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Healthy river ecosystems require the interaction of many physical and biological
processes to maintain their status. One physical process supporting biogeochemical
cycling is hydrologic exchange (i.e., hydrologic exchange flows, HEFs) between relatively
fast-flowing channel waters and slower-flowing surface and subsurface waters (lateral
and vertical). Land uses adjacent to rivers have the potential to alter the water quality
of off-channel surface and subsurface waters, and HEFs therefore have the potential to
deliver solutes associated with river-adjacent land uses to rivers. HEFs can be nonpoint,
diffuse sources of pollution, making the ultimate pollution source difficult to identify,
especially in large rivers. Here, we seek to identify HEFs in the Columbia River near
Richland, WA by looking for anomalies in temperature and electrical conductivity (EC)
along the bed of the river in February, June, July, August, and November 2018. These
are ultimately the “ends” of HEFs as they are locations of subsurface inflow to the
river. We found these anomalies to be a combination of warmer or colder and higher
(but not lower) EC than river water. We identified a majority of warm anomalies in
February and July 2018, and majority cold anomalies in June, August, and November
2018. High-EC anomalies were found mostly in February, August, and November.
Combined, we observe a shift from warm, high EC anomalies dominating in February
to equivalent EC, warm anomalies in June, to equivalent EC, cool anomalies dominating
July. In August, we also measured dissolved nitrate (NO3) in-situ to determine whether
anomalies were associated with increased NOj loading to the river, especially along the
eastern shoreline, which is dominated by agricultural land use. Inflows along the eastern
shoreline have greater concentrations of nitrate than river water (up to 10 mg N-NOz/L).
This research demonstrates that HEFs are temporally and spatially dynamic transferring
heat and solutes to rivers.

Keywords: stream-groundwater interaction, groundwater inflow, water quality, Columbia River, Hanford Reach,
hydrologic exchange flows (HEFs)
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Conner et al. Groundwater Inflows to Hanford Reach

FIGURE 9 | Anomalies found July 3-17 that were (A) Category 1 (high EC; low temperature), (B) Category 2 (high EC; high temperature), (C) Category 3 (not
anomalous EC; high temperature), and (D) Category 4 (not anomalous EC; low temperature) are all present during this time range, but each category of anomaly is
only present in a few locations. The white line shows all the paths traversed during this time period. Map data from Google, Landsat.
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FIGURE 10 | Anomalies observed from August 1-14 that were (A) Category 1 (high EC; low temperature), (B) Category 2 (high EC; high temperature), (C) Category 3
(not anomalous EC; high temperature), and (D) Category 4 (not anomalous EC; low temperature) are all present during this time range, but each category of anomaly
is only present in a few locations. Category 3 anomalies are clustered near the southern end of the study site, and Category 4 anomalies are clustered near the
northern end of the study site. The white line shows all the paths traversed during this time period. Map data from Google, Landsat.
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FIGURE 11 | (A) Riverbed anomalies and (B) nitrate concentrations along the shoreline adjacent to the 300-Area of the Hanford Reserve. This shoreline is dominated
by anomalies with high EC. The river water along the shoreline also has high nitrate concentrations. Map data from Google, Landsat.
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of Category 3 and 4 anomalies in this location supports the
prediction that these not anomalous EC categories of anomalies
are associated with non-irrigated land use. The inflows along
this shoreline create habitats with water warmer than river water
(Category 2 and 3), and most likely surface-originating inflows.
The occasional Category 4 anomalies along the shoreline are
likely from groundwater seepage, as the hills lining the river in
this location allow for natural pathways of groundwater seepage.

The irrigated eastern shoreline of the river showed a
greater frequency of anomalies than the dry landscape of
the western shoreline (Figure 13). The addition of irrigation
water to the landscape, some of which is not used by crops,
increases surface runoff and infiltration to groundwater. Of
the ~3 billion cubic meters of water diverted from the
Grand Coulee Dam within a year, much returns to the river,
although there are no measurements of the total quantity

of surface and groundwater return flow (USBR, 2014). In
general, we observe high nitrate concentrations when we
observe high EC (Supplementary Figure 1), however, there
are several cases where high EC is not associated with high
nitrate concentrations.

Not only is the frequency of identified anomalies greater on
the eastern shoreline, the category of anomalies is different than
on the western shoreline. On the eastern shoreline, Category
1 (high EC; low temperature) and Category 2 (high EC; high
temperature) anomalies dominate the landscape. These anomaly
categories are both associated with high EC relative to the
river. High EC, indicative of high concentrations of dissolved
solids in water, is a common occurrence in surface water and
groundwater of irrigated landscapes, due to the influx of nutrients
and pesticides from agricultural practices. However, high EC
values do not indicate the source of the dissolved solids present
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FIGURE 12 | Anomalies along non-irrigated land. The anomalies shown along the western shoreline of the Columbia River next to Savage Island are dominated by
Category 3 anomalies. There are also some instances of Category 4 anomalies. Map data from Google, Landsat.

in the water and may originate from soil types. Groundwater in  coincident nitrate concentrations in the water along the shoreline
the Hanford Reach is known to have naturally higher EC values  suggests that the high EC values can be attributed to irrigation
than river water (Johnson et al., 2012). The corroboration of  runoff or associated seepage.
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FIGURE 13 | Nitrate concentrations and riverbed anomalies along irrigated eastern shoreline for (A) an area just upstream of Johnson Island, and (B) an area near
Homestead Island. Potential surface flow paths from irrigated fields down to the river are indicated by red arrows. Map data from Google, Landsat.
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Although there are few nitrate concentration observations
on the western shoreline, there are two clusters. One cluster of
nitrate anomalies is located north of Richland, near the “300-
Area.” The 300-Area was a site of plutonium development and
is now the site of a known nitrate plume expanding south and

east (USDOE, 2010). This groundwater plume is located in the
same area as a cluster of nitrate anomalies along the shoreline,
and so it is reasonable to assume this is the source of the nitrate
observations clustered along the 300-Area shoreline. The other
location of nitrate anomalies on the western shoreline is located
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TABLE 2 | Summary of anomaly interpretations.

