and “dimensions” in CA, and are in general the solution to an Eigenvalue problem, taking into account the correlation of the data.

The classification method used here is a cluster analysis, where initial observations are meant to maximize initial between-cluster euclidean distances and the number of clusters is empirically determined. Cluster analysis was applied only to the factors obtained from PCA. 

Each factor in PCA measures or explains certain amounts of data variability, is orthogonal or uncorrelated to the others, and all factors together form a factor-space upon which the original variable-space and dataset are projected. PCA generates the new factor space from the relationship of either the chemical species or cases and is therefore an R-mode factor analysis (Mellinger, 1987). PCA uses linear combinations of the variables to form the factors. Linear combinations permit PCA to retain as much as possible of the original data variation and spatial distribution in factor-space, and allows for the use of rotation schemes that better reveal similarities within variables or cases. Normalized varimax rotation (Mellinger, 1987) is the most commonly performed, which attempts to find the axis rotation that will maximize variability on the axes while minimizing it everywhere else. 

CA is a weighted PCA of a contingency table, a special double-scaled variation of the PCA (Wold et al., 1987), and therefore generates the new factor-space from the relationship between both the variables and the cases, finding the best representation of the two datasets formed. CA transforms the correlated data into mutually orthogonal dimensions, where each dimension includes a decreasing amount of system variation. CA finds and interprets nonlinearity in the system better than PCA.

Stetzenbach and others (2001) and Farnham and others (2003) have produced interesting results for the Yucca Mountain region using multivariate methods. Stetzenbach and others (2001) conducted PCA on samples from 18 springs and 9 wells in southern Nevada for calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+), and 27 trace elements. PCA of the major ions indicated that groundwaters from Cenozoic felsic volcanic rock aquifers are very chemically similar to each other and less similar to groundwater from the underlying carbonate aquifer; groundwaters from the underlying aquifers are very similar to each other. PCA of the trace element data demonstrated that some groundwaters from the volcanic aquifers are chemically similar to those of the underlying carbonate aquifer and have significantly different trace element compositions than perched groundwaters in similar felsic volcanic rocks.

Farnham and others (2003) applied PCA and CA to data from groundwater containing trace element concentrations downgradient from Yucca Mountain. In addition, major ion data were also collected and correlated with the trace element data to aid in the interpretation of the analyses. The authors were able to separate the more concentrated, deeper, and therefore believed older, groundwaters from the more dilute, or younger, with the first axis; groundwaters from volcanic rock (i.e., high sulfate [SO42-] bicarbonate [HCO3-] correlation) from those from carbonate rock (i.e., high Ca2+-Mg2+-HCO3- correlation) with the use of the second axis and the first CA dimension; and to some extent reducing from oxidizing condition (i.e., reduced arsenic [As3+] versus oxidized arsenic [As5+]) using the third axis and the second CA dimension. The dataset consisted of 25 trace elements from samples collected at different times and depths from 14 EWDP Phase I and II wells. 

4.1
Correspondence Analysis Results

For this study, statistical analysis software (i.e., CANOCO 4.5 [ter Braak and Smilauer, 1998]) was used to conduct CA of major ion groundwater chemistry samples from 204 wells in the Amargosa Desert region. The input to the analysis is a tabular data file with columns representing major ion concentrations and rows representing each sample. In CA, the data are first normalized, thereby removing the input concentration units and making the final results dimensionless. Next, a series of new orthogonal dimensions, sometimes referred to as axes, are derived from the data. Plotting the results allows both the normalized results for each well sample and each ion to be shown relative to the new dimensions. The method allows visualization of the relations of the well samples to each other, the ions to each other, and the samples to the ions. Since CA is based on a chi-squared-type analysis, both linear and nonlinear trends in the data may be revealed. CA can be viewed as a qualitative tool that may visually reveal underlying trends and controlling features in the data.

The first dimension obtained from CA includes most of the data variation; successive dimensions include decreasing amounts of system variation. Table 4-1 presents the separation of the data variation into the first three dimensions and major ion decomposition into these dimensions. CA Dimensions 1 through 3 explain 51.6, 32.7, and 9.7 percent, respectively, of the data variance.

Next, 204 wells were placed into groups based on a cluster analysis of the CA results. In order to group the wells according to their loadings, a weighting factor must be applied, since each dimension represents a differing amount of the 94 percent of the explained system variation. The weighting consists of multiplying the scores for the wells by the amount of variation each dimension explained. Once the weighting factor was applied, a cluster analysis was conducted in a statistical analysis program (i.e., Statistica [StatSoft, 2005]), leading to eight separate groups (Table 4-2). The group names are intended to be descriptive of either grouped well locations and/or dominant ions in the group. Table 4-2 summarizes the more important variables sampled from the wells. Although major ion data are available for all wells, δ18O and δ2H data are available for only 107 of the wells, 13C data for 136, and 14C data for 112.

