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TECHNICAL MEMORANDUM Water Solutions, Inc.
To: IRZ Consulting Date: 18 June 2009
From: Dennis Nelson, RG, and Jeff Barry, RG Project: Umatilla Basin Regional

Aquifer Recovery Assessment

Subject: Task 1H - Geochemical Compatibility Evaluation GSI Project No.: 290 001

Overview

In February 2009, GSI Water Solutions, Inc. (GSl), in cooperation with [RZ Consulting, Inc. (IRZ),
submitted the report “ASR Feasibility, Umatilla Basin Regional Aquifer Recovery Assessment” as an
evaluation of the potential for Aquifer Storage and Recovery (ASR) in the Umatilla Basin of Oregon. The
February 2009 report focused on the characteristics of the basalt aquifer, suitability of the basalt aquifer
for ASR, and general water quality issues. Water quality issues associated with the presence of nitrate,
total dissolved solids, and other constituents associated with agricultural chemicals present in shallow
groundwater that affect the suitability of using shaliow alluvial groundwater as ASR source water are
discussed in the February 2009 ASR report (GSI, 2009; IRZ, 2009).

This technical memorandum supplements the earlier report by evaluation of the chemical compatibility
of injected source water and receiving water within the basalt aquifer. The evaluation of the chemical
compatibility of injected source water(s) with the ambient groundwater in the receiving aquifer is an
important consideration in ASR operations. In the ASR process, two waters of very different
composition and chemical state are mixed. It is important to be able to predict the chemical
characteristics and possible geochemical reactions that may take place as a result of the physical mixing.
The concern is that the mixing of two incompatible waters ultimately may lead to the precipitation of
mineral phases that could result in significant loss of production produced by the clogging of the aquifer
or the well screens. An additional impact of mixing of two incompatible waters is the potential
mobilization of metals or nonmetals within the receiving aquifer that may produce potential health

impacts.

Two separate waters will be considered to be compatible if, during ASR operations, the mixing of these
two waters does not lead to physical, geochemical, or biological reaction that may result in damage to
the aquifer, or reduce the efficiency of the ASR operation or the quality of the recovered water. From
the geochemical reaction perspective, two primary reactions may occur: (1) the precipitation
(formation) of solids that may clog the aquifer or the well screens, or (2) the acquiring of undesirable
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water quality changes, resulting from mineral dissolution or water-rock reactions, from the perspective
of either public health or aesthetic character.

To evaluate the ASR process on a regional basis, geochemical compatibility is considered from several
different ASR sites within the Umatilla Basin. By doing so, the conclusions of this memorandum will be
representative of the geochemical compatibility of injected and ambient groundwater applicable
throughout the Umatilla Basin.

The public health issue is explored by considering what materials might be mobilized within the matrix
of the basalt aquifer, either by dissolution of mineral phases, or by surface reactions.

Table 1, at the end of this memorandum, presents the water data used for this document. The data
include samples collected from alluvial wells, basalt wells, and surface water as part of the Umatilla
Basin Aquifer Recharge Project. It also includes selected data obtained from previous studies conducted
by the U.S. Geological Survey (USGS) and from results from the Madison and McCarty ASR projects.

Executive Summary

The findings in this memorandum are based on geochemical modeling using the computer program
PHREEQC, developed by the U.S. Geological Survey. PHREEQC has been used widely in the scientific
community to address the issues described here. The program identifies the active chemical species in
the water as a function of temperature, pH, and oxidizing vs. reducing conditions. The model uses those
calculations to predict potential chemical reactions that can change the composition of the water.
These reactions include dissolving/precipitating minerals and reactions that take place at mineral
surfaces during varying physical process such as mixing, migrations through the aquifer, or both.
PHREEQC is not applicable for highly saline waters, e.g., seawater, and it does assume that chemicals
behave ideally, i.e., are not influenced by other constituents, during surface reactions. As with any
model, the program is not capable of ensuring realistic conclusions, and the results must be checked to
see if they are consistent with the overall hydrogeological-geochemical environment.

PHREEQC is used here to evaluate the chemical compatibility of ASR source water and ambient
groundwater in the basalt aquifer. These separate waters may have very different chemical histories
and our purpose is to determine whether their mixing will result in reactions that could ultimately result
in changes in the mixed water that would lead to a potential human health impact or result in a physical
clogging of the aquifer, perforations, or screens. If the model results suggest that such impacts will
occur, then the waters would be incompatible with one another.

