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Project Description: Playas of the High Plains provide many functions, including providing
wildlife habitat and maintaining regional biodiversity. Playa lakes have been promoted as
potential point sources of recharge to the High Plains Aquifer. A “Vision for the Future of Water
in Kansas” is under development, and one of the two main focus areas is conserving and
extending the life of the Ogallala aquifer, which is contained within the High Plains aquifer. This
project seeks to determine the degree to which functioning Playas contribute to recharge of the
aquifer, which in turn extends its useful life by providing additional water input. If recharge can
be demonstrated and measured in Kansas conditions, renovation and protection of Playa lakes
could be enhanced by state policy and programs. This investigation addresses two activities in
the WPP: (1) Support Playa Lakes Joint Venture (PLJV) efforts to assess historic impacts to
playas and determine their current condition. (p.5, KS WPP); and (2) support PLJV efforts to
promote ecosystem services provided by playas, especially aquifer recharge. (p.5, KS WPP).
While extensive recharge studies have been associated with the Playas of the Southern Great
Plains (Texas), no known studies have been conducted in the Central Great Plains (Kansas),
where the soils and substrate differ significantly from that to the south. Investigations that have
been undertaken in the Southern Great Plains have tended to be of singular design i.e., based
exclusively on water-budget calculations, infiltration data, or unsaturated-zone techniques. In
contrast, this investigation will adopt a multifaceted approach by a team with diverse and
complementary expertise.
This multifaceted approach to assessing the role of Playa recharge contribution to the High
Plains Aquifer will provide direct and indirect data to answer this question, which when
combined with a knowledge of the impact of Playa basin sedimentation, will greatly enhance our
understanding and importance of Playa function within the central Great Plains and beyond.
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Background for the Study: The High Plains aquifer (HPA) extends across eight states,
encompasses 450,656 km2 (174,000 mi2), and is responsible for approximately 23% of the
total groundwater use nationally (Figure 1) (Gutentag et al., 1984; Maupin and Barber,
2005). In Kansas, approximately 3.36 billion m3 (887 billion gallons, 2.72 million acre-ft,)
was withdrawn in 2016, 91% of which was used for irrigation (Maupin and Barber, 2005;
Water Information Management and Analysis System, 2018). Central Kansas annual recharge
rates to the HPA are estimated around 925 million m3 (244 billion gallons, 0.75 million
acre-ft,), which is approximately 28% of the quantity pumped annually (Buchanan et al.,
2015). This results in substantial reductions in the saturated aquifer thickness (Buchanan et
al., 2015). In Kansas, large-scale groundwater development began in the 1950s, with the
invention of the center-pivot irrigation system and improvements in drilling and pumping
technology which resulted in less-expensive, more efficient wells (Gutentag et al., 1984;
Buchanan et al., 2015). From predevelopment (1950) to 2014-2016, some areas of the
aquifer have experienced over 60% reduction in the saturated thickness, with water levels
declining by over 50 m (164 ft) in some areas in southwestern Kansas (McGuire, 2009;
Scanlon et al., 2012; Buchanan et al., 2015). Although isolated regions in the northwest and
central part of Kansas have witnessed water level increases since predevelopment, the
majority of the Kansas HPA is experiencing water level declines (Scanlon et al., 2012;
Buchanan et al., 2015). Under current pumping rates and average climatic conditions, waterlevel declines and water quality degradation will continue, likely compromising future use of the
aquifer (Whittemore et al., 2016).
Recharge rates have been studied across the HPA and are spatially variable, with precipitation
and recharge generally greater in the northern High Plains (NHP), evapotranspiration
generally greater in the southern High Plains (SHP), and the Central High Plains (CHP)
between these two extremes (Figure 1) (Gurdak et al., 2007). Previously published recharge
estimates for Kansas (5 to 54 mm yr-1) indicate a travel time of 270 to over 1000 years for
infiltrated water to travel through the 15 to 100 m-thick vadose zone to the aquifer (Gurdak
et al., 2007). Notwithstanding, the presence of agricultural contaminants in the aquifer
indicates recharge of modern water (since the 1950s), which is indicative of a <100-year
travel time to the water table (McMahon et al., 2006). The faster paths to the aquifer are
likely through focused recharge and preferential flow paths, including areas with ponded
surface water such as ephemeral streambeds, ditches, shallow depressions, irrigated
cropland and playas (Gurdak et al., 2007, 2008; Meixner et al., 2016). Fluid flux through
these areas of preferential flow often exceeds diffuse recharge (>100 yrs), which represents
movement of water between individual pore spaces. Preferential flow paths (e.g.,
macropores) are of particular interest in playas because they can move water very quickly
(<100 yrs). This type of recharge bypasses some or all of the soil matrix through secondary
porosity, utilizing natural features including desiccation cracks, root tubes, and animal and
insect burrows (Gurdak and Roe, 2009).
Studies of recharge through the dense system of SHP playas have concluded that measured
playa recharge rates (60 to 120 mm yr-1) are higher than diffuse recharge estimates (0.2 to
32 mm yr-1) (Scanlon and Goldsmith, 1997; Wood et al., 1997; Gurdak et al., 2007; Johnson
et al., 2012; Meixner et al., 2016). Additionally, it is estimated that macropore recharge,
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including through playas, accounts for a large percentage (84%) of the total average
regional recharge in the SHP (11 mm yr-1) (Wood et al., 1997).
Although playas are also abundant (>22,000) in Kansas (Figure ), the possibility for
recharge through Kansas playas to the HPA has not been investigated (Bowen, 2011). This
is addressed in this research by first documenting and interpreting the soils and stratigraphy
and then determining water fluxes through a Kansas playa and interplaya, identifying time
periods of downward fluid flux during playa inundation, and quantifying travel times to the
HPA. Water flux and travel times through the vadose zone are determined using the
Chloride Mass Balance (CMB), with additional information on fluid flow obtained from
vadose zone anion depth profiles and matric potential (MP), groundwater chemistry, and
water level changes.
Playas are internally-drained (closed basin) ephemeral lakes with varying periods of
inundation. For an individual playa, inundation events, which depend on soil type and the
frequency and duration of rain events, may only occur once every few years (Hillel, 2004;
Gurdak and Roe, 2009). The amount of time an individual playa remains inundated is
known as the hydroperiod (Gurdak and Roe, 2009). Water budget inputs to each playa basin
include precipitation and runoff from surrounding topography, with outputs through either
evapotranspiration or percolation downward through the playa base.
Recharge rates through playas can be controlled by rain flux, infiltration rate, Ksat and
macropore fluid flux. At the beginning of rain events, the playa basin is dry, macropore flow
(desiccation cracks) dominates, and the infiltration rate is controlled by the precipitation
rate (Gurdak and Roe, 2009). During this period, macropores are open and can accept water
at the precipitation rate as long as it doesn’t exceed the soil infiltration rate (Gurdak and
Roe, 2009). If rainfall is sufficient to cause the desiccation cracks to swell shut, the diffuse
recharge mechanism takes over (Gurdak and Roe, 2009). Hydric soils, like those in playa
basins, shrink and swell with response to changes in water content (Gurdak and Roe, 2009).
A study in Senegal measured a time of 4.5 hours for desiccation cracks to close in a vertic
soil, which would mark the transition from macropore to diffuse or focused recharge (Favre
et al., 1997; Wilson, 2010). In instances when there is sufficient rainfall to inundate the
playa with ponded water, infiltration is limited by the saturated hydraulic conductivity (Ksat)
of the soil (Gurdak and Roe, 2009). Eventually, the ponded water will evaporate, transpire,
or infiltrate, leaving a dry playa floor and allowing for desiccation cracks to reform (Gurdak
and Roe, 2009).
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Figure 1. Aerial extent of the High Plains aquifer showing the three separate areas delineated as
the Northern High Plains (NHP), Central High Plains (CHP) and Southern High Plains (SHP).
(Kansas Data Access & Support Center, 2013)
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ACCOMPLISHMENTS MET FOR THE GOALS, OBJECTIVES AND TASKS OF THE
WORKPLAN
Goal 1. Preparation for field investigations
Action 1. Conduct final on-site evaluation of potential playas to select the study playa.
The Ehmke Playa site (38.4429, -100.6031), located on the CHP in Lane County, Kansas
(Figures 2 and 3), was selected to investigate the hydrology of playas above the HPA. This
location is ideal for measuring recharge to the HPA because (1) the water table is relatively
shallow (12-15 m:40-50 ft), (2) the land surface has not been affected significantly by
anthropogenic modification, with rangeland surrounding the playa and little/no intensive
farming or irrigation influencing the playa or run-on water, and (3) its eastward longitude
within the cluster of playas in western Kansas, which, because of its higher average annual
precipitation, increases the probability of precipitation events sufficient to produce runoff
into the playa during the period of investigation (Figure 3). It was also advantageous
because the Ehmke family, having originally settled the land, had a knowledge of its history
since middle 1800s, and they were extremely cooperative and helpful logistically whenever
needed. The playa watershed is approximately 429 hectares (1059 acres), with the sink (aka
basin) holding up to 2 m (6 ft) of water and the inflow on the southwest end. Geomorphology of
Ehmke Playa (Figure 4) consists of a suite of associated landscape elements, including the playa
itself (as defined by the extent of hydric or near-hydric soils), playa sink (or basin) defined by the
annulus (2 m-high rim), interplaya (upland in which this and other playas occur), bench (between
the annulus and the interplaya), inflow channel and associated delta deposit, and lunette (silt
dune created by deflation of the sink and bench). The 1 km (0.6 mi) elongated lunette, like
several other features, occurs in association with playas elsewhere on the High Plains of Kansas
(Bowen et al., 2018). Ehmke Playa frequently contains ponded water, though these hydroperiods
occur at irregular intervals due to the serendipitous nature of the regional climate (Figure 5). A
rare event occurred on September, 1986: “We had a huge toad strangler in the fall—in western
Lane County around our farm south of Amy, we got 5 inches of rain in 2-hour period. Further
west on the Lane-Scott county line, there was over 9 inches. Our playa lake stayed full of water
for over a year…lots of water fowl, fairy shrimp, pelicans—you name it, they were there.”
(Vance Ehmke, personal communication) (Figure 5).
The HPA underlying the study site consists of unconsolidated alluvial gravel, sand, silt and
clay deposited to the east of the Rocky Mountains during the Miocene and Pliocene Epoch
(Gutentag et al., 1984; Ludvigson et al., 2009). The alluvial sediments are often capped with
a hard caliche layer, which is overlain by aeolian fine sand, silt, and clay (Gutentag et al.,
1984; Wood and Sanford, 1995). The aerial expanse of the entire HPA is approximately
450,000 km2 (173,746 mi2); the study site is located in the CHP, which encompasses
approximately 125,000 km2 (48.263 mi2), or about 28% the expanse of the aquifer (Meixner
et al., 2016). The climate in the CHP is semiarid, with potential evapotranspiration of 2,140 mm
yr-1 (84 in) and average precipitation of 505 mm yr-1 (20 in) (High Plains Regional Climate
Center, 2017; Meixner et al., 2016). Ehmke Playa is located on the edge of the monitored portion
of the HPA and is immediately adjacent to Kansas Groundwater Management District 1 (Figure
6).
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Figure 2. Distribution of playas (blue features) mapped in the Great Plains. Gray shading
indicates the High Plains, black line the HPA boundary, green the Playa Lakes Joint Venture
area of interest, red box Lane County, Kansas, the location of Ehmke Playa. (Playa Lakes Joint
Venture)
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Figure 3. (U) Western Kansas with the High Plains Aquifer extent shown in green, playas shown
in blue, and (L) the Ehmke Playa site field site location.
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Figure 4. Aerial view north of the geomorphology of the Ehmke Playa. (U) Features include the
playa—defined by the hydric soil, annulus—defines the edge of the playa sink or basin, bench—
surface above the sink, interplaya—the uplands within which the playas are expressed, and the
lunette—a silt dune formed by deflation of the playa basin by the northwest glacial age winds.
The inflow channel and its attendant small deltaic feature occur on the south-southwest edge of
the playa sink. (L) A schematic profile north-south across Ehmke Playa. (Bowen and Johnson,
2012)
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Figure 5. (UL) Cracks (macropores) developed in the hydric soil of Ehmke Playa during a dry
period; (UR) ducks, frogs, fairy shrimp and other wildlife occupying the playa during a
hydroperiod resulting from several days of rain; (L) Ehmke Playa during a hydroperiod with a
maximum depth of about 2 m (6.1 ft) of water and family members on a raft made of 55-gallon
drums and scrap lumber. (photograph courtesy of Vance and Louise Ehmke).
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Figure 6. Average depth to the water table within the High Plains Aquifer averaged 2014-2016.
The red arrow points to Ehmke Playa, which is located 12-15 m (40-50 ft) above the water table.
(Kansas Geological Survey)

