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Abstract

Merokarst aquifers — relatively thin (<1-2 m) karstified carbonate units interbedded
between mudstone, shale, or sandstone — constitute a significant proportion of car-
bonate terrain and underlie a large portion of the west- and south-central USA, yet
few advances have been made in our understanding of porosity development and
flow-path generation in these complex systems in decades. Toward this end, we used
a multi-geophysical approach at the well-studied Konza Prairie Biological Station
(KPBS), a part of the larger Flint Hills (25,734 km?), underlain by thin limestone units
(1-2 m thick) interbedded with mudstone/shale units (2-4 m thick), to elucidate
hydrologic connectivity and potential controls on known groundwater flow direc-
tions. We combined electrical resistivity tomography (ERT), surface and borehole
nuclear magnetic resonance (NMR), and ground penetrating radar (GPR) measure-
ments across a low order catchment where over 25 boreholes and groundwater wells
sampling perched aquifers could be used to constrain interpretation of lithology,
potential flow paths, and permeability. Data revealed that groundwater export may
be an unappreciated component of lateral-flow-dominated models used to represent
merokarst in that: (a) potentiometric surfaces from two limestone units showed
groundwater flows toward a hydrologic depression, opposite the direction of stream
flow, in the upstream portion of the catchment, (b) long term measures of groundwa-
ter levels revealed a greater variance and overall water storage in this same upstream
area compared to wells near the outlet, and (c) ERT and NMR results indicate pro-
nounced lateral heterogeneity within a given unit, suggestive of a greater degree of
vertical hydrological connectivity than usually considered for horizontally-layered
merokarst. Our data suggest vertical connectivity can shunt water to depth in these
“sandwiched” merokarst aquifers, yielding atypical groundwater flow directions and

unrealized deep export of weathering solutes and carbon.
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1 | INTRODUCTION

Understanding the mechanisms that drive the heterogeneous porosity
development and the resultant high hydraulic conductivity of carbonate
terrains is imperative for developing process-based representations
of vadose zone-groundwater interaction and groundwater flow (e.g.,
Hartmann, Goldscheider, Wagener, Lange, & Weiler, 2014; Malago
et al., 2016; Phillips, 2018) that can be used to elucidate the impacts of
future climatic and land use/cover change on water resources in car-
bonate systems (Martin & White, 2008; Sullivan, Macpherson, Martin, &
Price, 2019). To date numerous efforts have been made to advance
our understanding of karst systems (e.g, Ford & Williams, 2013;
White, 1969), with much of the energy focused on conceptualizing
porosity generation and flow paths in massive units. Here dissolution
processes govern the generation of vertical conduits down toward the
location of the water table or perched water table where larger, hori-
zontal conduits and caves develop. As climate and uplift alter the posi-
tion of the water table over time, other large horizontal conduits/
caves initiate (Dreybrodt, 2012; Plan, Filipponi, Behm, Seebacher, &
Jeutter, 2009). Given this conceptual model, many statistical and
numerical models have been derived to predict hydrologic response
of karst environments (e.g., Hartmann, Lange, Weiler, Arbel, &
Greenbaum, 2012; Malago et al., 2016).

“Sandwich” carbonate aquifers or merokarst — thin impure carbon-
ate units that contain karst features interbedded between mudstones,
shales, or sandstones (Dreybrodt, 2012; White, 1969) — remain a fairly
understudied carbonate terrain, with little advance in the development
of conceptual models of porosity distribution and flow paths since
White (1969). However, they constitute a significant proportion of car-
bonate terrains and underlie a large portion of the west- and south- cen-
tral USA (e.g., Weary & Doctor, 2014). White suggested that karst
features in these systems lie mainly in the horizontal plane of the
carbonate beds, similar to a road network, and that this generation
of secondary porosity is mainly driven by horizontal infiltration of
unequilibrated stream water into and out of the unit, with little vertical
connection or flow between these interbedded limestone units. As base
level changes, the connection of the stream to the unit changes as well
and karst development slows as the units become disconnected from
the stream. Given the natural development of karst features and their
ability to develop collapse features and sink holes, this idea of predomi-
nantly horizontal flow should be considered the initial and simplest
merokarst geometry, with more complicated three-dimensional flow
paths developing as the system weathers. For example, emerging data
from the Flint Hills merokarst region of the USA (25,734 km?, eastern
Kansas and northern Oklahoma), shows groundwater levels that indicate
opposing groundwater flow directions in layered limestone units (char-
acteristic of merokarst) (Macpherson, 1996), which may develop as a
result of vertical connectivity in these nearly flat-lying limestone units.
These data suggest the conceptual model of porosity development and
flow paths in merokarst may need more scrutiny, especially in the con-
text of landscape development.

Geophysical techniques can be used to infer spatial and temporal

variations in subsurface properties. Collecting multiple types of

near-surface geophysical measurements (Holbrook et al., 2014;
Parsekian, Singha, Minsley, Holbrook, & Slater, 2015; Robinson et al.,
2008) have helped address questions on how subsurface structure
governs water availability as well as water and chemical fluxes
through the critical zone (Grant & Dietrich, 2017). These advancing
geophysical data processing and interpretation capabilities are leading
to the emergence of new conceptual and numerical critical zone
models (e.g., Fan, 2015; Fan et al., 2019). Given that electrical resistiv-
ity tomography (ERT) and GPR have been used in massive limestone
units (holokarst) to locate karst conduits, sinkholes and fractures
(Carriére, Chalikakis, Sénéchal, Danquigny, & Emblanch, 2013; Leucdi,
Margiotta, & Negri, 2004), it is likely that such geophysical tools may
also help reveal hydrologic connectivity and variability of hydrological
properties related to water storage and transmission in merokarst.
This is especially true if a site's geologic structure (e.g., lithology, min-
eralogy, dip) can be constrained with additional data such as borehole
logs, knowledge of groundwater table dynamics, or soil pit data.