In this study, geochemical compatibility has been evaluated through comparisons with actual project
results from within the Umatilla Basin and from elsewhere in Oregon where ASR settings are such that
they can readily be extrapolated to the Umatilla Basin.

Following is a list of key findings from this water quality compatibility assessment:

1. Geochemical modeling results indicate that significant mineral preciptiation will not occur that
could result in clogging of the ASR wells or aquifer.
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2. The consistency of the data and geochemical modeling results support the contention that the
water quality compatibility observed at the Madison and McCarty ASR sites are applicable
across the Umatilla Basin.

3. The potential for oxidized ASR source water mixed with reduced basalt groundwater to dissolve
and release metals into solution that could result in public-health-related water quality
problems is not significant.

4. Given the oxygenated character of the injected alluvial source water, and iron concentration
within the ambient groundwater, alluvial groundwater, and recovered waters, it is possible that
the growth of iron bacteria could occur. However, at the basalt-based ASR operations at
Madison Farms and McCarty Ranch, and elsewhere in Oregon, e.g., Beaverton, Tualatin Valley
Water District, etc., the growth of iron bacteria has not presented a significant problem.
Periodic routine maintenance of the wells has been adequate to control growth.

5. The data sets collected for this evaluation and in the results of the chemical modeling do not
suggest significant chemical compatibility problems associated with ASR projects within the
Umatilla Basin.

6. Oregon ASR operations involving basalt aquifers, e.g., Salem and Beaverton, have been in
operation for more than 10 years without evidence of significant loss of production as a result of
clogging from mineral precipitation, or potential water quality concerns related to mineral
reactions between the injected water and the basalt aquifer.

Objectives

This memorandum evaluates the geochemical compatibility of the injected and native groundwater
through the following questions:

e What are the variations in composition of the alluvial and ambient groundwater in different
parts of the Umatilla Basin and at different times? Do either the temporal or spatial variations
observed have the potential for altering the relative compatibility of the waters involved?

e Are the water quality test results at the Madison Farms and McCarty Ranch ASR sites
comparable to other locations in the basin? What do these existing ASR sites tell us about water
quality compatibility elsewhere in the basin?

e What are the saturation indices (see Attachment 1) of the alluvial source waters and ambient
groundwater over time and across the Umatilla Basin? Do they indicate the potential for
significant mineral precipitation during storage?

e Can the composition of the recovered waters be explained by simple mixing of source waters
and ambient groundwater? What mineral reactions, e.g., dissolution or precipitation, are
predicted, and what impact will that have on the ASR process?

e Are these findings applicable across the Umatilla Basin?
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Results and Findings

Conceptual Model

Before setting up the geochemical modeling, it is important to have a conceptual understanding of the
physical setting. This provides the framework for establishing model pathways and boundaries. The
schematic diagram in Figure 1 provides a conceptual view of the ASR process as it takes place in the
Umatilla Basin and presents the following processes (numbers below refer to designated steps in Figure
1):

1. Water is extracted from its surface water source and is applied as surface recharge to non-
cultivated farm fields or infiltration basins.

2. The applied water infiltrates through the soil and percolates down to the alluvial aquifer or a
subsurface collection system.

3. The shallow groundwater moves, either by natural gradient or by a gradient induced by
pumping, during step 4.

4. The shallow groundwater is pumped from the alluvial aquifer, disinfected, and injected into the
deeper basalt aquifer.

5. The injected water displaces ambient groundwater in the basalt aquifer, with a mixing zone
occurring at the interface of the source water and the groundwater of the receiving aquifer.

6. After storage, the water is pumped from the deeper basalt aquifer for use.

Geochemical Modeling

The USGS has developed a water chemistry software package called PHREEQC that performs mineral
solubility calculations using the analysis and chemical state parameters of the individual water samples
(Parkhurst et al., 1980; Parkhurst, 1995). PHREEQC also allows for the mixing of two or more separate
waters and will calculate the solubility of a given mineral in the resulting mixture. This program is useful
for performing predictive simulations as part of a geochemical compatibility evaluation. Precursors of
PHREEQC, i.e., NETPATH and PCWATEQ, were used to model groundwater evolution in the alluvium and
shallow basalt aquifer(s) in the Umatilla Basin associated with the development of the Lower Umatilla
Basin Groundwater Management Area (Grondin and Nelson, 1995).