Action 2. Acquire supplies and assemble equipment to conduct the on-site investigations.
The University of Kansas departments of Geography and Atmospheric Science, and Geology had
all equipment and supplies for routine field investigations and for most laboratory analyses. The
only significant individual field equipment acquisition was a state-of-the-art Decagon infiltration
measurement system. Otherwise, most acquisitions consisted of sensors and other components
for assembling the above- and below-ground instrumented station in the center of the playa.
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Action 3. Characterize Ehmke Playa through high-resolution rendering and detailed soil
mapping.
Given that investigations were initiated prior to the availability of LiDAR imagery, a total
station-based survey was done of the playa and adjacent fringe of the sink in order to establish
control points to tie in core and trench locations. The playa was subsequently documented with
photographic overflights using a small unmanned aerial system (sUAS), or drone (Figure 7).
Images such as that depicted in Figure 8 in conjunction with ground testing permitted definition
of the playa and differentiation of the playa into the well-developed hydric soils in the core or
center part of the playa and the less well developed hydric soils surrounding the core. Most
extensive development of desiccation cracks (macropores) occurs in the core area of the playa,
though they have been observed throughout the playa. This subtle difference in the two hydric
soil zones suggests that during rainfall and runoff events the macropores in the playa core
enhance infiltration but following closure of the macropores infiltration may well have been
greater in the outer zone through micropores. Aerial imagery was also used as a guide to
selecting potential core locations and siting of the instrument station and pit.
With subsequent availability of LiDAR imagery, it was then possible to render data in greater
detail and in the third dimension of the playa system in our GIS environment. Figure 9 portrays
the elements of the playa and the playa catchment. The playa extent represents the hydric soil
area images in Figure 8, whereas the playa sink, or basin is the area that extends to the annulus
and is inundated during extreme hydroperiods such as that shown in Figure 5. The internallydrained attribute of all playas is well-illustrated by the character of the catchment, which for
Ehmke Playa includes pasture and wheat fields to the southwest. In the absence of defined
drainage systems flowing externally, this playa-dense landscape consist of a puzzle-like mosaic
of catchments draining into playas of all sizes.
The hydrologically-filled hillshade digital elevation model (DEM) in the upper image of Figure
10 is a representation of the water surface when the playa sink is completely full. Note that the
playa extends to the east side of the road and actually captures the watershed of a small playa
before spilling, which is why the playa sink boundary in Figure 9 extends beyond (east of) the
catchment boundary.
Application of a fill depth algorithm developed by J. Kastens to the hillshade DEM (Figure 10)
adds the 3rd dimension (depth) to the filled DEM. It highlights the shallow areas around the
periphery of the playa, including the incipient spillover area on the east side of the playa and the
deepest water in the center of the playa, over the hydric soil area. Volumetric data extracted from
the DEM indicate that the sink, with an area of (69.6 hectares: 171.9 acres), has a capacity of
668,552 m3 (542 acre ft) and the playa, with an area of (35.5 hectares: 87.6 acres), has a capacity
of 32,485 m3 (26.3 acre-ft) Note that the playa area-capacity relationship (354,644 m2 vs. 32,485
m3) indicates that water filling only the playa is less than a meter deep, which is a function of the
playa being nearly flat—ground survey data record a maximum vertical variation of about 60 cm
(2 ft). When filled to the bench surface at the annulus, water depth in the center of the playa
would average 1.8 m (6 ft), with a maximum of about 2 m (6.6 ft).
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Figure 7. Examples of approaching the field-based characterization of Ehmke Playa. (L) Mark
Bowen and Dakota Burt (inset) employing a total station system to establish a datum and map
the playa via a series of intersecting transects. (R) Dakota Burt preparing to launch one of our
research sUAS for a photographic mission.
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Figure 8. A low oblique view westward of Ehmke Playa during the waning of a hydroperiod. The
“bathtub ring,” accentuated by flotsam, clearly defines the playa through its hydric soil zone.
Best-developed hydric soils are revealed by the dark (wet) core and the less well developed
hydric soils around the core and approaching the annulus especially to the southeast. Small
playas are visible along the top of the image (P).
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Figure 9. Ehmke Playa catchment (1059 acres: 429 hectares), playa sink (basin defined by the
annulus) (69.6 hectares: 171.9 acres), and playa extent of hydric soil development (35.5 hectares:
87.6 acres).
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Figure 10. (U) The filled hillshade DEM (flat featureless surface) of the playa sink (or topographic
basin) and outline (red) of the playa hydric soil area (Fig. 8); (L) Fill depth (maximum water depth
at overflow), the level at which the volumetric capacity is 668,552 m3 (542 acre ft).
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Goal 2. Initiate on-site investigations and monitoring
A compilation of major data collection sites is presented in Figure 11. Three groundwater
monitoring wells were installed: southwest (#3) and southeast (#2) of the playa and in the playa
center (#1). The existing windmill well north of well 2 was used for water sampling only.
Location of cores 5 m (16 ft) or more were labeled as the EPC series—EPC 1-5 were extracted
with a Giddings trailer-mounted rig and EPC5 and 7 were obtained with the large Kansas
Geological Survey drill rig. The instrument station and infiltration sites are also indicated.

Figure 11. Locations of deep cores (vs. soil cores) (EPC series), groundwater monitoring wells 13 and monitored windmill well, and infiltration sites (Inf 1-4). Note the ascertained
northeastward direction of groundwater flow.
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Action 1. Install in-ground sensors and meteorological station.
1.1 Above- and below-ground instrumentation
The instrument group consisted of a 3.1 m (10 ft) instrument tower, sufficiently high to be
unaffected by high water levels and protective enclosing cattle panels, and an array of sensors;
primary sensors included an automated rain gauge, camera programed to take two photographs
each day, and automated sonic water level recorder and ground target (Figure 12). Likewise, the
logger and other electronics, battery, and solar cells were mounted above the maximum potential
water surface. Subsurface sensors to detect moisture flux were emplaced in a pit excavated
adjacent to the power and electronics stand (Figure 13). The supplier of the instrument station
tower and sensors, Campbell Scientific (https://www.campbellsci.com/) was contracted to write
the code for all sensors due to the complexity introduced by the deployment of sensors from
various manufacturers. Also within the cattle panel enclosed instrument area is groundwater
monitoring well 1, with a standpipe (white pvc) extending to above the potential maximum water
level to avoid surface-water contamination of the groundwater. Figure 14 provides examples of
an instrument station camera image and a ground photograph taken during two spring 2017
runoff events sufficient to pond water in the playa.

Figure 12. UAS views northwestward of the above-ground instrument array and of the belowground sensors in the pit prior to backfilling.
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Figure 13. Below-ground sensor installation. (L) soil-water potential sensors emplaced; (R)
Dakota Burt (cap) and Randy Stotler installing water content reflectometers.

Figure 14. Hydroperiods recorded at Ehmke Playa during the period of investigation. (L)
Eastward facing morning photograph taken by the instrument station camera on May 2, 2017;
(R) Southeastward view of Ehmke playa on April 12, 2017 when water covered most of the
playa hydric soil area. The red arrow indicates the instrument station in the center of the playa.
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1.2 Groundwater monitoring wells
Three monitoring wells were installed at the study site in June 2016 (Figures 15 and 16) (Table
1), including:
• Well 1 (EP-1) in the playa center within the fenced instrumentation area within the playa,
drilled to a total depth of 31.5 m (103.4 ft) (all depths are reported as below ground
surface unless otherwise noted),
• Well 2 (EP-2) adjacent to the road in the southeastern corner of the section, on the
southeast side of the playa basin, and at the toe of the lunette, drilled to a total depth of
30.1 m (98.8 ft).
• Well 3 (EP-3) to the southwestern corner of the section and adjacent to the southwestern
corner of the playa near the inflow drilled to a total depth of 30.0 m (98.3 ft).
Surface elevations were extracted from LIDAR using coordinates and are 867.8 m (2,847.2
ft) above mean sea level (amsl), 871.6 m (2,859.6 ft) amsl, and 874.2 m (2,868.0 ft) amsl at
wells 1, 2, and 3, respectively. Each well was instrumented with a Solinst Levellogger
pressure transducer, allowing for hourly water level measurements. A Solinst Barologger was
placed in well 1 at 6.4 m (21 ft) below top of casing for barometric pressure corrections.

Table 1. Well construction data.
Well Latitude
Longitude
ID
EP 1
EP 2
EP 3

Surface
Elevation
(m AMSL)
38.44240°N 100.60301°W 867.8
38.43879°N 100.59441°W 871.6
38.43908°N 100.61197°W 874.2
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Well Depth Height of Pipe
(m BGS)
above Surface
(m)
31.5
2.010
30.1
0.355
30.0
0.485

Figure 15. Kansas Geological Survey Explorations Section drill crew installing one of the three
groundwater monitoring wells.

Figure 16. Nate Schlagel and Dakota Burt (cap) making well and water-level depth
measurements at one of the three groundwater monitoring wells. All three wells were protected
from cattle disturbance with heavy wire mesh and several supporting steel T-posts.
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Action 2. Conduct subsurface investigations via machine coring and trenching.
Subsurface explorations were conducted by various means (Figure 17). Reconnaissance soil
survey was conducted with spade, soil probe, bucket auger, and small Dirt Master backhoe.
Trenching, while limited due to cost, was carried out using a backhoe and operator contracted
from a local oil well service company. Core extraction was accomplished using one of two
approaches. For depths 5-8 m, the zone above sub-surface carbonate lentils, a trailer-mounted
Giddings coring machine was used, but for deeper coring (to the water table and below), the
Kansas Geological Survey’s Exploration Services section drill crew using a hollow-stem auger
system was brought into service. In addition to the above, a suite of cores were collected first,
using the Giddings rig, outside the playa to document the soil and stratigraphy of the sink, bench
and interplaya areas (Figure 18). All cores were captured in transparent PTEG plastic core-tube
liners, which were capped and sealed to prevent contamination, stabilize for transportation back
to the University of Kansas, and facilitate archiving.

Figure 17. Sub-surface investigations. Trenching was conducted using a locally contracted
backhoe and operator (UL), and shallow soil-inspection pits were excavated with a small towable
backhoe by Nate Schlagel, as well as by soil probing and hand bucket auguring (UR). Extraction
of cores was conducted by the Kansas Geological Survey’s Exploration Services section drill
crew using a hollow-stem auger system (LL; Kait Salley pictured logging cores), and by using a
trailer-mounted Giddings coring machine (LR).
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Figure 18. Locations of soil cores extracted from the edge of the playa, sink, and bench, i.e., on
the edge and outside the playa hydric soil area. This was the first phase of (Google Earth)

Actions 3. Conduct infiltration studies.
A Decagon Devices DualHead Infiltrometer was used to measure the Ksat of the surface soil at
four locations. Two measurements were collected at the playa center (Inf 1 and 2) near EPC 1
and two measurements were collected at the interplaya (Inf 3 and 4) near EPC 7 (Figure 11). The
infiltrometer uses an encased pressurized chamber filled with water to maintain a constant
pressure head through a series of high and low pressure cycles. A soak time of 25 minutes was
chosen to properly wet the soil, followed by three pressure cycles using a high-pressure head of
15 cm and a low-pressure head of 5 cm. Following the pressure cycles, Ksat is calculated by
averaging the result of the three cycles (Figure 19).
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Figure 19. Kait Salley setting up and running the dual-head infiltrometer tests. The tests were
conducted on both the playa floor and the interplaya near cores locations EPC5 and EPC7 using
the operational cycle as illustrated.
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Goal 3. Laboratory analyses of core and trench samples

Action 1. Prepare and analyze geochemical tracer samples.
Pore water chemistry was analyzed from four cores, including every 0.5 m from EPC 1 and
2, and every 1 m from EPC 5, and 7 (Figure 20). Approximately 120 g of soil/sediment was
used for each sample, or between 3 and 5 cm length from a 6 cm diameter core. A 20 g
aliquot was separated from each sample for measurement of field gravimetric water content
(θ Gfield), by oven drying at 105°C for 24 hrs. The volumetric water content (θVfield) was
estimated based on the volume of soil/sediment removed from the core and assuming a
water density of 1 g mL-1. The remaining 100 g of soil from each sample was air-dried in
the controlled lab environment for 7 days and then re-weighed. Dried samples were softly
ground using mortar and pestle to dis-aggregate clays. A saturated paste was then created
using the air-dry soil and adding deionized (DI) water at a 1:1 ratio (Lindau and Spalding,
1984; Herbell and Spalding, 1993). Samples were then agitated for one minute, covered, and
left for 24 hrs to ensure precipitated ions from pore water dissolved completely. Just before
extraction, an aliquot of soil was removed for a second gravimetric water content (θ Gpaste)
measurement. Samples were then placed into extraction cups lined with two pieces of 2.7
µm filter paper (9.0 and 4.25 cm diameter), and placed onto a Model 24VE programmable
vacuum extractor. Samples were left on the vacuum for 24 hours, resulting in extraction of
60 to 80 mL of pore water. The extracted pore water was then filtered using a syringe
attached to a 0.45 µm attachable filter to remove sand and coarse silt from the sample.
Afterwards, the specific conductance was measured using a Hach Waterproof Handheld
meter to ensure the TDS was low enough to analyze using an Ion Chromatograph (IC). The
meter was calibrated using solutions of 10 and 100 ppm. In instances of high TDS water, the
sample was diluted with DI water prior to IC analysis. A 5 mL aliquot of each pore water
sample was analyzed on the IC for fluoride, chloride, bromide, nitrate, and sulfate.