Comparison
to river water

Lower temperature Higher temperature

Elevated EC Category 1 Category 2
e Moderately deep e Surface/shallow irrigation
groundwater mixed with water
irrigation infiltration ¢ Increased NO3
* Increased NO3 concentration
concentration
Not Category 3
Anomalous EC e Surface/shallow non-
irrigation sourced
water

e Low NOj3 concentration

Anomalies with high EC are associated with agriculture. Anomalies with high temperature
during the summer are surface inflows, and those with low temperature are groundwater.
The colors of each category correspond with data presented in maps further in this paper.

west from Savage Island. This cluster is smaller than the one near
the 300-Area and classified as Category 4 riverbed anomalies.
There are no known contamination sites from Hanford in this
area, nor irrigation adjacent to this shoreline. It is possible that
contamination from upstream plumes travels through subsurface
flow pathways and enters the river at this site.

The highest quantity of nitrate observations is located adjacent
to irrigated lands along the eastern shoreline near Taylor Flats.
The irrigated shoreline has high frequencies of Category 1 (high
EC; low temp) and 2 anomalies, which are associated with high
concentrations of nitrate. All nitrate observations are associated
with riverbed anomalies categorized as Category 1 and 2.

The association of high-EC anomalies and nitrate near Taylor
Flats suggests that part of the measured EC concentrations is
a result of dissolved nitrate. The relationship between high-
EC and high nitrate concentrations confirms our prediction
that anomalies with high-EC originate from irrigation runoff.
The presence of high-EC and high nitrate concentration
measurements along shorelines that are adjacent to irrigated land
suggests that there may be other agricultural-sourced solutes
also entering the river through inflows. These may include
dissolved phosphorus, pesticides, and insecticides. However, it is
important to note that not all high-EC occurrences coincide with
high nitrate concentrations (Supplementary Figure 1). Elevated
nitrate concentrations could have been sourced from nitrification
that may be associated with increased chemical weathering
causing coincident high-EC conditions (Yue et al., 2015).

The data collected here suggest an interpretation of the
riverbed categories identified using water temperature and EC
(Table 2). In the summer season, when irrigation is occurring, we
interpret Category 1 riverbed waters with low temperature and
high EC to be associated with moderately deep groundwater that
has a substantial irrigation water signature carrying increased
solute loads including dissolved nitrate. We interpret Category
2 riverbed anomalies as those indicating very shallow or
surface irrigation-sourced water that carry high concentrations
of dissolved nitrate. We interpret Category 3 riverbed anomalies,
having high temperature and not anomalous EC to the river water
as those sourced from shallow or surface non-irrigation derived

water, and therefore likely to have low nitrate concentrations.
Finally, we interpret Category 4 riverbed anomalies with low
temperatures and not anomalous EC to be indicative of relatively
deep groundwater and therefore expected to have low dissolved
nitrate concentrations.

High concentrations of nitrate measured in this reach are
above toxic levels for salmon, but they are also very locally
observed. Chinook salmon swim upriver to the Hanford Reach
to return to their breeding grounds to spawn. Although adults
have low nitrate sensitivity, likely due to the ameliorating effect
of water salinity, eggs and young salmon (fry) are much more
sensitive (Camargo et al., 2005). Chinook salmon fry experience
a significant increase in mortality, known as nitrate toxicity, at
4.5mg N-NOJ /L (Kincheloe et al., 1979). The maximum nitrate
concentration measured in this study was 37.9mg N-NO5 /L,
more than nine times the reported lethal concentration. The
localized high nitrate concentrations along the shoreline makes
that particular habitat unsuitable for salmon fry.

In this study, we focused on the location and characteristics
of the termini of HEFs and the expected correlation of the
location of these to river-adjacent land use. These data and
interpretations are useful for comparing to other groundwater
flow modeling activities in the area and not anomalous related
research. However, because we were not able to define the sources
or entire paths of HEFs, which would have required extensive
installation of wells and other subsurface interrogation, we rely
on the correlation of nearby surface activities to subsurface
conditions. Thus, additional study to better tie activities across
the landscape to HEFs of the Columbia River (and other rivers)
is warranted.

The goal of this study was to determine the impact of river
corridor land use on river water quality. We used measurements
of temperature and EC along the streambed to identify locations
of water inflows. We demonstrate that along the Hanford
reach, irrigation increases the spatial distribution of inflows into
the river. The high concentrations of nitrate associated with
irrigation-related HEFs indicate that agricultural land use on
the east side of the river plays an important role in transferring
nitrate to the river, at concentrations high enough to negatively
interfere with the shoreline aquatic habitat. Future work could
focus on the relative ages of groundwater in HEFs and the
nitrate associated with them to evaluate how residence time and
transport from source to river may be affecting the observed
temporal and spatial patterns along the river shorelines.

Irrigation-influenced inflows were found to be most prevalent
during late summer when river flows decrease. The large stage
fluctuations from hydropower operations during late summer
increase the gradients between groundwater/surface inflows and
river water, increasing inflowing water. Since late summer is the
driest time of the year, many of these exchanges involve irrigation
runoff with high concentrations of nitrate.
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