As described above, the ASR process results in the mixing of site-specific source water with an ambient
groundwater (step 5 in the conceptual model above). These waters often have very different histories
and therefore characteristics (see Table 2 at the end of this document), and the resulting mixture likely
will be out of equilibrium with the matrix (minerals) of the receiving basalt aquifer.

When these different waters mix, the hybrid water’s chemical state may not vary directly with the
mixing proportions of surface water and groundwater, and therefore, the relative solubility of a given
mineral won’t necessarily either. For example, two waters, both saturated with respect to calcite, can
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mix to yield water that is undersaturated with respect to calcite. This is yet another advantage of using
PHREEQC, as it predicts the correct chemical state for each of the solutions.

Variation of Composition

One way of evaluating the compositional variation observed in the various waters involved in ASR is a
simple comparison of analyses. This is often difficult to do from a table containing multiple constituents.
For example, in the consideration of what constitutes a significant variation in a single component
between two or more water samples? The question that is being asked is not whether a variation
exists, but whether the compositional variation observed may result in a specific reaction or produce an
undesirable change in the water quality. To answer this, compositional variations or chemical states are
displayed graphically in this memorandum. A graph showing an array of chemical components in water
in the same view constitutes a relatively unique “geochemical fingerprint” and compositional similarities
or differences between two or more waters can be recognized. This memorandum focuses on three
chemical classes of water: the source water (or alluvial groundwater), derived from the shallow alluvial
aquifer being recharged by the application of surface water (see steps 1 and 2 in Figure 1); the deep
ambient groundwater residing within the basalt aquifer (basalt groundwater); and the water recovered
from the basalt aquifer after a period of storage (recovered water).

The temporal variation in composition will be evaluated using the collective analyses from the Madison
Farms and McCarty Ranch ASR sites (Plate 1) during the ASR cycles that occurred from 2006 through
2008. After the extent of temporal variability has been evaluated, the conclusions reached from these
ASR sites will be evaluated to determine if they can be extended throughout the Umatilla Basin.

Figures 2 and 3 represent Piper Tri-Linear and Stiff diagrams, traditionally used to graphically display
chemical compositions of water. In the Piper and Stiff diagrams, the mass of a given element or
molecule is expressed as milli-equivalents/liter as opposed to milligrams/liter. The equivalents of a
given element or molecule in a solution is the number of moles of the substance times the valence of
the ion per liter, with a mole being equal to the atomic or molecular weight in grams. In contrast to
other compositional representations, the Piper and Stiff diagrams include the charge that the
constituent possesses in solution.

In Figure 2a, the basaltic groundwater from the Madison Farms site exhibits a tight cluster of
compositions in the Piper plot, a characteristic also seen in the Stiff diagrams (see green shapes in Figure
3a). In Figure 2b, the basaltic groundwater from the McCarty Ranch site plots separately from the other
compositions and exhibits a broader variation in composition, primarily with respect to chloride and
sulfate (see also Figure 3b). At both sites, the ambient groundwater is of a mixed cation-bicarbonate
type, similar to the basaltic groundwater from the Echo Meadows site (Plate 1) and, in general, the
basaltic groundwater in the Grande Ronde, Wanapum, and Saddle Mountain Formations.

It is important to determine how these differences manifest themselves with respect to potential water-
rock reactions that result when oxidized source water is injected into the reducing environment that is
characteristic of the basalt aquifer.
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Figure 4 illustrates the geochemical fingerprints, including chemical state parameters, for the alluvial
groundwater that is injected (Step 4 in the Conceptual Model) at Madison Farms (Figure 4a) and
McCarty Ranch (Figure 4b). The data reflect the compositional variability observed during Cycles 2
(2006), 3 (2007), and 4 (2008), reflecting operations from 2006 through 2008 (see also Figures 2 and 3).
Although the patterns of the source water at each site appear quite similar internally, there are some
important differences that need to be explored to ensure that the compatibility of the source water and
the basaltic groundwater are not affected. Specifically, at each site, the bicarbonate (HCO3), silica (Si),
and sulfate (SO,) concentrations vary significantly. Calcium (Ca) and Chloride (Cl) show some variations
in the Madison source water. Iron (Fe) and manganese (Mn) occur only in isolated samples of the
source waters. The chemical state parameters are pulled out and displayed for the combined sites in
Figure 4c. Importantly, these parameters do not change significantly from one site to the other, except
temperature (see below), or with time.