Our goal here is to update the conceptual model of secondary
porosity distribution and flow in merokarst using multi-geophysical
tools. We link together ERT, surface and borehole nuclear magnetic
resonance (SNMR and bNMR), and ground penetrating radar (GPR) in
the same location where data can be validated with borehole logs,
groundwater pumping/slug tests, known water levels, and water table
responses. We rely on ERT to provide lateral and vertical variation of
specific electrical resistivity with high resolution to identify potential
vertical hydrologic connections. We validate these findings at point
locations using NMR, which constrains water content and its degree
of mobility (e.g., Coates, Xiao, & Prammer, 1999). GPR, in conjunction
with ERT, characterizes lateral variations in the shallow subsurface
(e.g., Al-fares, Bakalowicz, Guérin, & Dukhan, 2002). We specifically
focus on the KPBS, a well-studied merokarst area in the larger Flint
Hill region, where more than 25 boreholes and 29 years of hydrologic
monitoring can be used to constrain and calibrate near-surface geo-
physical measurements. The story that emerges from these data is
that vertical connectivity between limestone units is greater than cur-
rently recognized; supporting a deep, unaccounted for, groundwater

export component in merokarst conceptual models.

2 | STUDY AREA

The 35 km? Konza Prairie Biological Station (KPBS) is located in the
Flint Hills Physiographic Province (25,734 km?), northeastern Kansas
(Figure 1), and is underlain by widespread Permian-aged units of
the central US. The Permian rocks comprise limestone (1-2 m thick)
interbedded with mudstone/shale (2-4 m thick), rendering it
merokarst. Hydrogeochemical evidence of flashy hydrographs
(Costigan, Daniels, & Dodds, 2015), quick groundwater table response
times to precipitation events (Brookfield, Macpherson, & Covington,
2017), and distinct groundwater chemistry and hydraulic heads in
each of the layered limestone units supports its characterization as
merokarst with perched aquifers (Macpherson, 1996). The stratigra-
phy is nearly flat-lying (dip 0.1-0.2°NW; Smith, 1991) and the field
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FIGURE 1 Groundwater
monitoring wells (blue dots)
located in the NO4d watershed
Konza Prairie Biological Station
and Long-Term Ecological
Research (LTER) site (Kansas,
USA\). Stream in right panel is
designated by light blue

FIGURE 2 Monthly average

Konza Prairie
~LTER Site

& prre :
~ JM: 7"%4

£

£

o

Legend
| [ ) Monitoring well
[ V-notch fiume

" | Limestone Aquifers

'| E2 Upper Eiss

E1+2 Lower and
Upper Eiss

E1 Lower Eiss

M Morrill

‘Map made in ArcGIS
Datum: NAD_1983_UT

= a = o > oo« >0 a5 o > DA« >0

precipitation (1983-2017) at Konza Q § L g %(ED —§> 5: 23 8 2 8 . § L g g g é 5: 2H 8 § 8
Biological Station (grey bars; 20 G G 18
headquarters weather station) compare 0 P 16
to the actual monthly precipitation (blue) 14 €
in 2017-2018. Red line demonstrates the 5 -20 °
cumulative deficit in precipitation over ;:')' _40 12 é
this two-year period. “G” indicates the "g 10 £
months when the two geophysical o -60 8 'g
surveys were completed. Both surveys ® =%
were completed during dry periods. E -80 6 f
(Climate and Hydrology Database 8 -100 4 é
Projects, https://climhy.lternet.edu/)

= LL ub :

-140 0

site, the lower fourth of the 1.2 km? NO4d watershed, like the rest
of the Flint Hills, has deeply dissected hills (60 m of relief, slope gradi-
ents up to 25%) with bench and slope topography enforced by more
resistant limestones (benches) and weathered shales (slopes). Lower
Permian-aged Florence Limestone Member of the Barnestone Lime-
stone caps the stratigraphic units at the ridgetops and is followed in
sequence six mudstone units and six limestone units, with the Cotton-
wood Limestone Member (Cottonwood) of the Beattie Limestone
cropping out below the triangle-fluted flume of the NO4d watershed
(Figure 1). Limestone units are mainly calcite with traces of dolomite
(Macpherson et al., 2008), while the mudstones are dominated by
illite, chlorite, and mixed-layer clays of chlorite-illite and chlorite-
vermiculite (see Macpherson & Sullivan, 2018 for details). Soils at
Konza that mantle the bedrock are predominantly silty-clay loams
(Ransom, Rice, Todd, & Wehmueller, 1998) and are thin on the
ridgetops (<20-50 cm) and thicken (~2 m) downslope.

The climate at Konza is classified as mesic with average annual
precipitation and air temperature of ~835 mm and 13°C, respectively
(Hayden, 1998; Nippert & Knapp, 2007). When the geophysical

EmAverage EEActual —Cumu]ativedeficitl

surveys were conducted (September 2017 and April 2018), precipita-
tion was below average with 721 mm observed in 2017 (86% of the
annual average) and 51% of average for January through March of
2018, with only 2.9 mm observed prior to the April 2018 survey (see
blue bars in Figure 2). Together this resulted in a cumulative deficit
(since January 2017) of ~7 cm in September 2017 and ~18 cm in
April 2018 (see red line Figure 2).