Figure 20. Extraction of pore water from saturated pastes.
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Instrument quantification limits (IQLs) were calculated using calibration curves with two
high and two low standards for each anion. Two IC runs were completed, one in July 2017
and a second in August 2017. Calibration curves with plotted per anion per run using
detector response as area under the curve along the x-axis and standard concentration along
the y-axis. A best-fit line was drawn on each of the calibration curves and the y-intercept,
slope, and R2 values calculated for each (Corley, 2003). The y-intercept and slope were then
used to calculate the root mean square error (RMSE) and the R2 value used to gauge validity
of the best-fit line (Corley, 2003). The final IQLs were calculated as 10*RMSE divided by
the slope (Corley, 2003). Then, the IQLs and R2 values for both runs were averaged
together. Results were output from the IC in mg L-1 (ppm). This value was converted to mg
Kg-1 of dry soil using the following equation:
anion
mg
g
1
mL
anion mg
� � × θGpaste � � ×
� �=
� �
extracted water L
g
ρwater g
soil Kg

[1]

where θ Gpaste is the gravimetric water content of the saturated paste described above and the
density of water (ρwater ) is assumed 1 g mL-1. The mg kg-1 concentration was then converted
to mg L-1 of pore water:
anion mg
1
g
anion
mg
� �×
� �=
� �
soil kg
θGfield g
pore water L

where θ Gfield-1 is the inverse of the field gravimetric water content discussed above.

[2]

Action 2. Prepare and analyze soil and sediment samples.
Analysis of soil and sediment samples was carried out first on the cores collected around the
playa (Figure 18) and subsequently from cores (EPC 3, 4, 5, 7) (Figure 11), with the exception of
the sensor pit at the center of the playa, where samples were collected from a prepared face.
Cores were transported to the Soils and Geomorphology Laboratory at the University of Kansas
for examination and sampling (Figure 21). Samples were collected typically every 2 to 5 cm.
Each sample was packed into 8 cm3 plastic cubes and dried for 48 hrs at 60°C. The samples in
the cubes were then used for magnetic susceptibility, particle size (texture), spectral color, and
stable isotope (δ13C, δ15N) analyses.
Rock magnetic analyses of soil and sediment have been used to gauge soil development and
weathering with loess through magnetic grain mineralogy, size, and concentration (e.g., Singer
and Verosub, 2007; Geiss et al., 2008; Maher, 2016). Low-field magnetic susceptibility (χ), a
proxy for the total abundance of magnetic minerals (Singer and Fine, 1989), was measured using
a Bartington MS2B sensor, which reports values as mass-normalized SI (International System of
Units)-values. Though not displayed herein, frequency-dependent susceptibility (χfd), a measure
of the abundance of ultra-fine magnetic grains that straddle the superparamagnetic (SP) – single
domain (SD) boundary (~ 0.01 µm for magnetite) which become more abundant during soil
formation due to neoformation (Maher and Thompson 1991; Geiss and Zanner, 2006; Maher,
2016), was measured at 470 Hz (χlf) and 4.7 kHz (χhf) using a Bartington MS3 susceptibility
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meter equipped with a MS2B dual-frequency sensor. To estimate the error of the χfd
measurements, low- and high-frequency measurements were repeated five times for each sample.
Data are reported as χfd = χlf – χhf and χfd(%) = (χlf – χhf)/ χlf × 100.
Carbonate concentration was derived using a couleometer, an instrument that measures the
amount, in this instance, of inorganic carbon transformed during electrolysis. Samples were
assayed after acid treatment and again following combustion.
Particle size analysis was used to characterize texture After drying, Rootlets were removed from
samples, which were then soaked in 20 mL of 25% H2O2 for 48 hours at 60˚C to remove
organics (Mason et al, 2003; Sandström et al., 2005). Samples were then decanted and sonicated
in deionized water for 3 minutes prior to analysis using a Malvern Mastersizer 2000 laser
diffraction particle size analyzer. Malvern analysis reported each sample texure as a percentage
of clay, silt and sand.
Soil color can be used to approximate melanization and rubification within soils and can be a
proxy for gauging soil organic carbon levels (Wills et al., 2007). Both CIELAB color space and
traditional Munsell color data were determined using a Konica Minolta CM-700 handheld
spectrophotometer on moist soils cores and on dried samples within 8 cm3 plastic cubes extracted
from RLCS1. CIELAB color parameters, reported herein, include the values L*, a*, and b*,
where lightness, L*, represents the darkest black at L* = 0, and the brightest white at L* = 100.
The color channels, a* and b*, indicate true neutral gray values at a* = 0 and b* = 0. The
red/green opponent colors are represented with green at negative a* values and red at
positive a* values, whereas the yellow/blue opponent colors are represented with blue at
negative b* values and yellow at positive b* values. Color data were recorded on air-dried
samples following white-standard calibration.
Samples were analyzed at the University of Kansas Keck Paleoenvironmental and
Environmental Stable Isotope Laboratory (KPESIL) for δ13C, δ15N, total N, and total organic C.
Samples were oven dried at 60˚C, pulverized, picked for roots, and decarbonated with 10 mL of
0.5 M HCl, repeated as necessary until samples were no longer reactive. After drying,
pulverizing and loading, samples were combusted at 1060˚C in a Costech Elemental Analyzer
and transferred to a ThermoFinnigan MAT 253 mass spectrometer for assay, along with
specified standards. Stable carbon isotopes (δ13C) from plant material distinguish plants based on
whether they use the C3 or C4 photosynthetic pathway (O’Leary, 1981). C3 (cool season grasses,
shrubs, most trees) typically have δ13C values between -32‰ and -20‰ (Ode et al., 1980),
whereas C4 plants (predominately warm season grasses) have δ13C values between -17‰ and 10‰ (O’Leary, 1988). Further, pairing organic C and total N values provides a C:N ratio which
not only distinguishes terrestrial and aquatic environments, but also serves as a metric for
relative soil activity (Stevenson and Cole, 1999).
To determine the approximate numerical chronology of accumulation within the upper nongleyed (reduced) hydric soil of the playa floor and buried soils in cores, accelerated mass
spectrometry radiocarbon (AMS 14C) dating was applied to bulk samples extracted from the
instrument pit face and cores EPC3 and EPC4. Samples were dried, picked for rootlets,
pulverized and submitted to either Beta Analytic, Inc. or the National Ocean Science Accelerator
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Mass Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institution for final pretreatment and assay.

Figure 21. Drill core analysis in the laboratory. The EPC4, the 7.25 m (23.8 ft)-long south bench
core, has been opened (view down core) and dressed for description, photography, sampling, and
color scanning in the University of Kansas Soils and Geomorphology Laboratory.

Action 3. Conduct additional field investigations and sample analyses as deemed necessary.
None
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Goal 4. Research results and discussion
4.1 Soil and sediment Analyses
A thorough characterization of the playa stratigraphy in the near-surface and the full vadose zone
was an essential prelude to this investigation into the connectivity of the playa basin and the
watertable for the purpose of HPA recharge. Subsurface explorations by Bowen and Johnson
(2012) at Ehmke Playa documented that the generalized stratigraphy consists of multiple loess
units with intercalated paleosols, the oldest of which may date to 200,000 or more years ago.
Underlying this sequence is a series of carbonate lentils starting at 5-7 m (16-23 ft) depth, most
of which are likely within the basal Miocene-age Ogallala Formation (Figure 22). The first phase
of coring was conducted to characterize the upper fine-sediment surrounding the playa, that is,
from the edge of the playa up onto the interplaya. Cores were collected as in Figure 18, which
did not include the lunette: lunette stratigraphy had previously been investigated (Bowen and
Johnson, 2012; Bowen et al., 2018) and was not the target of this study. Cores were subsequently
extracted from the playa and from the interplaya for characterization of the stratigraphy and for
the use of geochemical proxies of downward water movement (Figure 11).
During the course of the investigation, numerical dating was carried out on samples from Ehmke
core A3 (Figure 18) and on the sensor pit. Three AMS 14C samples collected from core A3 on
the bench produced calibrated (calendar) ages of 9540 years B.P. (129 cm: 4.2 ft), 11,820 years
B.P. (before present: 1950) (149 cm: 4.9 ft) and 27,950 years B.P. (593 cm: 19.5 ft). These ages
were readily correlated to EPC4, also on the bench and to the west of A3. Four ages were
obtained from the sensor pit: at 25 cm (10 in) below the surface, the calibrated (calendar) age
was 3315 years B.P.; at 47 cm (18 in), 4160 years B.P.; at 65 cm (26 in), 3765 years B.P.; and at
85 cm (34 in), 5170 years B.P. Observations include: (1) the age derived at 65 cm (3765 years
B.P.) is out of stratigraphic order (appears too young) relative to the ages above and below,
which is not surprising given the high amount of argiliturbation (mixing by shrink and swell of
clays) occurring in the hydric soil environment; and (2) the accumulation rate has been very
slow, i.e., only 85 cm of fill has accumulated over about 5200 years or about 0.16 mm/year. A
fourth AMS 14C age determined from a sample collected at 96 cm (lowermost part of the dark
organic zone) from EPC3 produced a calibrated age of 7460 years B.P., thereby reducing the
overall accumulation rate to 0.12 mm/year.
The upper 7 m (23 ft) of less of fine-grained sediment accessible above the first carbonate lentils
around the playa area with the Giddings drill rig was cored (Figure 18). The resulting cores were
evaluated for particle size and magnetic susceptibility, both indicators of stratigraphy and
vertical change in the near-surface sediments. Though scores of cores were extracted, Figure 23
displays representative data from four cores extracted from the bench (A2, A3, A4, A7), one
from the sink (A6), one from the delta (AD), one from the inflow channel (C), and one from the
playa basin edge (PB2). Three graphs of particle size are presented: (1) d-Values (d10, d50, d90),
which are the most commonly used metrics when describing particle size distributions and
represent the intercepts for 10%, 50% and 90% of the cumulative mass (e.g., d10 is the diameter
at which 10% of the sample's mass is comprised of particles with a diameter less than this value);
(2) the traditional rendering of the individual percentages for sand, silt, and clay size particles;
and (3) the derivative ratio metrics of coarse silt:clay and sand:clay, which track relative changes
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within the fine fractions and between the extreme fractions, respectively. The fourth graph,
magnetic susceptibility, can indicate different forcings (e.g., change in sediment provenance), but
in the playa environment it is primarily an indication of degree of weathering (e.g., buried soil)
and of reduction-versus-oxidation of iron minerals.
In Figure 23, the d10, d50, and d90 values vary little among the four bench site cores indicating
that they have similar depositional and post-depositional environments and histories. Values for
d90 are 50-60 um downward until they encounter the highly variable and mostly sandy particle
size distributions above the contact with the upper carbonate lentil. Sand, silt and clay
percentages illustrate the dominance of silt (70-75%), consisting of reworked loess, and clay in
the 25-30% range, with sand (very fine grade) concentrations being extremely low. PSA ratios
for the benches highlight the variations within the basic sand-silt-clay categorization. As
anticipated, greatest variability occurs in the coarse silt-to-clay ratio, which is to a large extent
the inverse of the clay percentage curve due to the relative constancy of the sand component, but
it does show some nuances in the particle size distribution, in particular in the lower parts of the
cores, where the impact of sand concentrations is crucial to the continued downward percolation
of vadose water. Magnetic susceptibility varies significantly among the bench cores, though
three of the four cores display the characteristic increase due to surface soil formational
processes, which has resulted in neoformed magnetic grains created by pedological weather and
by magnetotactic bacteria. Values below that are typically 30 SI units or less due primarily to the
reduction of the iron minerals. Increased susceptibility (bumps) at depths varying between
200cm and 400 cm are a result of brief surface stability during which sedimentation was
extremely slow or even soil formation occurred. For the west bench site (A4), the constancy of
the low values throughout is due to slope wash from the windward flank of the lunette and to
recent human disturbance.
Ehmke Playa sink east core (A6) also displays a d90 value of about 50 um due to the influence of
silt and to a lesser extent clay. Between 100 cm (39 in) and 250 cm (98 in), a silt percent bulge is
prominent at the expense of clay and appears to represent a series of inundations with large silts
loads; this is reflected both in the sand:clay ratio and the decreased susceptibility. The sink area,
situated between the annulus and the playa has likely been relatively dynamic due to impact by
only the extreme hydroperiods; its stratigraphic variability is, however, surpassed by that of the
delta and inflow channel cores.
The deltaic area (AD) displays considerable down-core variation in all particle size parameters
because of the dynamic nature of inflow volume and sediment load and caliber, and to the
function—alluvial fan-like or a true delta. The shift in parameters between about 250 cm (98 in)
and 400 cm (158 in) may be related to the event recorded in the core from the sink (A6).
Magnetic susceptibility increases at this time, probably due to the increase in silt, with its
characteristic magnetite component. Particle size data from core C collected within the inflow
channel show considerable variability expected in the dynamic channel environment, such as the
sand spikes, though the increase in the coarse silt within the central part of the core appears as in
some of the other cores.
Core PB from the south-southeastmost edge of the playa was collected to gage the level of
sedimentary variability that has occurred along the fringe of the playa, which was presumed to be
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somewhat dynamic due to wave action and marked water-level fluctuation. Also, this is the zone
of weakest hydric soil development, thereby experiencing less of the homogenization resulting
from argiliturbation. While the upper meter displays episodes of silt and clay interaction and the
PSA fine-fraction ratio drops, a coarse silt bulge is again apparent in midcore. The lower two
meters are highly variable with zones of increased very fine sand.
In summary, these cores indicate (1) silt as the dominant particle size (loess-sourced), (2)
increases in sand above the contact with the carbonate zone (transition to the upper Ogallala
Formation), (3) a coarse silt bulge in the middle of many of the cores from above the lentils (a
period of increased sediment input), and (4) relative slow sedimentation in the upper one-to-two
meters. Though no numerical ages were obtained from below the upper zone of slow
accumulation except for core A3/EPC3 (bench), it is suggested that the mid-core zone of rapid
accumulation occurred during the more mesic environment of past glacial period.