Figure 4-1 shows a biplot of CA results for the first two dimensions for all 204 wells, along with the relative composition of the major ions presented as vectors (i.e., arrows) derived from Table 4-1. The end of each arrow is located at the dimension weighting of the ion in Table 4.1, providing a picture of the relationship between different ions and the wells. Using the biplot format, all samples and ions can be plotted against the same new dimensions, thereby revealing the correspondence among samples, wells, and ions. The ions are plotted as arrows to help distinguish them visually from wells. Dimension 1 can be interpreted to be roughly composed of sulfate and chloride on one end and pH and alkalinity on the other. It should be noted that only the relative locations along the new dimensions are significant; positive and negative signs are not. On the left side of Dimension 1 are the wells with a proportionately higher amount of alkalinity compared to other major ions; to the right are those with a proportionately higher amount of chloride and sulfate. 

Dimension 2 can be interpreted to be roughly composed of calcium and magnesium on one end and sodium and chloride on the other. Wells with proportionately higher sodium and chloride are on the upper side of Dimension 2, while wells with proportionately higher calcium and magnesium are on the lower. Dimension 3, not shown graphically, explains less than 10 percent of the variation in the data and is more difficult to interpret.

The well groups and derived dimensions were then overlaid on a DEM of the region to show potential interactions and flowpaths. More specifically, Dimensions 1 and 2 of the CA were contoured in Surfer, using the natural neighbor gridding option, and overlaid on the DEM. Dimensions 1 and 2 are shown, respectively, on Figures 4-2 and 4-3. It should be noted that, although the hydrochemical facies were based entirely on the CA, they also show geographic trends. Dimension 1 presented on Figure 4-2 has a thicker contour line at a value of -0.75 to separate it from an area east of Crater Flat, west of Jackass Flats, and south to the center of the Amargosa Desert. Dimension 1 contours exhibit a strong trough in contours along the trend of Fortymile Wash, suggesting that the groundwaters along the trough may share a common source. The arrow drawn through trough contours on Figure 4-2 shows a potential flowpath along Fortymile Wash. 

Dimension 2 is plotted with a thicker contour line at a value of -0.25 to emphasize the low values within Crater Flats and the western portion of the figure (Figure 4-3). The lower values represent groundwaters with higher relative amounts of calcium and magnesium. The high calcium and magnesium around Crater Flats is thought to reflect the influence of carbonate sediments from Bare Mountain. The contours shown along the Amargosa River Valley suggest that this may be an important factor in evolution of the groundwater chemistry. This second potential flowpath (i.e., the arrow on Figure 4-3) is more uncertain due to an insufficient density of wells around the Amargosa River. Both of the first two dimensions exhibit discontinuities along the trace of the Highway 95 Fault, suggesting that the fault may be influencing the water chemistry.

In summary, the CA and associated plots indicate that the statistical grouping of the data corresponds to topographical and geologic features of the region. Two linear trends in the CA dimensions suggest that Fortymile Wash and the Amargosa River have influenced the groundwater chemistry. 

4.2
Principal Component Analysis Results

PCA is one of several multivariate analyses that can be conducted in the Statistica factor analysis module. Using PCA, a normalized varimax rotation is performed on three axes to distribute the amount of variation between these axes, or factors. The goal of rotation is to distribute the variance between several axes in order to make the results easier to interpret.

A PCA was performed on the major ion chemistry from 203 wells in the NWRPO and LANL datasets; one outlier well in the CA presented high chloride concentrations and was excluded. Although major ion data are available for all 203 wells, δ18O and δ2H data are available for only 107 wells, 13C data for 135, and 14C data for 111.

Table 4-3 presents the amount of total proportional variation explained by each factor, along with the loading distribution of the ion chemistry. From the normalized varimax rotated factors of the ion chemistry, scores are generated for samples from each of the 203 wells, producing a loading table indicating the decomposition of each of the samples into the three rotated axes.

Axis 1 explains 32 percent of the variance and is primarily composed of chloride, sodium, and sulfate. High levels of these ions are generally associated with elevated amounts of water evaporation, which led to their concentration. Axis 2 also explains 32 percent of the variance and is dominated by magnesium and calcium ions, which are typically associated with dissolution of carbonates. Finally, Axis 3 explains 27 percent of the variance and is dominated by alkalinity, potassium, and sodium. Axis 3 is most likely related to the weathering of silicate minerals with the generation of alkalinity and concomitant release of sodium and potassium.