3 | HYDROGEOLOGICAL SETTING AND
PRELIMINARY CONCEPTUAL MODEL

Where the geophysical surveys were run, outcropping geologic units
range from the Threemile Limestone Member (Wreford Limestone)
near the hilltops to the Cottonwood cropping out below the triangle-
fluted flume. Our focus is the land surface to the Morrill Limestone
Member of the Beattie Limestone (Morrill or M; average thickness
and top elevation of 1.1 m and 365.6 m, respectively) as well as

the underlying Cottonwood (average thickness and top elevation of
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FIGURE 3 Violin plots of the distribution of the groundwater elevation in the Eiss (a) and Morrill (b) limestone units at Konza. Observation
wells (OW) are aligned in accordance to their position in the transects and relative location to the stream (blue line)—not the actual stream
position—: transect 1 (top row) is closest to the outlet of the catchment. Nested within each violin plot is a box plot representing the mean (black)
and one standard deviation from the mean (whiskers), with black dots representing the outliers (>1 standard deviation from the mean). Wells that
went dry for >30% of the observations are indicated in light red, while wells with a known high hydraulic conductivity (>10~° m s™%) are indicated

in blue
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1.75 m and 361.8 m, respectively). Monitoring wells are completed in
three units. Along the geophysical transects, monitoring wells in the
stratigraphically oldest unit are completed in the Morrill. Wells that
sample the stratigraphically youngest unit are completed in the upper
part of the Eiss Limestone Member of the Bader Limestone (Upper
Eiss or E2), lower part of the Eiss Limestone Member (Lower Eiss or
E1), or in the undifferentiated Eiss Limestone (Eiss). The saturated
hydraulic conductivity (Ky.sa; Table S1) of the Morrill and Eiss lime-
stones are consistent with karstified, thick limestones (1076-1072 m/s)
and of limestone and dolomite (10711-107> m/s; Lewis et al., 2006):
where the highest K55 occurs in the Morrill near the upstream por-
tion of the well field (e.g., 3-5M, 4-6M; 1073-10"> m/s; blue fill
Figure 3), while the Upper Eiss wells also have consistently higher
Kp-sat (1073-107° m/s) compared to the Lower Eiss wells (1077-107%;
e.g., 4-6E1 and 4-2E1; blue fill panel a Figure 3).

Monthly groundwater level measurements (1990-2019) from
25 of the 35 wells in the NO4d catchment at Konza reveal an interest-
ing pattern in the groundwater elevation distribution (Violin plots;
Figure 3) with the water table elevation ~4 m higher in the Eiss than
the Morrill. Three patterns were observed: (a) narrow distribution—
little variability in groundwater elevation—(45% of wells; e.g., 1-3E
and 1-3M in top right Figure 3), (b) medium distribution—slightly
larger variability in groundwater table—(28% of wells; e.g., 1-6E and
1-6M top left Figure 3), and (c) wide distributions— greatest variability
in groundwater elevation—(27% of wells, 3-3E and 3-5M). Pairing
these data with frequency of “dry well” observations (light red fill
if >30%, Figure 3) and measures of hydraulic conductivity, spatial
patterns emerge: (a) limestones dry more frequently, especially the
Eiss limestone, are closer to the outlet, (b) greater variability in water
table elevation and higher hydraulic conductivities occur upstream,
(c) hydraulic gradients close to the outlet are generally much lower
than in upstream sections, and (d) flow lines inferred from potentio-
metric surfaces (see Figure S1) of the Eiss limestone are parallel to
topographic gradients—flow is toward the stream—close to the outlet,
but upstream, groundwater flows toward a hydraulic depression,
while in Morrill limestone groundwater everywhere appears to flow
toward the same upstream hydraulic depression (i.e., reverse to the
stream flow). This hydraulic depression, which was recently confirmed
using dye tracing (Barry, 2018), may be a collapse feature in the
south-central part of the study area. The dye trace also revealed a
strong vertical connection, exact location unknown, that allows down-
ward movement of groundwater at least to the next lower limestone

below the observation wells, the Cottonwood.

4 | GEOPHYSICAL METHODS, DATA
ACQUISITION, DATA PROCESSING

To examine hydrologic connectivity of merokarst at Konza we used
three geophysical tools (ERT, NMR, and GPR; fundamental aspects
outlined in Appendix S1). When possible, measurements were col-
lected at the identical locations (Figure 4) where borehole and well

data could be used to constrain the geophysical results. Specifically,
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FIGURE 4 Locations of groundwater wells (circles with cross
hairs) and geophysical measurements conducted in the merokarst of
Konza in the NO4d catchment superimposed on a digital terrain model
(elevation in metres ASL). Black soild lines represent the six profiles
where ERT and GPR surveys were both conducted. Two additional
GPR surveys were conducted and represented by the white lines (P3a
and P7). Red diamonds labelled 1-7 mark the locations where SNMR
measurements were conducted. Wells coloured green (i.e., 1-6, 2-6,
2-3, 2-5, 3-2, and 4-6) indicate where bNMR were collected. Wells
coloured orange indicate where detailed core information was
available for constraining geophysical interpretations, while yellow
coloured wells only had driller information on cuttings. Blue dashed
line marks the location of the intermittent stream

the well data allow us to interpolate elevation surfaces of the forma-
tions (see Figure S2) based on the knowledge of lithology from cores/
cutting and the small stratigraphic dips of the well-established layer-
cake stratigraphy. Line surveys (ERT and GPR) were conducted to
cross boreholes in two orientations: perpendicular to the stream
(e.g., P2, P4, and P5; Figure 4), and parallel to the stream (e.g., P1,
P3b, and Pé; Figure 4). Perpendicular transects crossed multiple lime-
stone layers, while stream-parallel transects permit us to explore vari-
ability within given units of this layer-cake lithology. The ERT, sSNMR,
and GPR data were collected in September 2017, while the bNMR
data were collected in April 2018. In both instances, Konza was
experiencing a cumulative deficit in precipitation, though this deficit
was much greater in April (Figure 2). When interpreting data from
these two time periods we expect the bNMR data will reflect a drier
hydrologic state.

4.1 | ERT profiles

A total of six ERT profiles were conducted at Konza (lower part of
NO4d) with lengths of ~50 to 175 m (Figure 4; Table S2). Four of the
six surveys were located on the west side of the catchment (P1, 2, 3,
and 6) and two were on the east side (P4 and 5). ERT data were
acquired using the GF Instruments ARES-II system with stainless steel
electrodes at a 1-m spacing. All profiles presented were measured

using Wenner electrode configuration, which maximizes vertical
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resolution in case of thin and flat layers, as expected in the Flint Hills.
Two profiles were additionally measured using the dipole-dipole con-
figuration (P4 and 5), which is more sensitive to lateral resistivity vari-
ations (Everett, 2013).