Loess and intercalated paleosols

Carbonate lentils and underlying Ogallala Fm. (undiff.)

Figure 22. Generalized cross section and stratigraphy at Ehmke Playa. A sequence of loess units
with intercalated paleosols overlies the zone of carbonate lentils, mostly within the underlying
Ogallala Formation. The water table would be at about -13 m (-43 ft) on the y axis. (Bowen and
Johnson, 2012)
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Core A2 Ehmke upper bench south

Core A3 Ehmke bench south

Core A4 Ehmke bench west

Figure 23. Representative data from cores extracted from the edge of the playa edge, sink, bench,
delta, and inflow channel. Locations of cores are indicated in Figure 18. (Continued)
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Core A7 Ehmke bench north

Core A6 Ehmke sink east

Core AD Ehmke delta

Figure 23. Representative data from cores extracted from the edge of the playa edge, sink, bench,
delta, and inflow channel. Locations of cores are indicated in Figure 18. (Continued)
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Core C Ehmke inflow channel

Core PB2 Ehmke playa basin edge south

Figure 23. Representative data from cores extracted from the edge of the playa edge, sink, bench,
delta, and inflow channel. Locations of cores are indicated in Figure 18.
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The second phase of coring and installation of the sensor pit (Figure 11), focusing on the playa
and adjacent interplaya, was conducted to collect cores for geochemical analyses and to
characterize and compare the stratigraphy. Color is one of the primary features of a core or
profile, and herein we used the CIELAB color, rather than the traditional Munsell systems due to
its interpretability and ease in graphic representation. Color data from the sensor pit wall (Figure
24) show the obvious first-order shift from the upper hydric soil to the lower gray-brown zone:
lightness increases, slightly decreases and yellow increases downward from the contact. Color is
not, however, static: the spectrophometer detected subtle changes often not seen by the eye. For
example, an increase in variance of b* values below the contact is due to the presence of
redoximorphic features.
Figure 25 displays the CIELAB colors for cores EPC3, adjacent to the sensor pit; EPC5, the
vadose zone core from the playa center; EPC4, bench location south of the sensor pit; and EPC7,
interplaya north of the playa center. EPC3 displays the same color pattern as the adjacent sensor
pit and the relative constancy of color to the upper carbonate lentil. While much lower
resolution, jumps in colors from EPC5 indicate the approximate locations of lentils and
lacustrine silt zones, expressed as increases in L* and a* and b* particularly below 7 m (23 ft).
EPC4, from the south bench, shows the same basic pattern as EPC3 to where it encountered the
lentil, which was at 7 m (23 ft) because the bench is about 2 m (6.6 ft) higher than the playa.
EPC7, from the interplaya and also of low resolution data, was somewhat more variable in color
throughout given a higher interstitial carbonate content and multiple buried soils (peaks in a* and
b*) than EPC5 in the playa center.
Basic sand-silt-clay percentages (Figure 26) were derived from the sensor pit, EPC5, EPC4, and
EPC7. Little variation in the distribution of fines occurs, with silt dominating (>80%), clay minor
at 5-10%, and very little sand showing a slight increase downward. Noting the depth scale
difference from the previous graph, EPC5, playa center, shows the low-resolution pattern—more
variation in clay compared to the sensor pit and a dramatic change in all three size fractions at
about 6 m (20 ft), where silt and clay give way to sand within the carbonate–rich Ogallala
formation. EPC4, south bench, displays the increase in sand in the transition to the lentil. EPC7,
interplaya, exhibits the jumps between sandy carbonate zones and siltier buried soils and an
increase in overall sand content down core.
Magnetic susceptibility (Figure 27) for these same sites provide insight to processes and events.
The sensor pit displays relatively consistent susceptibility in the hydric soil zone, but shows an
excursion within the upper gleyed zone, which is interpreted as increased redoximorphic activity
immediately below the transition. The lower resolution EPC5 playa core indicates an increase in
variability below about 7 m (23 ft) with an overall increasing trend—the values should drop due
to carbonate dilution of the magnetic signal, but the smallest magnetic mineral grains
(‘superparamagnetic’) detected with frequency dependence of susceptibility data (not shown)
were translocated downward with the increase in sand texture, which implies the downward
movement of water. The curve for the south bench, EPC4, portrays a gradually decreasing
susceptibility punctuated by increases due to soil formation, and from about 3 m (9.8 ft)
downward it is relatively low but yet shows evidence of periodic stability (soil formation), three
of which have been 14C-dated. Note that the upper meter or so represents about the last 10,000
years. The interplaya, EPC7, has relatively high susceptibility down to about 8 m (26 ft), though
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the signal in this reach is highly variable due to episodic carbonate dilution (decrease) and soil
formation (increase). The decrease in the lower 7 m (23 ft) is due primarily to carbonate dilution
of the signal and a lower concentration of magnetic minerals (domination by quartz sand).
Stable C and N, along with their respective concentrations were derived for the playa, EPC3 and
EPC5, and the interplaya, EPC7 (Figure 28). EPC3 δ13C values obtained from the lower meter or
two suggest that this was a drier period in that the values approach the C4 grass threshold, but the
middle segment of the core suggests a prolonged mesic period when the playa was dominated by
the C3 lacustrine plants, likely the more mesic and cooler last glacial period. The upper meter or
so, the post glacial period, reflects the prevailing increased warmth and drier environment. The
deeper but lower resolution EPC5 playa core shows a similar pattern with presumed increased
climate variability at depth. Values from the interplaya core display the strong C4 upland grass
signal of the last several thousand years, whereas the interpreted last glacial drop to C3 grasses
appears. Another warmer, drier period occurs mid-core, but is preceded by a cooler more mesic
period. These δ13C data indicate the obvious, that climate variations through time have impacted
playas and consequently the role of playas as point sources of recharge to the HPA has varied.
Organic C remains in the stratigraphic record of the playa and interplaya (Figure 29). Despite its
dark, nearly black appearance, the hydric soil of the playa does not contain a large concentration
of organic C, with much of the dark color coming from the clay content, iron oxides and perhaps
manganese oxides. Organic C content decreases downward, being partially preserved only in
buried soils, which can be identified in both playa cores and especially in the interplaya core.
Very little has been preserved below 6 or 7 m (19.7-23 ft).
With the N and organic C data derived from the isotope analyses, the C:N ratio was derived for
each of the two playa cores for the interplaya core as a metric for gaging which periods are more
aquatic versus more terrestrial (Figure 30). Terrestrially-derived organic matter typically has C:N
ratios 14-20 and higher, whereas aquatically-derived biomass typically yields a C:N ration of 410 (Meyers and Teranes, 2001). C:N ratios for both playa cores were highest in the hydric soil
zone lower in the 4 m below and then increase a bit farther down in EPC5, indicating that mesic
conditions of the presumed last glacial period left a clear aquatic biomass signal. Data from the
interplay core are, however, puzzling given the low ratios and cannot be explained at this time.
Given that carbonate concentration, as a matrix in the sediments, can impede downward flux of
water, concentrations were measured in the EPC3 core (playa center). Concentrations in the
above-lentil fine sediments (hydric soil zone) are minimal, with concentrations of <0.01% in the
105 cm (41 in), at which point it jumps to 1.5% and shows an overall increasing trend up to
about 4.5% at 5.23 m (17.16 ft), the depth at which the first carbonate lentil was encountered.
The abrupt increase at 105 cm indicates the rapid transition from the upper heavily melanized
hydric soil zone to the underlying carbonate-rich gleyed zone below. This lack of significant
carbonate in the hydric soils zone suggest that downward water movement through macro- and
micropores is not impeded by interstitial carbonate.
Historical sedimentation and degradation of the playa recharge function
Anthropically accelerated sediment accumulations within playas, a major cause of the
degradation of playa function, is the greatest threat to playas (Smith, 2003) and will continue to
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result in the total disappearance of many playas from the landscape. Bowen and Johnson (2017),
in a study of 64 playas distributed throughout the High Plains of Kansas, found that without
grass buffers, playas within cultivated watersheds accumulated an average of about 9 cm (3.5 in)
of recent sedimentation and lost 30% of their storage capacity. In contrast, those playas with
significant grass buffers reduced sedimentation on average to 2.3 cm (<1 in) or less.
During past runoff events Ehmke Playa has received substantial inflow, which gradually
produced a delta-like feature, which again has actually functioned more like a fine-grained
alluvial fan given that it is inundated only during the largest runoff events (Figure 10). Ehmke
Playa has apparently been unaffected by historical sedimentation due to very good land
stewardship—the playa and sink, being completely surrounded by pasture, benefit from the
grasses capturing sediment being transported from the adjacent wheat fields. Further, the inflow
channel, while flowing through cultivated fields southwest of the playa, enters the playa only
after traversing a 625 m-long grass waterway. Though no historical sediment accumulation was
detected within the sink or playa, a small area of historical sedimentation (very fine sand and
coarse silt) less than 5 cm in thickness was found on the delta feature, indicating that the deltaic
feature formed during prehistory. Bowen and Johnson (Johnson et al., 2016) have used 210Pb
(half-life ≈ 22.2 years) to date historical playa sediments in Lane and other western Kansas
counties. Even though Ehmke Playa was not dated, the chronology of sedimentation at the other
playa sites started about 1920 and accelerated around 1940, perhaps at least a partial response to
the demand for wheat during the two world wars. The regional sedimentation chronology
combined with established melanization of the historical sediments suggests that the minor
extent of historical sedimentation in Ehmke Playa may date to many decades ago.

(7460)

Figure 24. CIELAB colors, AMS 14C ages, and sensor pit image. The dashed line represents the
approximate color boundary, and the 14C age of 7460 years B.P. in parentheses was from a
sample collected at the lowermost boundary of the upper melanized zone from adjacent core
EPC3.
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Figure 25. CIELAB colors for cores EPC3 (playa center), EPC5 playa center), EPC4 (bench
south), and EPC7 (interplaya north). Cores EPC3 and 4 were extracted with the Giddings rig, and
EPC5 and 7 by the Kansas Geological Survey hollow-stem rig.
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Figure 26. Particle size distribution for the sensor pit and cores EPC4, EPC5, and EPC7. Note the
change in scale for the sensor pit.
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Figure 27. Magnetic susceptibility for the sensor pit and cores EPC3, EPC4, EPC5, and EPC7.
Note the difference in depth scale for the sensor pit.
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Figure 28. Stable C isotope data (δ13C) from cores EPC3 (playa center), EPC5 (playa center),
and EPC7 (interplaya north). The vertical dashed line indicates the approximate value (-20‰)
where C3 and C4 plants are mixed more or less equally.
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Figure 29. Organic C (%) data from cores EPC3 (playa center), EPC5 (playa center), and EPC7
(interplaya north).
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Figure 30. C:N data from cores EPC3 (playa center), EPC5 (playa center), and EPC7 (interplaya
north).
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4.2 Inundation and Subsurface Pressure Response
Matric Potential and Hydrus 1D Model
Matric Potential (MP) was measured at four soil depths from December 2016 to June 2017.
During the winter months, MP was very negative (<-6,000 kPa) throughout all installed depths
(12, 47, 96, and 152 cm) (Figure 31). Beginning on February 19, MP values at sensor 1 (12 cm)
began to increase, remaining quite negative until March 29. During this time, the MP increased
through a series of pulses nineteen times. Individual pulses lasted for 10 hrs to 6.8 days, with MP
increasing from -7,999 kPa to a range between -6,413 kPa and -1,524. On March 29 at 11:30
AM, the MP increased above field capacity (FC), remaining at this higher potential throughout
the remainder of the observation period (June 12). This final increase in MP is attributed to rain,
which totaled 56.9 mm between March 23 at 8:00 PM and March 29 at 11:30 AM. The most
significant rain events occurred on March 23 (12.5 mm), March 28 (35.8 mm) and March 29 (7.9
mm). These were the first significant precipitation events of the study, with only a total of 19.05
mm of rain falling between December 26 at 11:20 AM and March 23 at 8:00 PM.