Next, wells were grouped based on a cluster analysis of the PCA results. In order to group the wells according to their factor loadings, a weighting factor must be applied, since each axis represents a different amount of the 89.5 percent of the explained system variation. The weighting consists of multiplying the varimax normalized rotated factor scores for the wells by the amount of variation each axis explained. When the weighting factor was applied, a cluster analysis was conducted, resulting in seven groups (Table 4-4). The number of groups was determined both empirically and from previous analysis. The group names are intended to be descriptive of either well locations and/or dominant ions. Table 4-4 also summarizes by group the average value of the more important variables sampled, including major ions, stable and unstable isotopes, TDS, and deviation from the GMWL. 

The PCA results provide evidence for the evolution of water chemistry in the system. The statistical independence of alkalinity from calcium and magnesium shown in Table 4-3 supports the hypothesis that alkalinity in the region occurs predominantly through mechanisms such as the weathering of silicate minerals, rather than the dissolution of carbonates, which is consistent with the interpretation of Meijer (2002).

Figures 4-4 and 4-5 present Axis 1 versus Axes 2 and 3, respectively, of major ion and well factor scores. Both plots presents two scales, one for the well factor scores (i.e., bottom left) and the other for the ions (i.e., top right), each presented as an axis. Ion axes with little contribution to the plotted axis are omitted. One well from the Amargosa Desert SW group is outside the range of Figures 4-4 and 4-5; another well from the High Alkalinity group plots outside the range of Figure 4-5. A plot of Axis 2 versus Axis 3 did not yield additional information and is not presented. 

The end of each arrow is located at the factor weighting of the ion in the axis (Table 4-3), providing a visual picture of the relationship between the different ions and the wells. The correlation between two ions is approximately the cosine of the angle separating them. Chloride points almost directly along Axis 1, making this axis a marker for the extent of evaporation. The Amargosa Desert SW and Oasis Valley groups appear to have the greatest degree of evaporation. Most of the groups lie at the low degree of evaporation end of Axis 1. 

Axis 2 is dominated by calcium and magnesium. The Yucca Mountain West Face group has relatively low calcium and magnesium, whereas the High Ca and Mg group has the highest concentrations of calcium and magnesium. 

Figure 4-5 is a biplot of Axis 1 versus Axis 3. Axis 3 is dominated by alkalinity, potassium and, to a lesser extent, sodium. The most interesting observation is that the High Ca and Mg Group plots at the low end of the alkalinity axis, which suggests that the alkalinity in the system is primarily derived by silicate mineral weathering reactions that generate potassium and sodium, rather than from the dissolution of carbonates. Meijer (2002) has made the same observation using a different type of analysis.

Figures 4-6 through 4-8 are contour plots of the varimax rotated PCA Axes 1 through 3 factor scores for all 203 wells. Well groups are marked with different symbols at each well location.

Axis 1 on Figure 4-6 is mainly composed of chloride, sodium and sulfate and looks similar to the graph of TDS (Figure 2-1). The clearest visible trend is the low value of Axis 1, originating south of Timber Mountain and in Fortymile Canyon, stretching down the path of Fortymile Wash, then turning to the southeast along the Amargosa River. Values of Axis 1 are consistently higher in the Oasis Valley and along the Amargosa River prior to its intersection with Fortymile Wash.

Axis 2 (Figure 4-7) has an elevated region for calcium and magnesium in wells near Crater Flat, which may reflect dissolution of carbonate rocks present on Bare Mountain. Upwelling from the lower carbonate aquifer could also increase calcium and magnesium concentrations locally. The Highway 95 Fault is associated with some type of discontinuity in Axis 2, possibly suggesting the mixing of shallow and deep groundwater along the fault.

Axis 3, shown on Figure 4-8, is dominated by alkalinity. Again, an irregular region is shown along Highway 95.

4.3
Well Groups and Flowpaths

Well groups based on cluster analysis of the CA and PCA results are similar (Figures 4-2, 4-3, 4‑6, 4-7, and 4-8). Natural groupings of wells can suggest potential flowpaths, similar evolution of water chemistry at different locations, and/or evolution along a flowpath. Figure 4-9 shows potential flowpaths based on PCA and CA results. The long flowpath beneath Fortymile Wash is believed to mainly reflect infiltration and recharge of surface runoff, not groundwater migration. Groundwater flowpaths coming off Yucca Mountain are shown as diverging, based on distinct chemical signatures. Groundwater coming off the east face of Yucca Mountain is shown as being diverted to the south as it approaches Fortymile Wash, based on the fact that it is older and that, historically, recharge has been greater in the wash than on the adjacent highlands. Groundwater originating in the Oasis Valley appears to follow the Amargosa River.
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