The ERT data were processed and inverted using AGI
Earthlmager™ 2D resistivity inversion and modelling software using
the damped least square inversion method. The choice of the initial
model and of the damping factor usually have the major effects on
the inversion (Loke, Chambers, Rucker, Kuras, & Wilkinson, 2013).
The damping factor controls the ratio of the data fit (i.e., RMS error)
and the degree of detail obtained in the 2D model. We chose
the apparent resistivity distributions (pseudo-sections) as the initial
models and selected the same damping factor for all profiles. Overall a
relatively low data misfit (<5%) is achieved after only a small number

of iterations indicative of high-quality data (Table S2).

42 | sNMR surveys

Seven sNMR surveys were conducted (soundings 1-7, red diamonds
in Figure 4) using a multichannel sSNMR instrument VistaClara GMR
system. A vertical distribution of volumetric water content and appar-
ent relaxation time (T,*) were retrieved from the measurements. The
T,* contains the information about mean pore size (Grunewald &
Knight, 2011). It is worth noting that the T,* differs from true trans-
verse relaxation time T, measured from borehole NMR by taking into
account the inhomogeneity of local magnetic fields. It is safe to use
T,* to represent true T, since Konza prairie has low magnetic suscep-
tibility. To overcome the background EM noise, we used a figure-
eight-shaped noise reference loop (35 or 36 m) for digital noise can-
cellation. The long axis of the measurement and cancellation noise
loops were in northwest-southeast direction, which was parallel to
the direction of strongest EM noise source in the region (power lines).
We used 10-16 stacks of recordings and 28 pulse moments ranging
from 0.1 to 10 A second (A.s). After noise cancellation and staking,
data sets were imported and processed within an open-source SNMR
processing package MRSmatlab (Muiller-Petke, Dlugosch, Lehmann-
Horn, & Ronczka, 2015) using QT inversion scheme. The QT inversion
is an iterative process that simultaneously fits all pulse moments, sig-
nal amplitudes, and relaxation time until the best pair of water content
distribution and the relaxation time profile can be determined. An
earth resistivity model was implemented and served as the initial
model. When adjacent ERT measurements were available, they rep-
laced the earth resistivity model, providing better constraint on the
inversion. The approximate depth of investigation is estimated at
where the diagonal values of the sensitivity matrix dropped to 0.5
(Mazzilli et al., 2016).

43 | bNMR logging

In April, 2018, a total of six bNMR logging measurements were
completed in two hillslope positions on the west side of the stream

(from upstream to outlet: wells 4-6, 2-6, and 1-6), on the east side of
the stream (from upstream to outlet: wells 3-2 and 2-3), as well as
in the valley (well 2-5, west side of stream) (Figure 4). A DART
(VistaCara) system was used with a data-collection interval of 0.25 or
0.5 m. The DART has a well-defined cylindrical NMR-sensitive zone
that is a maximum of 15 cm from the tool surface. The DART is used
to take measurements at two frequencies for each depth interval.
Each frequency was collected using two recovery times (T,) in order
to optimize the signal quality for short relaxation (T, = 100 ms), and to
capture long relaxation (T, = 1,000 ms). The averaged stack numbers
for T, = 100 ms is 500-1,000, while for T, = 1,000 ms is 30-50.
The relaxation time series from two frequencies were then combined
and filtered by applying the moving-average to increase the signal-
to-noise ratio (SNR) at the cost of reduced vertical resolution.
Borehole NMR inversion was performed using GMR processing soft-
ware (Walsh, 2008). The NMR relaxation time (T5) is fit with a multi-
exponential function to produce a T, distribution. The water content,
or porosity when saturated, is calculated as the initial amplitude of the
exponential relaxation function.

44 | GPR surveys

A total of seven zero-offset GPR surveys were conducted at Konza in
September, 2017 (black and white lines, P1-7; Figure 4) using a Sensors &
Software pulseEKKO Pro GPR with unshielded antennae (50, 100,
200 MHz). Lack of surface objects (e.g., trees, cars) minimized the poten-
tial negative impact of air wave reflections. The surveys revealed that
the 200 MHz antenna with a spacing of 20 cm provides the most con-
tinuous image of reflectivity, therefore those data will be the focus of
the results presented below. Data processing included dewow and
frequency filtering (trapezoid bandpass filter 10-30-280-330 MHz),
background removal, lateral smoothing, automatic gain control, and
time-to-depth conversion with an assumed velocity of 0.1 m/ns. This
standard velocity was chosen due to the absence of velocity information
(e.g., diffractions) in the data. Migration is not effective due to the small
dip angles (5-15°), coarse spatial sampling, low SNR, and the lack of

velocity control.

5 | RESULTS AND DISCUSSION

5.1 | Electrical resistivity tomography (ERT)

We obtained resistivities that ranged between 10 Q-m and 300 Q-m
for most locations, except for eastern transects P4 and P5 where sig-
nificantly higher resistivities up to 5,000 Q-m occur near the stream
(Figure 5). In limestone, resistivity is largely governed by porosity and
the fluid content occupying the voids: dry limestone can have resistiv-
ities from 1,000 to 10,000 Q-m (Carriére et al., 2013; McCormack
et al., 2017; Zhu, Currens, & Dinger, 2011) and fractured and/or satu-
rated limestone can have resistivities from 20 to 500 Q-m (Ammar &
Kamal, 2018; Redhaounia, llondo, Gabtni, Sami, & Bédir, 2016;
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FIGURE 5 The electrical resistivity
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measurements is plotted on ERT profiles.
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Robert et al., 2011; Srinivasa Gowd, 2003). At the study site, ERT
results superposed on the interpolated formation elevation maps (see
Figure S2) show that the shale layers had low resistivities (10 Q-m
to 50 Q-m) while the limestones had a wide range in resistivities
(50 ©-m to 5,000 Q-m). Intriguingly, we also observed large ranges of
resistivity within a given rock type (limestone or shale) and attribute
these spatial resistivity variations to differences in the degree of water
saturation, where high resistivity is associated with low saturation and
vice versa (e.g., Figure 5 surveys P2 and P3b). Due to the intrinsic
limited resolution of the method, the images of the resistivity distribu-
tion represent averages over wider areas and tend to be smeared, for
example, high-resistivity zones of small extent will show up as larger
blobs with intermediate resistivities. Further, sensitivity of inversion
decreases with depth, and so deep, high-resistivity zones are likely to
be underestimated in value (see Appendix S1: synthetic modelling).