Figure 31. Upper graph: matric potential (kPa) from 12/26/16 to 6/12/17 and daily rainfall (mm).
Lower graph: zoom of 3/30/17 to 6/12/17 when field capacity is exceeded and gravity drainage is
underway, which corresponds to a playa inundation from April 13 to May 16.
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The second sensor (47 cm) recorded very negative MP (-7,999 kPa) until April 11 at 11:20 AM,
when the MP began to pulse upwards for short time periods (10 to 30 mins), increasing to
between -7,500 and -7,966 kPa, and then decreasing back to -7,999 kPa (Figure 31). Two pulses
lasting 1 to 7.5 hrs were observed on April 12 between 3:10 AM and 1:00 PM, increasing MP to
between -7,310 and -6,914 kPa before decreasing back to -7,999 kPa. Starting April 12 at 3:10
PM, sensor 2 recorded a final pulse of water, until MP exceeded FC at 10:30 PM, likely a result
of the heavy rain event that day (79.3 mm). After reaching FC, the 47 cm sensor remained above
-33 kPa through the end of the sampling period (June 12). Prior smaller rain events on April 1
(13 mm) and April 4 (11.4 mm) appear to have had no effect on MP at sensor 2.
Sensor 3 (96 cm) recorded small (10 min to 1.8 hr) pulses of water starting on March 20 at 2:50
PM, with MP increasing from -7,999 kPa to a maximum of -7,606 kPa. On March 22 at 11:50
AM, the pulses become longer (20 to 26 hrs) and reach a maximum of -7,024 kPa. Beginning
March 25 at 6:00 PM, MP increases above -7,999 kPa for 15 days (through April 10 at 11:50
AM), reaching a maximum of -6,460 kPa (Figure 31). Finally on April 10 at 1:00 PM, a pulse of
water begins at sensor 3, resulting in MP exceeding FC on April 13 at 9:20 AM. MP then
remained above FC through June 12.
Beginning on April 5 at 3:20 PM, sensor 4 at 152 cm begins to record small pulses (10 to 80
min) of water, with MP increasing from -7,999 kPa to a maximum value of -7,273 kPa (Figure
31). On April 13 at 6:00 PM, the final pulse begins, with MP exceeding FC on April 14 at 3:20
AM. The MP in this zone also remains above FC until the end of the monitoring period (June
12). Thus, it appears the 79.3 mm of rain on April 12, which influenced the 47 cm and 96 cm
sensors, also pushed the wetting front beyond the 152 cm sensor.
Between March 20 and April 12, the 96 cm sensor recorded a higher MP than the 47 cm sensor.
During this time, matric potentials indicate water is moving downward from 12 to 47 cm,
upward from 96 to 47 cm, and downward from 96 to 152 cm (Figure 31). The probable
reason for higher MP at 96 cm is desiccation cracks that contribute preferential flow to this
depth (e.g., Nimmo, 2010). For the 24 days that this condition persists, the sensor at 96 cm
is a zero flux plane (ZFP), where upward fluid capillarity in the vadose zone is separated by
downward fluid flux. The soil color changes near this depth, from a dark-colored horizon to
a light-colored horizon. This change around 1 m depth (Figures 13 and 24) likely implies
that the majority of macropore activity causing bioturbation from constant shrinking and
swelling of smectite clays occurs in this upper portion of the soil. A typical pedon in the
Ness clay is characterized by an A horizon extending from the surface to 10 cm, a B horizon
from 10 to 94 cm, and a C horizon below 94 cm (USDA Natural Resources Conservation
Service, 2018). Additional evidence for preferential flow to around 96 cm includes high
gravimetric water contents in cores (0.14 to 0.21) and low chloride concentrations (15.7 to
34.5 mg L-1). Water that is below the ZFP and outside of the influence of
evapotranspiration, will likely become recharge water. After April 12, the MP at 47 cm
increases above the MP at 96 cm, the zero flux plane no longer exists at the 96 cm depth,
and fluid flux is downward to at least 152 cm (and likely deeper).
In summary, on April 12, a 79.3 mm precipitation event resulted in inundation of the playa
the following day. Prior to this, the 12 cm sensor had already exceeded FC (March 29); but
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MP was not measured above FC in deeper intervals until April 12 (47 cm), April 13 (96
cm), and April 14 (152 cm) (Figure 31). The playa remained inundated through May 16, but
all soil depths remained above FC through the end of the monitoring period (June 12). This
suggests that gravity drainage is controlled by playa inundation, although downward water flux
was occurring to a smaller degree in the 24 days prior to playa inundation, as evidence by the
ZFP through capillarity.

Figure 32. About 1 ft (30 cm) of water at the instrument station, in the center of the playa.
A fluid flux can be calculated based on the gravity drainage wetting front, which represents
fluxes for time periods during playa inundation. The gravity drainage wetting front took
14.5 days to advance from 12 to 47 cm, 10.8 hrs to move from 47 to 96 cm, and 18 hours to
travel from 96 to 152 cm. From this, the calculated inundation fluid flux rate ranges from
8,800 to 400,000 mm yr -1 (Table 2). This equates to a travel time of 10 days to 1.3 yrs
through the 11.5 m vadose zone. It is possible that these fast fluid fluxes equate to
movement through the soil during the beginning of inundation events and rates may
decrease as the soil wets and inundation persists.
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Table 2. Fluid fluxes calculated from the date and time that each sensor reached field capacity
(-33 kPa).
Sensor
Depth
(cm)

Date Field Capacity was
Reached at Sensor

Time Elapsed
Between Reaching
Field Capacity (days)

Fluid Flux
(mm yr-1)

12
47
96
152

3/29/17 11:30 AM
4/12/17 10:30 PM
4/13/17 9:20 AM
4/14/17 3:20 AM

NA
14.46
0.45
0.75

NA
8,800
400,000
270,000

The Hydrus-1D Software Package was utilized to constrain fluid flux rates in the vadose
zone calculated both via CMB method and MP measurements (Šimůnek et al., 2013). The
model was run for 169 days based on the precipitation data from December 2016 through
June 2017. The upper boundary condition is the measured precipitation at the site and the
lower boundary condition is a constant pressure head (11.5 m) to represent the water table.
Texture from EPC 4 was input into the model, and an initial condition for MP was input as 8,000 kPa. Four nodes (0.4, 1.6, 5.1, and 11.5 m) were placed through the depth of the
model for estimation of fluxes through time.
Results from the model indicate downward water movement in the upper soil during spring rain,
but do not suggest recharge reaching the water table during the 169 days (December 26 to June
12, 2017) of the model run. The 39 cm node exceeds FC on day 94 (March 29), which is the
same day that the shallow MP sensor (12 cm) reported above FC. The shallow model node (39
cm) fluid flux reaches a maximum (9,600 mm yr-1) around day 110 (April 14), shortly after the
large rain event on April 12 that resulted in inundation (Table 3). The 160 cm node exceeded FC
on day 141 (May 15) and reaches a maximum of 470 mm yr-1 on day 152 (May 26). Deeper
nodes at 510 cm and the water table (1,150 cm) remain at very low matric potentials (-8,000 kPa)
and low fluxes (2.9x10-6 mm yr-1) through the entirety of the model run. By day 169 (June 12),
fluid fluxes at shallow nodes (39 and 160 cm) had decreased to between 340 and 370 mm yr-1.
Although the modeled shallow node (39 cm) wetting aligns well with the MP measurements, the
deeper nodes have delayed (160 cm) or no fluid travel (510 and 1150 cm). This discrepancy
could be due to the lack of macropores in the model calculation, and/ or the short time timeframe
of the model run (169 days). Although the model did not anticipate recharge in the 169 days, the
anion profiles suggest flushing to 5 and/or 9 m after playa ponding. Fluid fluxes estimated by the
model suggest rapid travel times (<50 yr to 11.5 m) through the playa in the upper profile after
the large rain event on April 12, and slow travel times (>10,000 yrs to 11.5 m) at deeper nodes.
The maximum fluid flux in the model is within the range estimated from MP measurements
during inundation (8,800 to 400,000 mm yr-1). The model does support the theory that the
majority of percolation beneath the playa occurs during large rain events and during inundation.
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Table 3. Maximum Fluid Flux calculated by the Hydrus 1D model at each of the four nodes.
Node (cm)
Surface
39
160
510
1150

Max Flux
(mm yr-1)
28,900
9,600
470
2.9E-06
2.9E-06

Groundwater Response
Water level measurements were downloaded on a biannual basis in June and July of 2016 and
June and August of 2017 and range from 11.47 to 11.55 m (37.6 to 37.9 ft) in the playa and
15.97 to 16.50 m (52.4 to 54.1 ft) in the interplaya (all depths are reported as below ground
surface, unless otherwise stated). Groundwater elevations were calculated at the site from the
August 2017 sampling event in well 1 (856.4 m amsl, 2,809.6 ft amsl), well 2 (855.6 m amsl,
2,807.0 ft amsl) and well 3 (857.7 m amsl, 2,814.0 ft amsl) (Figure 33). Using the
HydrogeoEstimatorXL tool (Devlin and Schillig, 2017), groundwater at the Ehmke Playa site is
flowing under a hydraulic gradient of 0.0016 towards north 66° east.
Over the course of the study, a total variation in hydraulic head of ~10 cm (~4 inches) was
observed in the wells. Daily fluctuations were greater beneath the playa than the downgradient
interplaya well.
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Figure 33. Isolines of the water table (top of the saturated zone) were interpolated using water
level data from the three groundwater monitoring wells; values indicate the elevation of the
water table above mean sea level in meters. Locally groundwater is flowing west to east (high to
low hydraulic head), which is consistent with regional groundwater flow.

Figure 34. Hydrographs for Well 1 (Playa Well) and Well 2 (Downgradient Well) with
precipitation data.
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4.3 Core geochemistry
Pore Geochemistry
The gravimetric water content in the playa (EPC 1, 2 and 5) ranges from 0.05 to 0.24 g g-1.
In the interplaya vadose zone (EPC 7) the gravimetric water content was between 0.11 and
0.16 g g-1 (Figure 35). Volumetric water contents were similar in both the playa (0.10 to
0.33) and the interplaya (0.15 to 0.34) (Tables 4 and 5).
Table 4. Playa anion concentrations in pore water (mg L-1) and field water contents for EPC
1, 2, and 5.
Core
Sample
EPC 1-1
EPC 1-1
EPC 1-2
EPC 1-2
EPC 1-3
EPC 1-3
EPC 1-3
EPC 1-4
EPC 1-4
EPC 1-5
EPC 2-1
EPC 2-1
EPC 2-2
EPC 2-2
EPC 2-3
EPC 2-3
EPC 2-3
EPC 2-4
EPC 2-4
EPC 2-5
EPC 5-2
EPC 5-3
EPC 5-4
EPC 5-6
EPC 5-8
EPC 5-9
EPC 5-11
EPC 5-12
EPC 5-14
EPC 5-15

Average
Depth
(m)
0.025
0.775
1.695
1.995
2.575
3.025
3.325
4.085
4.685
5.125
0.025
0.765
1.715
2.015
2.615
3.075
3.365
4.115
4.725
5.185
0.515
1.015
2.015
3.015
4.015
5.015
6.015
7.015
8.015
9.015

Chloride
(mg L-1)

Bromide
(mg L-1)

Nitrate-N
(mg L-1)

Sulfate
(mg L-1)

Fluoride
(mg L-1)

θG

θV

81
22
42
140
25
16
14
16
31
60
96
16
21
25
19
14
12
15
37
78
51
35
37
27
29
46
19
34
37
72

5.4
4.5
4.2
<0.1
3.2
<0.1
1.9
1.7
1.7
1.7
6.5
3.2
3.0
<0.1
2.7
<0.1
2.0
2.0
2.0
1.8
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1

<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
0.83
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
1.5
2.4
3.4

450
170
220
360
170
130
110
200
190
270
370
120
150
130
170
150
190
220
210
310
110
83
110
180
190
330
82
120
78
120

6.9
14
5.3
14
4.2
<0.2
2.7
10
14
8.0
8.8
1.3
16
12
8.2
9.7
10
16
11
9.5
2.8
3.4
5.3
7.0
13
18
17
29
40
60

0.13
0.14
0.08
0.05
0.10
0.15
0.18
0.19
0.19
0.24
0.12
0.15
0.12
0.12
0.12
0.16
0.18
0.18
0.18
0.22
0.18
0.21
0.16
0.19
0.21
0.24
0.16
0.23
0.11
0.06

0.14
0.17
0.09
0.06
0.16
0.17
0.21
0.19
0.20
0.30
0.14
0.15
0.16
0.18
0.14
0.16
0.19
0.22
0.18
0.25
0.31
0.29
0.26
0.29
0.25
0.31
0.26
0.34
0.18
0.10
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EPC 5-16
EPC 5-18
EPC 5-19