Also shown in both diagrams are the patterns for alluvial groundwater reflecting single samples from the
Echo Meadows and County Line projects (Plate 1), collected in 2008. Of the sites considered in this
memorandum, all derive their water originally from the Umatilla River. The one exception is the County
Line system, which obtains its water from the Columbia River. Figure 5 provides a snapshot of the
Umatilla and Columbia Rivers’ raw waters sampled in 2008 (note the difference in scales between the
diagrams). It is clear that the differences observed between the County Line and Echo Meadows alluvial
source waters cannot be explained solely on the basis of differences between the surface waters
involved, implying additional processes are involved within the alluvial aquifer. The processes in the soil
zone and alluvial aquifer, however, do not play a direct role in those that occur during ASR storage in the
basalt aquifer and will not be considered further (see Grondin and Nelson, 1995, for further discussion).

Compositional diagrams are shown for the ambient groundwater in the basalt aquifer at Madison Farms
(a) and McCarty Ranch (b) in Figure 6. As with the alluvial groundwater, these data reflect variations in
the compositions of the basalt groundwater during Cycles 2, 3, and 4, during the period of 2006 through
2008. Figure 6¢ displays the chemical state parameters for the basalt aquifer for both sites from 2006
through 2008. It is apparent that although the pe and pH values are consistent in the basalt at both
sites, the groundwater temperature at the McCarty site is consistently 7-9 °C warmer than that at
Madison Farms.

Not suprisingly, given the age and stability of the basalt aquifer, the respective concentrations of the
chemicals shown tend to show less variation. Silica (Si), chloride (Cl), and sulfate (SO,) are the
exceptions, however. It is worthy of note, that the compositional excursions shown by these elements
do not reflect the same year, and therefore, do not reflect a single event in time. Iron (Fe) and
manganese (Mn) occur at low levels in nearly all of the basalt groundwaters.

Another relevant observation, although not particularly evident in Figure 6, is that compared to the
alluvial source waters for the Madison and McCarty sites, the basalts consistently have higher
temperatures (15.7 to 24.9°C as compared to 10.9 to 12.9°C) and lower redox potential (pe =-2.72 to
0.54 as compared to 1.0 to 2.75) than the alluvial source waters, the latter is particularly important in
controlling both sulfur and iron in solution.
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Table 2. Generalized Observations Regarding the Differences between Surface Water and Deep

Groundwater

Surface Water

Groundwater

Oxidizing: In contact with the atmosphere

Reducing: Oxygen deficient as a result of
oxygen consuming reactions

Lower pH (6 — 7): Water dominated by
precipitation; pH of Oregon precipitation ~5.7

Neutral to slightly alkaline pH (7.5-8.5):
Hydrogen ion consumed by water-rock
reactions

Higher in total/dissolved organic carbon
(TOC/DOC)

DOC generally less than 2.0 mg/L

Lower total dissolved solids (TDS): water in
contact with solid phases only briefly

Higher TDS: Longer residence time for water
in contact with solids

Water temperatures often cooler in winter
months (<12°C, ~52°F); may be large seasonal
variations

Water temperatures often warmer in winter
months (>15°C,~60°F); little seasonal
variation
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Figure 1. Conceptual model of the ASR operations in the Umatilla Basin.

Chemical reactions and physical mixing can occur along steps 2, 3, and 5. Chlorination at 4 also may
result in the formation of disinfection by products. For the purpose of this evaluation, the primary
concern is those reactions that would take place during step 5 to ensure compatibility between the
injected alluvial groundwater and the groundwater in the receiving basalt aquifer. Water is injected
during step 4. The injected water (light blue) displaces the ambient groundwater (dark blue) and mixing
occurs. After an appropriate storage time, the stored water, potentially modified by mixing and
chemical reactions, is extracted (step 6).
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Source Water (Alluvial) - Madison Farms, County
Line, and Echo Meadows
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(Figure 4a)
Source Water (Alluvial) - McCarty Ranch, County
Line, and Echo Meadows
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(Figure 4b)
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Chemical State Parameters
Alluvial Source Water
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Figure 4. Compositional diagrams for the groundwater derived from the shallow alluvial aquifer to be

used for injection for the (Figure 4a) Madison Farms and (Figure 4b) McCarty Ranch ASR sites. Figure 4c

represents the chemical state parameters for the combined ASR sites. The data span the time period
from 2006 through 2008. Alluvial groundwater from the County Line (MORR972) and Echo Meadows

(U1269) projects are included for comparison.
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Surface Waters 2008
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Figure 5. Compositional diagram comparing water from the Columbia River and the Umatilla River.
Data were collected in 2008.
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