To better understand the degree of vertical and lateral hydrologic

connectivity we focus on two orientations of resistivity profiles at

Resistivity
[Ohm m]

Konza, those perpendicular to the stream (P2, P4, and P5; Figure 5)
and those parallel to the stream (P1, P3b, and Pé; Figure 5). Perpen-
dicular transects crossed multiple limestone benches and exhibit com-
plex patterns, illustrating both strong lateral and vertical variability,
while stream-parallel profiles exhibited a more lateral homogeneity,
mirroring the layer-cake lithology (P1 and Pé; Figure 5). The only
exception where strong vertical and lateral heterogeneity in resistivity
was observed on a stream-parallel line was P3b. For stream-
perpendicular profiles and P3b, the significant degree of lateral het-
erogeneity within each unit is likely driven by differences in water
content given similar lithology, and may be indicative of vertical
hydrologic connectivity that can drain water from one lithologic unit
to one below it. One interesting feature evident from the ERT profiles
is the vertically flipped resistivity distribution in P2, P3b, P4, and P5.
Where high resistivity units appeared on the surface, we observed
areas of reduced resistivity that vertically cross both limestone and
shale units. Such features present at distances of ~60 and 125 m
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along P2, ~35 m along P3b, and at ~20 and 40 m along P4 and P5
(Figure 5). In contrast, stream-parallel profiles (P1and P6) exhibited lit-
tle to no vertically flipped resistivity features—only slightly decreased
resistivity region at ~55 and ~160 m in P1 and at ~90 and ~120 m
in P6 (Figure 5). The vertical flipped features are an indication that
water can be transmitted to depth, crossing both limestone and shale
units in these areas. Surprisingly this suggests that shale units are
likely helping to transmit water between limestone units, and it dem-
onstrates the shale units have local enhanced permeability zones. Syn-
thetic tests along profile P3b show that the flipped resistivity
distribution is a robust feature and not an inversion artefact related to
the lateral variation of surface resistivity (Appendix S1: synthetic
modelling).

For transects P4 and P5 which are on the same hillslope sepa-
rated by ~140 m, near-surface high resistivity (dry) zones mark the
limestone outcrops of the Eiss limestone on the western edge of the
stream. The upstream trend of more efficient groundwater transport
in the limestones, evidenced by higher upstream hydraulic conductiv-
ity and more variable water-level elevations (Figure 3), may explain
the higher resistivity observed in the more upstream P5 transect than
the P4 transect, reflecting more complete water drainage during the
dry study period. The overall patterns for these two stream-parallel
profiles are fairly similar, for example lower resistivity in the Eiss lime-
stone is observed with increased distance from the stream and from
the outcrop on the hillside (eastward in both cases). This decrease in
resistivity is also seen in limestone benches further upslope, and sup-
ports the hypothesis that the hydrogeologic regime is one of perched
aquifers as interpreted from the consistently non-overlapping water
table elevations in the limestones. The resistivity changes potentially
identify where more moisture is retained (does not drain easily)
because permeability is less developed and may indicate areas where
limestone is less fractured/karstified. We note observations of split
cores from wells at the site show more secondary porosity near
the stream (3-5-1) than farther from the stream (e.g., visible voids
decrease in order of 3-5-1 > 3-7 > 4-7; Figure S3), and again empha-
size the higher range in water table elevation, fewer dry well episodes,
and higher hydraulic conductivity determined by pumping/slug tests
upstream than downstream (Section 3).

The heterogenous resistivity patterns in stream-parallel line P3b
are intriguing and co-occur with the water table depression inter-
preted from hydraulic head in this area (information from well 3-6 and
4-6 helps to constrain interpolations; Figure S1). The northern part of
transect P3b is overlain by colluvial clay deposits and also has low
resistivity (potentially indicating more moisture), while the Eiss lime-
stone directly below has high resistivity values followed by lower
resistivity values in the even deeper Morrill limestone. The opposite
holds true for observed resistivity in the southern portion of the tran-
sect, where the lower resistivities of the Eiss can be attributed to
higher water content, which is confirmed by detectable groundwater
levels in well 4-6 and bNMR measurement in the same well at the
southern end (Figure 5). Well test data from this area (3-5-1 and 4-6)
also reveal that Eiss and Morrill limestone are more hydrologically

conductive in this area.

5.2 | Borehole NMR (bNMR)

Results from bNRM are key to validating perceived moisture
conditions from spatially extensive 2D ERT profiles, as such we sup-
erimposed bNMR results on the ERT profiles (blue lines in Figure 5).
Generally we find a correlation of high moisture content as determined
by bNMR and low resistivity values observed by ERT. Higher water
content in the shale layers (e.g., 20-40%) are associated with resistivi-
ties below 25 Q-m, while low water content (<20%) is present in shales
with resistivities between 40 Q-m and 60 Q-m. Thus, the pronounced
resistivity variation in both shales and limestones indicates that the
distribution of water is strongly heterogenous, and localized resistivity
minima at shale-limestone contacts suggests zones of increased hydro-
logic connectivity across lithologic units. We must point out that
the collection of ERT and bNMR measurements were separated by
months, but drought conditions continued to persist through both sur-
vey periods, and thus represent a similar hydrological state.