10.015
11.015
11.685

63
55
34

<0.1
<0.1
<0.1

2.4
2.1
<0.2

58
63
82

47
27
17

0.10
0.19
0.21

0.16
0.33
0.28

Table 5. Interplaya anion concentrations in pore water (mg L-1) and field water contents for
EPC 7.
Core
Sample
EPC 7-2
EPC 7-3
EPC 7-4
EPC 7-6
EPC 7-8
EPC 7-9
EPC 7-11
EPC 7-12
EPC 7-14
EPC 7-15
EPC 7-16
EPC 7-17
EPC 7-18
EPC 7-19
EPC 7-21
EPC 7-22
EPC 7-23

Average
Chloride
Depth
(mg L-1)
(m)
0.515
1.015
2.015
3.015
4.015
5.015
6.015
7.015
7.905
9.015
10.675
11.415
12.655
14.065
15.515
16.015
16.745

59
220
3900
1400
860
640
450
340
260
270
85
58
31
41
46
45
42

Bromide
(mg L-1)

Nitrate-N
(mg L-1)

Sulfate
(mg L-1)

Fluoride
(mg L-1)

θG

θV

<0.1
0.91
18
6.5
5.0
3.0
2.6
1.5
1.0
1.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1

<0.2
<0.2
<0.2
3.5
4.7
7.6
7.1
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2

59
1100
2600
1200
850
500
380
360
270
230
130
140
94
140
220
83
69

11
44
4.0
15
30
48
63
66
43
35
21
29
22
38
56
32
25

0.13
0.15
0.13
0.13
0.13
0.16
0.16
0.12
0.11
0.12
0.22
0.09
0.13
0.11
0.11
0.12
0.28

0.22
0.18
0.17
0.17
0.20
0.20
0.25
0.23
0.21
0.21
0.30
0.18
0.20
0.15
0.22
0.20
0.34

Concentrations of the anions, including chloride, bromide, sulfate, fluoride, and nitrate,
have similar patterns through the vadose zone. All anion concentrations have a higher
maximum in the interplaya than the playa, indicating fluid flux through the playa is higher,
with longer ion residence times beneath the interplaya. Water-extractable chloride
concentrations ranged from 12 to 140 mg L-1 in the three playa cores (EPC 1, 2, and 5), and
from 301 to 3,900 mg L-1 in the interplaya (EPC 7) (Tables 4 and 5). The playa chloride
profile has several small peaks at 2, 5, and 9 m; each peak has a different magnitude in each
core. For example, the 2 m peak is smaller in core 2 (25 mg L-1) and core 5 (37 mg L-1) than
it is in core 1 (140 mg L-1) (Figure 35). The interplaya core exhibits one maximum peak at 2
m (3,900 mg L-1), and then gradually decreases in concentration to around 34 mg L-1 to the
water table (16.7 m).
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Bromide concentrations ranged from <0.1 to 6.5 mg L-1 in the playa and from <0.1 to 18 mg
L-1 in the interplaya (Tables 4 and 5). Although all were completed in the playa center, EPC
5 did not contain bromide at concentrations above the IQL, whereas EPC 1 (5.4 mg L-1) and
2 (6.5 mg L-1) contained detectable bromide with a maximum peak occurring at the surface
(Figure 35). Nitrate-N concentrations ranged from <0.2 to 3.4 mg L-1 in the playa, and from
<0.2 to 7.6 mg L-1 in the interplaya. Sulfate concentrations ranged from 58 to 450 mg L-1 in
the playa and from 59 to 2,600 mg L-1 in the interplaya. Fluoride concentrations ranged
from <0.2 to 60 mg L-1 in the playa, and from 4.0 to 66 mg L-1 in the interplaya.
Vadose zone water-extractable anion concentrations and field gravimetric contents show
trends for evapoconcentration due to plant transpiration in the root zone. Bromide, sulfate,
and chloride are all expected to peak at the base of the root zone due to long term
evapoconcentration of salts in the root zone via transpiration by plants. Corresponding to a
dip in gravimetric water content at 2 m beneath the surface in the interplaya and 2016 playa
core (0.05 to 0.16 g g-1 in playa, 0.13 g g-1 in interplaya), are peaks in chloride (140 mg L-1
in playa, 3,900 mg L-1 in interplaya), bromide (18 mg L-1 in interplaya), and sulfate (2,600
mg L-1 in interplaya) concentrations. In the interplaya core, fluoride exhibits a minima (4.0
mg L-1 in interplaya) and nitrate (<0.2 mg L-1 in interplaya) a low value (Figure 35).
However, with the exception of chloride, anion depth profiles in the playa core are more
variable, with some concentration peaks at 2 m, but others at the surface or deeper in the
profile. The only playa core that exhibits a large sulfate peak at 2 m is EPC 1 (360 mg L-1),
whereas EPC 2 (130 mg L-1) and 5 (110 mg L-1) exhibit smaller peaks at this depth. Sulfate
concentration maxima in EPC 1, 2, and 5 occur at 0.25 m (450 mg L-1), 0.25 m (370 mg L1
), and 5 m (330 mg L-1), respectively. A high concentration of sulfate may also exist at 0.25
m in EPC 5, but the first sample was collected at 0.5 m (110 mg L-1). Peak bromide
concentrations in both EPC 1 and 2 (5.4 mg L-1 and 6.5 mg L-1, respectively) were observed
at the surface, and all bromide concentrations for EPC 5 were <0.1 mg L-1. Fluoride
concentrations in the playa peak at 0.77 m, 2 m and 4.7 m in EPC 1 (14 mg L-1), 1.7 m and
4.1 m in EPC 2 (16 mg L-1), and 9 m in EPC 5 (60 mg L-1 ). Nitrate concentrations are below
the IQL in EPC 1, peak at 5 m in EPC 1 (0.83 mg L-1), and at 9 m in EPC 5 (3.4 mg L-1)
(Figure 35).
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Figure 35: Gravimetric water content and anion depth profiles for playa (EPC 1, 2, 5) and
interplaya (EPC 7) cores. Anion concentrations are reported as mg L-1 of pore water.
These data suggest a root depth of 2 m in both the playa and interplaya, with
evapoconcentration affecting interplaya chloride, sulfate, and bromide concentrations, playa
chloride, sulfate, and fluoride concentrations in EPC 1 and chloride concentrations in EPC
2. Contrarily, EPC 5 does not contain any anion maxima at the 2 m depth; instead they
occur deeper in the profile at 5 or 9 m. EPC 1 (0.05 to 0.24 g g-1) and 2 (0.12 to 0.22 g g-1)
have lower gravimetric water contents than EPC 5 (0.16 to 0.24 g g-1) in the upper 5 m,
which indicates water movement through the profile between 2016 and 2017. The lowest
gravimetric water content in EPC 5 (0.06 g g-1) is at 9 m, which may represent the depth of
flushing or could be due to textural changes. This then is indicative of recharge due to the
April-May 2017 inundation event infiltrating beyond the root zone and flushing the salts
downward. It is suggested that the low values of nitrate and fluoride in the interplaya at this
depth could be due to plant uptake of these nutrients; although fluoride is not an essential
plant nutrient, it is still utilized by plants (Scanlon et al., 2009).
Although chloride concentrations peak at 2 m in the playa (EPC 1) and interplaya (EPC 7)
cores, the magnitude is vastly different. The appreciably higher interplaya concentration is
evidence that water is traveling more slowly, allowing for accumulation of chloride over a
long period of time. Although evapoconcentration is also evident in the playa, the smaller
magnitude implies a shorter timeframe for chloride accrual. Salt concentration at the base of
the root zone is common in semiarid regions due to transpiration by plants (Scanlon, 1991).
In addition, the shape of the interplaya chloride profile could have implications for long52

term climate variations (Allison and Barnes, 1985; Scanlon, 1991). Over long time periods,
the transition from a wetter climate during the early Holocene (high fluid flux) to a drier
climate in the middle and late Holocene (low fluid flux) could result in lower chloride
concentrations in the lower profile and higher chloride concentrations in the upper profile
(Scanlon, 1991).
Vadose zone ratios for bromide/chloride, nitrate/chloride, sulfate/chloride, and fluoride/chloride
range from 0.023 to 0.20, 0.014 to 0.064, 0.92 to 16, and 0 to 1.1, respectively in the playa and
from 0.004 to 0.0059, 0.0024 to 0.016, 0.67 to 4.9, and 0.0010 to 1.2, respectively in the
interplaya (Tables 6 and 7, and Figure 36). Sulfate is the only anion measured with
concentrations up to 15 times higher than chloride concentrations, a relationship observed only in
the playa. It is possible that sulfate accumulates relative to chloride beneath the playa due to
preferential chloride flushing and sorption of sulfate.
Table 6. Playa anion vadose zone ratios from pore water (mass ratio, mg L-1) for EPC 1, 2,
and 5. Some ratios are reported as not-applicable (NA) due to certain measurements of
bromide and nitrate that are below the instrument quantification limit.
Core
Sample
EPC 1-1
EPC 1-1
EPC 1-2
EPC 1-2
EPC 1-3
EPC 1-3
EPC 1-3
EPC 1-4
EPC 1-4
EPC 1-5
EPC 2-1
EPC 2-1
EPC 2-2
EPC 2-2
EPC 2-3
EPC 2-3
EPC 2-3
EPC 2-4
EPC 2-4
EPC 2-5
EPC 5-2
EPC 5-3
EPC 5-4
EPC 5-6
EPC 5-8

Average
Depth
(m)
0.025
0.775
1.695
1.995
2.575
3.025
3.325
4.085
4.685
5.125
0.025
0.765
1.715
2.015
2.615
3.075
3.365
4.115
4.725
5.185
0.515
1.015
2.015
3.015
4.015

Bromide/ Nitrate/ Sulfate/ Fluoride/
Chloride Chloride Chloride Chloride
0.068
0.20
0.099
NA
0.13
NA
0.14
0.11
0.056
0.029
0.068
0.20
0.14
NA
0.14
NA
0.16
0.13
0.055
0.023
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
0.014
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

5.6
7.6
5.2
2.7
6.9
8.3
8.0
12
6.2
4.4
3.8
7.8
7.1
5.2
9.3
10
16
15
5.7
4.0
2.2
2.4
2.9
6.8
6.6
53

0.085
0.64
0.13
0.10
0.17
0
0.20
0.62
0.44
0.13
0.091
0.084
0.74
0.48
0.44
0.67
0.84
1.1
0.30
0.12
0.054
0.099
0.15
0.26
0.46

EPC 5-9
EPC 5-11
EPC 5-12
EPC 5-14
EPC 5-15
EPC 5-16
EPC 5-18
EPC 5-19

5.015
6.015
7.015
8.015
9.015
10.015
11.015
11.685

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
0.046
0.064
0.047
0.039
0.038
NA

7.1
4.4
3.7
2.1
1.6
0.92
1.1
2.4

0.38
0.91
0.85
1.1
0.82
0.74
0.50
0.51

Table 7. Interplaya anion vadose zone ratios from pore water (mass ratio, mg L-1 ) for EPC 7.
Some ratios are reported as not-applicable (NA) due to certain measurements of bromide
and nitrate that are below the instrument quantification limit.
Core
Sample
EPC 7-2
EPC 7-3
EPC 7-4
EPC 7-6
EPC 7-8
EPC 7-9
EPC 7-11
EPC 7-12
EPC 7-14
EPC 7-15
EPC 7-16
EPC 7-17
EPC 7-18
EPC 7-19
EPC 7-21
EPC 7-22
EPC 7-23

Average
Depth
(m)
0.515
1.015
2.015
3.015
4.015
5.015
6.015
7.015
7.905
9.015
10.675
11.415
12.655
14.065
15.515
16.015
16.745

Bromide/ Nitrate/ Sulfate/ Fluoride/
Chloride Chloride Chloride Chloride
NA
0.0041
0.0046
0.0046
0.0059
0.0047
0.0059
0.0045
0.0040
0.0040
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
0.0024
0.0055
0.012
0.016
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0.99
4.7
0.67
0.83
1.00
0.78
0.85
1.1
1.0
0.86
1.6
2.5
3.1
3.6
4.9
1.8
1.6
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0.18
0.20
0.0010
0.01
0.04
0.07
0.14
0.19
0.17
0.13
0.25
0.49
0.72
0.93
1.2
0.71
0.60

Figure 36. Vadose zone anion ratios (mass ratio, mg L-1) for playa (EPC 1, 2, and 5) and
interplaya (EPC 7) cores. Yellow diamonds represent groundwater concentrations in the
four sampled wells. Depth location of groundwater marker does not reflect actual
groundwater level.
When anion mass ratios (mg L-1) are compared with chloride concentration (mg L-1), conclusions
can be drawn about the sources of salinity (e.g., Figure 37). Interestingly, the EPC 7 samples
have nearly constant ratios at high chloride concentrations, implying evapoconcentration is
occurring causing mineral precipitation (e.g., Whittemore, 1995). As the interplaya vadose zone
becomes increasingly dry from evapotranspiration, it is possible that halite and gypsum may be
precipitating in the root zone and subsequently re-dissolving when rain events saturate the upper
soil. Ratios are higher and chloride concentrations are lower in the playa than the interplaya
suggesting more frequent flushing in the playa.
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Figure 37: Bromide/chloride mass ratios (multiplied by 104) are plotted against chloride
concentration.
Linear regression analysis provides insight into relationships among anion concentrations in the
playa and interplaya. In EPC 1 and 2, the only anions that appear somewhat positively correlated
are sulfate and chloride with an R2 value of 0.65 and 0.81, respectively (Figure 38). In EPC 5 this
trend is not repeated, sulfate and chloride have an R2 value of 0.01, and the best-fit line has a
slightly negative slope (Figure 38). This temporal change between the 2016 and 2017 cores
supports the idea of preferential chloride flushing during the 2017 inundation event, changing the
sulfate/chloride ratios and resulting in the slightly negative slope of the best-fit line. Anions in
the interplaya are better correlated than those in the playa, with R2 values of 0.99 for bromide and
chloride, 0.90 for sulfate and chloride, and 0.90 for sulfate and bromide (Figure 38). Possible
reasons for high correlations in these three anions is the nature of interplaya recharge flux.
Interplaya recharge occurs during rain events and consists of small plugs of water moving
through the vadose zone. These smaller events do not result in a significant subsurface pulse,
rarely resulting in infiltration beyond the root zone, providing the ions a longer timeframe to
equilibrate with the concentration of ions already present in the vadose zone. With playa
recharge events happening largely through focused flow and macropore recharge, more
conservative ions (chloride, bromide) are preferentially flushed, reducing the correlation and
lowering R2 values (lower correlations).
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Figure 38: Linear regression of vadose zone bromide and sulfate vs. chloride concentrations for
all four cores. The best-fit line is also shown, as is the calculated correlation coefficient (R2).
Recharge rate calculations-Chloride Mass Balance (CMB)
The Chloride Mass Balance (CMB) method approximates recharge rates by comparing the
concentration of chloride in the vadose zone system with the concentration of chloride input to
the surface, with chloride assumed to move through the soil matrix at the same rate as infiltrating
water. Chloride can be used as a conservative environmental tracer because it is non-volatile and
undergoes very little sorption or plant uptake (Scanlon, 1991). Sources of chloride are mainly
from atmospherically transported material originating from the oceans, whereas inland areas
likely have a more terrestrial source from weathering and erosion of clastic sediment (Davis et
al., 1998). The CMB method is preferred over water balance calculations when measuring fluid
recharge flux to aquifers in semiarid regions, where large evapotranspiration rates and interannual variations in precipitation result in a large error when calculating the typically small
(<100 mm yr-1) recharge rates (Scanlon, 1991). Inherent assumptions with the CMB method
include constant rates of chloride deposition through time and a lack of horizontal flow in the
vadose zone (Scanlon, 1991).
Four separate equations make up the CMB calculation. First, Equation 3 is used to determine the
chloride wet and dry deposition at the land surface (𝑞𝑞𝑐𝑐𝑐𝑐 ) by multiplying the annual precipitation
rate (𝑃𝑃) by the chloride concentration in precipitation (𝐶𝐶𝐶𝐶𝑝𝑝 ) (Allison and Hughes, 1978; Scanlon
and Goldsmith, 1997):
𝑞𝑞𝑐𝑐𝑐𝑐 = 𝑃𝑃 × 𝐶𝐶𝑙𝑙𝑝𝑝

[3]

The average (1952-2017) annual precipitation (505 mm) for the study site was obtained from a
National Weather Service monitoring station in Scott City, Kansas, located approximately 26.8
km (16.7 mi) west of the study area (High Plains Regional Climate Center, CLIMOD, 2018).
The concentration of chloride in precipitation (wet and dry) was measured in the SHP of Texas
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and New Mexico as 0.6 g m-3 (Nativ and Riggio, 1990) and utilized in subsequent CMB
calculations in two Texas studies (Wood and Sanford, 1995; Scanlon and Goldsmith, 1997). The
annual rainfall rates for the two Texas studies (485 mm, Wood and Sanford, 1995; 500 mm,
Scanlon and Goldsmith, 1997) are similar to that at the Ehmke Playa site (505 mm) and the value
of 0.6 g m-3 for 𝐶𝐶𝐶𝐶𝑝𝑝 is assumed reasonable for the study site. Using Equation 3, the 𝑞𝑞𝑐𝑐𝑐𝑐 is
calculated as 0.3 g m-2. A recent study in northwest Kansas with similar average annual
precipitation (485 mm) also used a 𝑞𝑞𝑐𝑐𝑐𝑐 value of 0.3 g m-2 for CMB calculations (Katz et al.,
2016).
CMB – Fluid Flux Calculations
Next, the fluid flux rate through the vadose zone (𝑞𝑞) is calculated by dividing the 𝑞𝑞𝑐𝑐𝑐𝑐 from
Equation 4 by the chloride concentration in the unsaturated zone (𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢 ) (Allison and Hughes,
1978; Scanlon and Goldsmith, 1997):
𝑞𝑞1 = 𝑞𝑞𝐶𝐶𝐶𝐶 ⁄𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢
[4]
Equation 4 assumes that the only source of chloride deposition is from wet and dry precipitation
into the playa; however, playas are closed basins and will often have additional chloride mass
from run-off water in the surrounding watershed. By underrepresenting the total amount of
chloride deposition in the playa basin, Equation 4 underestimates the fluid flux. To account for
chloride in run-off water into a playa, the following equation was developed (Wood and Sanford,
1995; Scanlon and Goldsmith, 1997):
𝑃𝑃 × 𝐶𝐶𝐶𝐶𝑝𝑝
𝐴𝐴𝑏𝑏 × 𝐶𝐶𝐶𝐶𝑟𝑟
+ 𝑅𝑅
[5]
𝑞𝑞2 =
𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢
𝐴𝐴𝑓𝑓 × 𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢
where 𝑅𝑅 is runoff, 𝐴𝐴𝑏𝑏 is the area of the watershed (14 km2), 𝐴𝐴𝑓𝑓 is the area of the playa (0.51
km2), and 𝐶𝐶𝐶𝐶𝑟𝑟 is the concentration of chloride in the run-off water. The 𝐶𝐶𝐶𝐶𝑟𝑟 is assumed the same
as 𝐶𝐶𝐶𝐶𝑝𝑝 at this site, or 0.6 g m-3 because there are not sufficient quantities of chloride sources in
surficial sediments to alter the concentration in run-off water.
If chloride vadose zone profiles are collected in differing years, the fluid flux can be
estimated based on the chloride peak displacement depth and time elapsed between the two
measurements. This third flux equation is shown below (Stonestrom et al., 2003; McMahon et
al., 2006; Gurdak et al., 2007):
𝜃𝜃𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝑧𝑧2 − 𝑧𝑧1 )
𝑞𝑞3 =
[6]
(𝑡𝑡2 − 𝑡𝑡1 )
where 𝜃𝜃𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 is the volumetric water content of the specified core between the two chloride
peaks, 𝑧𝑧2 and 𝑧𝑧1 are the depths of chloride peaks, and 𝑡𝑡2 and 𝑡𝑡1 are the corresponding times of
measurement.
The three different equations (Equations 4, 5, and 6) are used to constrain fluid flux rates
through the vadose zone (Table 8). The first method (Equation 4) assumes the only input of
chloride to the system is via wet and dry deposition, giving depth-weighted flux rates of 4
mm yr-1 in the interplaya and between 8 and 15 mm yr-1 in the playa. However, fluid flux
through the playa is greatly underestimated using this method because the additional chloride
mass from watershed run-off is ignored (e.g., Flint et al., 2002). Thus, Equation 5 is used to
calculate fluid flux through the playa, as it compensates for the chloride mass from the
surrounding runoff. As values for runoff (R) are not available, fluid flux was calculated
using Equation 5 with values for 𝑅𝑅 of 5% (25.3 mm yr-1), 10% (50.1 mm yr-1), and 20%
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(101 mm yr-1) of annual precipitation. Fluid fluxes calculated for the playa at R values of
5%, 10%, and 20% of annual precipitation, range from 20 to 37 mm yr-1, 31 to 58 mm yr-1,
and 54 to 100 mm yr-1, respectively (Table 8).
Table 81. Ehmke Playa site fluid flux ranges.

Location

Depth
(m)

Depth-Wt. Fluid Flux
Eq. 5 (q2, mm yr-1)

Depth-Wt. Fluid Flux
Eq. 6 (q3, mm yr-1)

Depth-Wt.
Fluid Flux
Eq. 4 (q1,
mm yr-1)

R as 5%
of P

R as 10%
of P

R as 20%
of P

2016 Core

2017 Core

EPC 1

5.1

12

28

45

78

78 to 118

NA

EPC 2

5.2

15

37

58

100

NA

NA

EPC 5

11.5

8

20

31

54

NA

1700

EPC 7

16.7

4

NA

NA

NA

NA

NA

Since cores were collected from the playa center in successive years before (EPC 1, June
2016) and after (EPC 5, August 2017) an inundation flushing event (April 13 to May 16,
2017), Equation 6 can also be used to estimate fluid flux through the playa. Chloride peaks
for EPC 1 and EPC5 were at 2 m and 9 m, respectively; thus, the single inundation flushing
event resulted in a chloride displacement of 7 m after only 1.17 years. With a depthweighted average θVfield of 0.28 measured between 2 and 9 m in EPC5, the fluid flux was
calculated across this 1.17 year sample interval as 1,700 mm yr-1. Assuming a 3.0 year gap
between inundation events and the formation of the chloride peak at 2 m depth, this fluid
flux slows to 650 mm/yr.
In summary, fluid flux estimates beneath the playa range between 8 and 1,700 mm/yr, and 4
mm/yr beneath the interplaya. However, because the playa receives a considerable amount
of extra chloride from the surrounding watershed during inundation events, fluid flux
calculations using Eq. 4 are not considered valid. At values of R of 10% and 20%, Eq. 5
provides recharge values similar to those observed beneath irrigated fields and some playas
elsewhere in the High Plains region (e.g., Gurdak and Roe, 2009; Katz et al., 2016). Scanlon
and Goldsmith (1997) estimated that run-off water to basins in the SHP accounted for
approximately 10% of annual precipitation in a watershed of fine-grained texture, which is
modified from Wood and Sanford (1995) who used a 𝑅𝑅 value of 5% in a coarse-textured
soil. The 10% value for 𝑅𝑅 is likely the most representative of this study area because the
watershed surface soil is silty clay loam and the annual precipitation (505 mm) is similar to
that used in by Scanlon and Goldsmith (1997) (500 mm). However, the CHP experiences
inter-annual variations in precipitation (370 to 845 mm) and higher values for 𝑅𝑅 may be
more representative of wetter years; further study of inundation events in this particular
watershed is needed to improve confidence in the selection of R=10%. Finally, estimates
obtained using Eq. 6 are informative as they provide the only estimate across the inundation
event. However, with the information available, it is not possible to identify whether
estimates from Eq. 5 or Eq. 6 are more representative of long-term conditions. Regardless, it
is clear that fluid flux rates are at least one order of magnitude higher beneath the playa than
the interplaya, and possibly as much as three times higher.
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CMB – Travel Time Calculations
After calculating a fluid flux based on Equation 4, 5, or 6, a simple travel time through the
vadose zone can be calculated by Equation 7 below:
𝑡𝑡𝑡𝑡1 = 𝑧𝑧𝑤𝑤𝑤𝑤 ⁄𝑞𝑞
[7]
where 𝑧𝑧𝑤𝑤𝑤𝑤 is depth to the water table and 𝑞𝑞 is the calculated fluid flux. Additionally, a second
travel time calculation can be used by averaging the volumetric mass of chloride in a depth
interval and dividing by the chloride land deposition (Wood and Sanford, 1995; Scanlon and
Goldsmith, 1997):
⨜0𝑧𝑧 𝜃𝜃𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝐶𝐶𝐶𝐶𝑢𝑢𝑢𝑢 𝑑𝑑𝑑𝑑
𝑡𝑡𝑡𝑡2 =
[8]
𝑞𝑞𝑐𝑐𝑐𝑐
where the 𝜃𝜃𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 is the field volumetric water content of the sample.
A range of travel times to the water table are determined beneath the playa and interplaya (Table
9), depending on which travel time calculation (Eq. 7 or 8) is used, and which flux rate
calculation (Eq. 5-R=10%, Eq. 5-R=20%, or Eq. 6) for the playa. Eq. 8 is more robust than Eq. 7,
as it takes into account variations in Cl and water content within the subsurface. Beneath the
playa, these estimates range from 8 to 390 years, and between 4,800 and 5,500 years beneath the
interplaya. As the travel time estimates are heavily reliant on the fluid flux estimate, it is not
surprising that the travel times are similarly 1-3 orders of magnitude faster beneath the playa
than the interplaya, and faster movement beneath the playa during inundation periods.
Table 9: Ehmke playa site travel times to the end of the core (EPC 5 and 7 end at the water
table).
Location

Depth
(m)