To better understand the controls on moisture behaviour with
depth from the bNMR measurements we focused on the T, relaxation
time of the differing formations, as longer times indicate larger pores
and vice versa (Figure 6; two hillslope positions — mid-slope and val-
ley — on either side of the stream, coloured dashed boxes indicate dif-
ferent formations). The NMR T, distributions ranged from 0.001 to
5 s (Figure 6) and the inverted volumetric water content (white lines)
ranged from 5 to 45% (volume percentage) across the six profiles. The
characteristic relaxation time (T»,), which can be considered representa-
tive of characteristic pore size under saturated conditions, is also plotted
in the figure (grey lines; Figure 6). For reference, T, for bulk water is
~2.4 s. In saturated conditions, the T, distribution can be used to calcu-
late the pore size distribution. For Eiss limestones in well 4-6, the T, dis-
tributions are bimodal indicating both micro-secondary pores (tens of
milliseconds) and macropores or micro-fracture (few seconds), which
can be attributed to processes such as heterogeneous karstification. For
many other depth intervals, the T distributions are unimodal, suggesting
only one dominant pore type. The shale layers (between the limestone
layers) have smaller pores (corresponding to lower T,) than limestone.

Most of the surveys were taken in the mid-slope position and var-
ied in depth according to each well depth, with well 2-5M being the
shallowest at ~2.5 m deep and well 4-6M being the deepest at
~11 m deep. Based on inverted T, distributions the overall water con-
tent in the southwest mid-slope profiles first increased at the base of
the first limestone, suggesting a perched effect between the lime-
stone and shale. For the 1-6M and the 2-6M wells, water contents
were elevated at depth, but these high values coincided with shale
layers and relaxation times from the bNMR suggest the majority of
the water is clay bound. In the deeper 4-6M, which is known to be
in a very hydrologically conductive zone (Figure 3; high saturated
hydraulic conductivity and large variance in water table position),
mobile water was detected in the upper portion of the Eiss and the
Morrill Limestones. In the valley (2-5M), the water content remained
fairly homogenous (15%) over the short depth interval, which may be
a result of the fact that the well solely represents clay colluvial mate-

rial (based on core records and surface mapping), and is consistent
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FIGURE 6 The T, distributions
(colour ramp), characteristic
relaxation time (T,; grey line), and
inverted water content (white line)
from six bNMR measurements in the
NO4d watershed at Konza (location
for boreholes are indicated as green
circles in Figure 4). The known
locations of four limestone units
(dashed boxes) are overlain: from
youngest (top) to oldest (bottom):
Middleburg Limestone (purple), Eiss
Limestone (red), Stearns (yellow)
discontinuous limestone within the
shale, and Morrill Limestone (blue)
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with low variability in longer term water table behaviour (Figure 3).
While the depth distribution of these wells differs, the general pattern
suggests that upstream from the outlet the lithology is holding more
mobile water and that this area might have a greater degree of vertical
connectivity between units (inferred from the T, distribution in
4-6M). Vertical connectivity in the area of 4-6M would also be in
accordance with the observation of the local groundwater depression
(Figure S1), and higher saturated hydraulic conductivity measurements

and greater water table variance (Figure 3).

5.3 | Surface nuclear magnetic resonance (sSNMR)

Unlike the bNMR data, which are limited by well depth, sNMR

measurements provide vertical profiles averaged over larger areas

Upslope

(loop size ~35m) to depths up to 30 m below the land surface
(Figure 7). The vertical resolution gradually decreased from 0.4 m (the
shallowest) to 4 m (at 30 m). However, the top 5-10 m were also sub-
ject to high noise (interference from powerlines and thunderstorms).
Thus, these data help to validate the deeper ERT measurements
(depths >10 m). We only use sNMR results as a relative comparison
with bNMR data since the long dead time of our sSNMR instrument
(10 ms) inhibits capturing water in small pores, resulting in a general
underestimation of water content compared to that determined by
bNMR (dead time of 0.5 ms).

The inverted water content profiles from the SNMR showed the
lowest values for mid-slope profiles (S3 and S4), with a slight increase
in water content in upslope locations (S1 and S2), and significantly
higher water content in the valley location S7, while other valley loca-

tions S5 and S6 have similar water contents as in the upslope
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FIGURE 7 The inverted water content from sNMR measurements at seven locations (red diamond; Figure 4) west of the stream at Konza in
the NO4d watershed superimposed with the average depths of the known limestones according to their relative hillslope position: upslope (left),
mid-slope (centre), and valley (right). Due to difference in landscape position, the elevation can change between sSNRM measurements which is
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(Figure 7). Generally, the water content was elevated in all surveys
near the shallowest shale-limestone boundary (limestone formations
indicated in Figure 7), while water content profiles with depth had no
uniform pattern. In the valley profile S7 the water content reached a
maximum in the Neva Limestone, roughly 20 m below the land
surface.

The sNMR measurements S1 and S2 are along the ERT profile
P1 at northwest and southeast ends, respectively. The slightly ele-
vated water content between 15 and 20 m depth corresponds to the
two zones of decreased resistivity observed in the Eiss formation at
both ends. Similarly, where sNMR and ERT measurements were
close to each other (S3, S4, and S7), the water content profiling is gen-
erally consistent with the resistivity changes (high water content -
low resistivity). Interestingly areas near the stream had both the
highest water contents observed (S7) and the lowest (S4), and the
other two valley locations S5 and Sé exhibit low water content espe-
cially in the Neva Limestone, attesting to the heterogeneity of this
environment. The SNMR measures a relaxation parameter T,*, which
reflects the mean pore size. The T,* is very low at depth (0.0067 s),
indicating micropores persist here. Considering both water content
and T,* data, the drastic difference in the Neva Limestone in the val-
ley suggest strong and localized karstification in this unit at S7 and
very well-developed small secondary porosity. It is important to note
that the highest moisture content sSNMR profile (S7) occurred at a low
topographic elevation, where the Eiss Limestone is absent due to ero-
sion, while the lowest moisture content profile (54) is at a mid-slope
position, in an area of known colluvial clay deposits at the surface
which may reduce water transmission to depth. Overall these data
show that the shallowest limestones at any point contain the most
moisture, moisture is probably higher in the intervening shales than in
the limestones below the shallowest limestone, and that the Neva
Limestone may represent a more regional water table in the valley,
but not on the slopes. This latter point highlights the importance of
the stream valleys on water movement at this site, in opposition to
other studies (e.g., St Clair et al., 2015).