EPC 1
EPC 2

Travel Times (yrs) Calculated from Eq. 7 (tt1)
Eq. 5,
R=10%

Eq. 5,
R=20%

Eq. 6,
2016 Core

Eq. 6,
2017 Core

Travel time (yrs)
from Eq. 8 (tt2)

Eq. 4

Eq 5,
R=5%

5.1

NA

180

110

65

100 to 150*

NA

92

5.2

NA

140

90

52

NA

NA

84

EPC 5

11.5

NA

580

370

210

NA

8

390

EPC 7

16.7

4800

NA

NA

NA

NA

NA

5500

CMB Discussion
Calculated fluid fluxes through the vadose zone to the HPA in the playa are higher by at
least one order of magnitude than those for the interplaya, which compares well to playa
studies in the SHP. In the SHP, playa and interplaya fluid fluxes range from 24 to 610 mm
yr-1 and from 0.1 to 32 mm yr-1, respectively (Wood and Sanford, 1995; Scanlon and
Goldsmith, 1997, Gurdak and Roe, 2009), compared with fluids fluxes from the Ehmke
playa and interplaya of 78 to 118 mm yr-1 and 0.1 to 10 mm yr-1, respectively. Despite this
similarity, a study by Wood et al. (1997) indicates total fluid flux through SHP playas is
actually much higher (750 to 2,720 mm yr-1), suggesting the CMB method measures only
the interstitial fluid flux (22 to 34 mm yr-1) while ignoring macropore fluid flux (Table 9).
There is currently disagreement over whether the CMB method calculates interstitial
recharge and ignore macropore recharge, or represents the total system recharge (Wood,
1997; Scanlon, 1999). Nonetheless, these higher recharge rates calculated by Wood et al.
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(1997) are similar to that calculated via Equation 6 with the 2017 core (600-1,700 mm yr-1)
and may represent higher playa fluid flux during inundation periods. Wood et al. (1997) also
estimated that 84% of the SHP regional recharge (11 mm yr-1) occurs through playa
macropores. Similarly high inundation infiltration rates were measured in the SHP by
Ganesan et al. (2016) through playas surrounded by both grassland (320 to 1,700 mm yr-1)
and cropland (730 to 7,200 mm yr-1) watersheds.
Fluid flux rates through CHP and nearby NHP rangeland (0.2 to 5 mm yr-1 ) and irrigated
cropland (39 to 138 mm yr-1) (Table 10) (McMahon et al., 2006; Gurdak et al., 2007; Katz
et al., 2016) compare well to study site interplaya (0.1 to 10 mm yr-1) and playa (78 to 118
mm yr-1). Gurdak et al., (2007) also measured total recharge (196 to 390 mm yr-1) irrigated
agriculture by correlating groundwater level responses to precipitation events; this is
slightly elevated when compared to Equation 6 from EPC 1 (78 to 118 mm yr-1), but much
lower than that estimated during/ after inundation (1,700 mm yr-1). Interplaya water flux
rates from the study site (0.1 to 10 mm yr-1) are consistent with regional recharge estimates
for regional recharge from Kansas (4 to 18 mm yr-1 ) (Katz et al., 2016; Meixner et al.,
2016).
Table 10. Anion concentrations, fluid fluxes and travel times in the Northern and Central
High Plains.
Publication

*McMahon et
al., 2006
Gurdak et al.,
2007 (flux is
regional ave.)

Katz et al.,
2017

Meixner et
al., 2017

Bromide

Nitrate

Travel
Time
(yrs)

Vadose
Zone
Thickness
(m)

Site Description

Chloride

CHP Rangeland

0 to 32

0 to 290

0.2 to 5

2,000

50

CHP Irrigated
Cropland

0 to 55

0 to 19

39 to 54

49 to 130

17 to 45

CHP Rangeland
(mg kg-1)

1 to 42

0 to 250

196 to 390

27 to 138

45

35**

NHP Irrigated
Cropland
(mg L-1)
NHP Irrigated
Cropland
(mg kg-1)
Entire CHP
(regional ave.)

Sulfate

Fluid Flux
(mm yr-1)

24 to 387

0 to 1,900

0 to 2.7

0 to 450

1 to 48

0 to 230

0.01 to
0.2

0 to 55
18

*Unless otherwise stated, chloride reported as mg L-1, nitrate reported as mg kg-1
**Depth represents the predevelopment water table, actual water table is at 64 m

Vadose zone travel times calculated at the study site compared well to other studies
completed beneath the NHP, CHP and SHP. In the CHP, travel times beneath rangeland and
irrigated cropland to the water table (50 m and 45 m, respectively) were calculated at 2000
yrs, and between 49 to 130 yrs, respectively (Table 10) (McMahon et al., 2006; Gurdak et
al., 2007). Katz et al. (2016) also measured a travel time of 45 yrs to a depth of 36 m at an
irrigated site in northwestern Kansas. Travel times through the playa (100 to 150 yrs) are
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slightly elevated with respect to these CHP studies; however, the inundation travel time of 8
yrs is elevated when compared to CHP rangeland and irrigated cropland (Table 10). The
travel times to 16.7 m measured in the interplaya (4,800 to 5,500 yrs) are elevated to those
in CHP rangeland, but are within the measured range for three SHP interplaya sites (5,000
to 9,900 yrs) with 4.5 to 26.3 m thick vadose zones (Scanlon and Goldsmith, 1997).
Infiltration
Ksat values for playa floor and interplaya are very similar and are representative of a silt texture,
which are typically between 1x10-6 to 1x10-4 cm sec-1 (Hillel, 2004). Values in the playa center
ranged from 1.6x10-4 ± 1.9x10-5 cm sec-1 to 7.8x10-4 ± 1.5x10-4 cm sec-1 (Inf 1 and 2), and in the
interplaya from 2.3x10-4 ± 2.6x10-4 cm sec-1 to 7.2x10-4 ± 6.8x10-5 cm sec-1 (Inf 3 and 4) (Figure
11 and Table 11). This is consistent with USDA Web Soil Survey information, which report
Ulysses silt loam in the interplaya to 79 in. (201 cm), and hydric Ness clay followed by silt loam
in the playa to 31 in. (79 cm) and 60 in. (152 cm), respectively (United States Department of
Agriculture, 2017).
Table 11. Results for the four Infiltrometer measurements.
Test Name

Location

Ksat
(cm sec-1)

Ksat
(mm yr-1)

Ksat Error
(cm sec-1)

Inf 1
Inf 2
Inf 3
Inf 4

Playa
Playa
Interplaya
Interplaya

7.84E-04
1.62E-04
2.33E-04
7.21E-04

247,000
51,100
73,500
227,00

1.50E-04
1.86E-05
2.57E-04
6.78E-05

As the Ksat measurement is the same in the playa and interplaya location, fluid movement rates
through saturated soil is the same, in the absence of macropores (in the playa). After a large rain
event, soil in the interplaya may become saturated creating quick percolation, as it is in the playa.
Although, it is unlikely that saturated conditions exist for long periods of time in the interplaya,
as they do in the playa, due to the absence of ponding. Additionally, macropores are known to
exist in the hydric soils of the playa floor, which are not present in the interplaya location,
pointing to higher infiltration and fluid flux in the playa when soils are dry or partially saturated.
Interplaya recharge occurs mostly during large rain events when the soil is saturated, whereas
playa recharge occurs through macropores when dry or partially saturated, during large rain
events when the soil is saturated, and during inundation.
Shallow soil Ksat measurements indicate similar saturated soil infiltration rates in the playa and
interplaya and are indicative of a silty loam. Fluid flux through the interplaya is assumed to
occur only during rain events, which are sporadic, mostly in spring, and likely contribute small
pulses of water downward. As the interplaya is part of the watershed, it is assumed that once the
soil is saturated, the remaining water becomes overland flow and run-off to the playa. Recharge
through playa floors can occur through micropores and macropores during partial saturation, and
periods of inundation. Because the interplaya is not likely saturated for extended periods, the
fluid flux rate (50,000 to 240,000 mm yr-1) calculated based on Ksat is representative of water
infiltration and percolation through the playa during saturation. These values are similar to those
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obtained studies in SHP playa and interplaya using infiltrometers (e.g., Gurdak and Roe 2009).
These data suggest a travel time of 17 to 82 days to the water table beneath the playa (11.5 m);
however, saturated conditions may not persist this long as the 2017 inundation event lasted for
34 days. This inundation timeframe is less than the maximum calculated travel time, resulting in
incomplete flushing. The maximum chloride concentrations in EPC 5 at 9 m suggest flushing
occurred only to this depth during the 2017 inundation event and did not completely reach the
water table.

Summary and Conclusions
This investigation consisted of two primary components: first, the development of a sound
knowledge base of the playa system’s underlying stratigraphy and sedimentology in order to
assess the potential and identify evidence for downward movement of surface water through the
entire vadose zone; and secondly, use of geochemical tracer approaches and modeling to
verifying that surface water from the playa is actually moving through the vadose zone. This
combination of approaches was effective in demonstrating recharge to the HPA beneath Ehmke
Playa using physical and chemical methods.
Results
Stratigraphy and sedimentology were documented for both the playa and the adjacent interplaya
for comparative purposes. Numerical dating indicated that Ehmke playa had filled at a relatively
rapid rate during the more mesic last glacial period compared to the extremely slow rate during
the post-glacial period—sedimentation has been so slow in the last several thousand years that a
well-developed hydric soil has developed. Sedimentological data indicate that the upper 5-7 m
(16.4-23 ft) is silt-dominated and sand poor with modest clay levels, which has produced a
loamy texture, which would allow infiltration, that is, the high percentage of clay assumed by
many is not present in the surface hydric soil (though concentration is sufficient to produce
shrink-swell cycles, which homogenize the hydric soil zone). Magnetic evidence for fine-particle
downward translocation, leaching of carbonate downward and other data provide physical
evidence that water moves through the vadose zone beneath the playa.
The geochemical study was in part based on data from the instrumented station. One playa
inundation event was observed during the study, in April and May of 2017. After inundation,
near-surface matric potentials were above field capacity to the deepest sensor location, 152 cm
(60 in). Before inundation, dissolved solutes were concentrated at 2 m (6.6 ft) depth beneath both
the playa and interplaya. Beneath the playa, solutes which had accumulated at the base of the
root zone were flushed to a depth of 9 m (29.5 ft), approximately 7 m (23 ft) beyond the base of
the root zone. In contrast, no visible change was observed beneath the interplaya, with major
solute concentrations remaining at the base of the root zone after the precipitation events.
Calculations of infiltration rate and fluid flux beneath the playa were fastest from physical
measurements (infiltrometer and matric potential) 8,800 to 400,000 mm yr-1. Chemistry-based
methods used to calculate fluid fluxes provided a more constrained range beneath the playa,
between 20 and 1,700 mm yr-1, although the faster rates are calculated from the infiltration rate.
Additional uncertainty in this estimate is due to the unknown amount of runoff from the
surrounding watershed. As discussed within the text, a range of ~50 to ~650 mm/yr is
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reasonable. Beneath the interplaya, fluid flux rates of only 4 mm yr-1 were observed. Fluid fluxes
from both the interplaya and playa are consistent with studies elsewhere in the High Plains
region.
These data indicate recharge is greater beneath Ehmke Playa than the nearby interplaya by
several orders of magnitude. Although only one inundation event was measured during the
period instrumentation, the effects on infiltration were readily apparent within the vadose zone.
Solute flushing beneath the playa but not interplaya, and changes in matric potential within the
playa vadose zone indicated a physical likelihood for gravity drainage of pore water due to
inundation. However, if this modest inundation event effected a change in water table due to
recharge, it was too slight to be noticed using the instrumentation available; the incomplete
vadose zone flushing also suggests this even resulted in minimal actual recharge reaching the
water table during the study period.
Recommendations
Continued study will help identify the frequency of inundation events and the types of events
which can individually push water to the water table. Despite this, it is clear that with faster fluid
flux rates and water infiltrating past the root zone, intact playas provide significantly greater
recharge than nearby interplaya used as rangeland. At a minimum, recharge rates beneath the
Ehmke playa are also equal to those beneath irrigated cropland above the HPA in Kansas, but are
likely greater. These data confirm that the Ehmke Playa, and likely other Kansas playas, behave
similarly to the better studied playa systems in the SHP in Texas. This conclusion should be
confirmed through study of playas of varying sizes in Kansas, and also in areas where the depth
to water has increased significantly due to pumping. Once confirmed, the data should be
incorporated with playa and subsurface maps in a model to determine the amount of recharge
playas collectively provide to the HPA. Finally, the model results could be incorporated into a
decision support model (perhaps the existing PLJV decision support model) and used to identify
locations where playa preservation/restoration will have the most impact for aquifer recharge.
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Appendix A. Outreach
A1. Annual Field Conference 2016 for Policy Makers: West-Central Kansas—Natural
Resources, Economics and Decisions for the Future (KGS Open-file Report 2016-23)
This field conference, focused mainly for state legislators, visited the Ehmke Playa site. The
image below is of Bill Johnson presenting the case for playa preservation and an explanation of
this project’s goals and approach.

A2. Papers and posters presented at professional meetings
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