5.4 | Ground penetrating radar (GPR)

Reflectors from GPR captured near-surface changes (<2 m) in lithol-
ogy between limestone and shale but in most cases were unable to
image the variation in the deep structure due to low resistivity (strong
EM wave attenuation) within the shale layers. At shallow depths the
GPR characterization of different formations was consistent with the
ERT results (Figure 8). The reflectors coincide with high resistivities,
adding to the interpretation of shallow limestone layers and/or zones
of low water saturation as also suggested from ERT. Only in a few
locations we found potential hints for laterally consistent reflectors at
larger depths (Figure 8). Specifically, diffuse but stronger and laterally
coherent reflectivity (e.g., in the centre of the profile P5 below the
surface limestone) might be interpreted as increased fracture density
and/or karstification, thus also indicating zones of potential cross-

formation connectivity. However, the ambiguity of the deeper GPR

39 59

[

Resistivity

FIGURE 8 Upper panel: GPR image along profile P5 (200 MHz
antenna). Fine-scale surface-parallel layers are acquisition and
processing artefacts. Yellow arrows show interpreted reflectors,
indicating changes in lithology, fracture density/karstification, or
water content, Lower panel: Superposition of the GPR image and the
electrical resistivity distribution

data due to strong EM wave attenuation does not strictly require such

an explanation.

6 | IMPLICATIONS

Multiple geophysical techniques (ERT, sNMR, bNMR, and GPR),
constrained with lithologic data from cores, borehole cuttings and
groundwater elevations from 25 monitoring wells at the Konza Prairie,
were used to evaluate the current conceptual model of hydrologic
connectivity in merokarst environments. While “pure” karst systems
are known for the generation of deep conduits that can quickly trans-
mit water to great depths and in erratic patterns, merokarst so far
were thought to be vertically constrained by alternating shale and
more permeable units. These confining layers were hypothesized to
create solution-enlarged conduits aligned with the bedding planes,
and were thought to be often driven by bi-directional exchange
with stream water (White, 1969). Our data suggest that despite
limestone units having distinctly different chemistries (Macpherson,
1996; Wood & Macpherson, 2005), downward vertical connectivity
between limestone units, first suggested by dye tracer tests

(Barry, 2018), likely occur and thus, may control groundwater flow.
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The vertical connectivity is inferred from the resistivity and NMR
water content data, as GPR was not able to unambiguously image the
deeper (>2 m) subsurface. From these data we observe that vertical
connection is heterogenous in space, occurring upstream, and likely
helps to drain water from stratigraphically higher units in the upper
portions of the catchment to greater depths, syphoning water that
might otherwise flow to the stream (based on dip) to leave the catch-
ment as deep groundwater. Below we discuss: (a) the importance
of groundwater export is an unappreciated component of current
conceptual models of flow in merokarst, (b) how lateral and vertical
variations in the structure of merokarst enhances spatial variability
in perched aquifers and thus, controls groundwater flow, and finally,
(c) how multiple geophysical measurements offer a toolset that
illuminates varying facets of shale-limestone interbeds and their

connectivity.

6.1 | Vertical connectivity may play a more
important role in groundwater export than is currently
appreciated in merokarst

Localized cross-formation low-resistivity zones imaged by ERT (indi-
cated by contrasting colours within the same unit [dotted lines] in P3,
P4, P5 in Figure 5) combined with the elevated T, distributions and
elevated water content detected using bNMR and sNMR support the
presence of downward vertical groundwater connectivity, which has
the potential to reach much deeper units in this merokarst environ-
ment (e.g., Neva limestone >20 m below the surface at Konza; see 57
in Figure 7). It has been long recognized that watersheds, especially
those underlain by sedimentary rocks, can support subsurface flow
paths where water is exported from one river basin and imported into
another (e.g., Frisbee et al., 2016; Hursh, 1946; Schaller & Fan, 2009;
Téth, 1963)—a process often termed interbasin groundwater flow
(IGF). Yet, as Frisbee et al. (2016), point out it is challenging to locate
and quantify IGF that occurs in any given watershed. Thus, such
exports of groundwater are often neglected when understanding the
hydrology of watersheds and how they might co-evolve (e.g., Troch
et al., 2015) with climate or land-use change. Given this groundwater
flux can represent up to 25% of annual precipitation and 10% of mean
annual precipitation (Bouaziz et al., 2018), developing more predictive
frameworks that account for it is necessary. Here we demonstrated
that geophysical tools can help identify locations where IGF may
occur. Specifically, ERT and bNMR indicated potential zones of
connected moisture with depth (P3, P4, P5 in Figure 5), in what other-
wise should be a vertically disconnected system. These vertically-
connected zones occurred along profiles located upstream and coin-
cided with wells that have higher hydraulic conductivity and greater
water variance compared to downstream wells (Figure 3). The next
step in understanding the position of these vertical connections is to
examine how they relate to the local morphology and to determine if
there is a consistent geomorphic and geologic interaction occurring
that can be quantified and used to predict groundwater-surface water

interactions in merokarst.

6.2 | Lateral and vertical structure controls
groundwater flow paths: Implications for weathering
and evolution of systems

Téth (1963) patterns of groundwater flow where topography controls
local, intermediate, and regional groundwater flow paths may not
work at the local scale in merokarst environments where the bedding
planes have a very low dip angle. At Konza, the picture that emerges
is that upstream vertical subsurface features (indicated by unit resis-
tivity changes in P3, P4, and P5; Figure 5) may support connectivity to
deeper units that coincide with the position where potentiometric
surfaces indicate the upstream presence of a groundwater depression
and a flow of groundwater opposite to the direction of stream
flow (see Figure S1). Given this “reversal” of what would intuitively
be assumed for groundwater flow in low order headwaters
(i.e., groundwater flowing toward the stream) it underscores a need to
examine how such flow regimes impact the evolution of porosity and
weathering of these subsurface systems over time. Since carbonate
systems are highly reactive, infiltrating slightly acidic precipitation or
soil-CO,-rich acidic recharge water can enhance dissolution as it
enters the subsurface. The degree of weathering and the network of
conduits that are derived thus depend on the flow path and depth to
which soil CO, and organic acids are delivered to the subsurface. If
the observed trends in NO4d persist in other watersheds in this
region, or in other low-order merokarst watersheds with only a slight
dip of the bedding plane, then it suggests that porosity may develop
to a greater degree near the stream, enhancing rates of channel inci-
sion, than compared to environments where groundwater predomi-
nately flows toward the stream. Here, observations from several cores
at Konza demonstrate that secondary porosity is enhanced near the
stream (see Figure S3). If this greater degree of development occurs
near branching channels, it may could help to weaken rock, support

collapse features, and enhance connectivity between limestone units.

6.3 | Multiple geophysical tools are needed
for understanding connectivity in merokarst

Our study demonstrates that a combination of different geophysical
tools is necessary to derive robust interpretations of the hydrological
patterns in merokarst, in particular when well control or other hard
constraints on lithology are lacking. A single-method approach is most
likely to fail as the individual techniques are either ambiguous in terms
of interpretation (ERT), lack spatial resolution (NMR), or do not deliver
results in certain lithologies (shale) and in areas with high water satu-
ration (GPR). Between the two types of NMR measurements, the
sNMR allows deeper depth of investigation than bNMR, but the
bNMR enhances the detection of water located in small pores in shale
units with better vertical resolution. Depending on the noise level,
water content values from sNMR might only be used for relative com-
parison. Here we show the robust total water content information
obtained from NMR measurements can be correlated to the in-situ

resistivity, and the combination allows at least qualitative insights into



SULLIVAN ET AL.

WILEY_L#%

the vertical and lateral distribution of moisture. For example, the
superposition of bNMR in well 1-6 on ERT profile Pé (Figure 5) can be
used to associate a water content of 40% with a resistivity of about
20 Ohm m in the shale between the limestone units, and conse-
quently the lower resistivities in the same formation toward the
southeast indicate an even higher water content. ERT clearly shows
pronounced lateral variation of resistivity in both shale and limestone
layers, and NMR provides the insight that these shale layers locally
host a large amount of water. Both observations support vertical con-
nectivity between different lithologies. Moreover, the NMR T, relaxa-
tion time distribution indicates the relative pore size changes along
the profile, providing evidence of lithology changes at these locations.
While at our field site in most instances the strong attenuation of the
GPR signal could only highlight lithologic changes within the first 2 m
of the subsurface, it might be possible to image larger depths in other
lithologies and at different (e.g., drier) conditions. Lower frequency
antenna might increase the imaging depth as well, which however
comes at the expense of decreased resolution.

To further constrain the structural complexity of karstic limestone
we suggest extending our pointwise and 2D acquisitions to three
dimensions. This would allow for more accurate processing and
interpretation, although the data fit of our 2D resistivity inversions
is already remarkably good in light of the heterogeneity of the subsur-
face. To increase lateral and vertical resolution at known areas of
interest, the spacing between electrodes could be decreased
helping to constrain spatial extent and degree of vertical connectivity
between units. More frequent measurements of both NMR tools
would provide better constraints on the moisture content changes
observed in ERT and the degree to which this water is more or less
mobile, helping to also better constrain vertical connectivity.

Mainly due to logistical constraints, seismic methods have not
been applied in this study. However, we suggest incorporating high-
resolution reflection seismic and surface wave seismology as they can
provide useful constraints on structure and lithology do to their over-
all lower sensitivity to the presence of subsurface water. The effec-
tiveness of combined geophysical measurements can be maximized
by joint inversions of multiple data types based on either structural
constraints or explicit petrophysical relationships.

Ultimately, the dynamics of hydrologic patterns over large spatial
areas could be directly observed with time-lapse surveys or continu-
ous monitoring, which adds more challenges to the data acquisition
and inversion. Focusing on periods where there are typically distinct
changes in catchment storage could provide significant insight
on subsurface flow patterns. Given the fast recharge dynamics at
Konza (Brookfield et al., 2017) such surveys should occur around big
recharge events, which tend to occur in the fall when evapotranspira-
tion declines and winter precipitation inputs increase, and during the
spring when the system is often moist but before evapotranspiration
begins to ramp up. Focusing on areas where vertical connectivity is
thought to persist from our initial measurements (e.g., P5) would then
allow us to quantify the rate in changes of moisture in the subsurface.
Ambiguity arising from lithology in geophysical interpretation could

also be eliminated from time-lapse monitoring.

7 | CONCLUSION

Our data show that merokarst exhibits both lateral and vertical hetero-
geneity and our observations do not support a simplified horizontal
flow model. Specifically, the combination of ERT and nuclear magnetic
resonance (NMR) at the surface and in boreholes together can be used
to identify areas of vertical connectivity across geologic units and
where secondary porosity generation (T, distributions) may support a
greater degree of mobile water connectivity. At Konza, a representa-
tive merokarst grassland of the greater Flint Hills, we found that verti-
cal hydrologic connectivity across limestones (~1 m thick) and shales
(~2 m thick) is supported by all three types of measurements. Vertical
connectivity, possibly driven through karstification and collapse pro-
cesses lead to groundwater table depressions which in turn support
substantial groundwater export, at least during the dry season. These
groundwater depressions can re-route groundwater to flow upstream,
which co-occurs with enhanced secondary porosity near the stream.
Understanding when these connections arise, how long they persist,
and their control over the catchment morphological evolution/trajec-
tory and stream discharge remains elusive. What our data reveal is that
a systematic approach using multiple geophysical tools and time-laps
measurements could unravel these processes over large spatial areas

providing data to develop regional morphological rules.
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