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Abstract: The Kaibab Plateau and Grand Canyon National Park in the USA contain both shallow
and deep karst systems, which interact in ways that are not well known, although recent studies have
allowed better interpretations of this unique system. Detailed characterization of sinkholes and their
distribution on the surface using geographical information system and LiDAR data can be used to
relate the infiltration points to the overall hydrogeological system. Flow paths through the deep
regional geological structure were delineated using non-toxic fluorescent dyes. The flow character-
istics of the coupled aquifer system were evaluated using hydrograph recession curve analysis via
discharge data from Roaring Springs, the sole source of the water supply for the Grand Canyon
National Park. The interactions between these coupled surface and deep karst systems are complex
and challenging to understand. Although the surface karst behaves in much the same way as karst in
other similar regions, the deep karst has a base flow recession coefficient an order of magnitude
lower than many other karst aquifers throughout the world. Dye trace analysis reveals rapid, con-
duit-dominated flow that demonstrates fracture connectivity along faults between the surface and
deep karst. An understanding of this coupled karst system will better inform aquifer management
and research in other complex karst systems.

Characterizing and understanding available water
resources is an increasing priority for managers
concerned with meeting both ecological and human
needs in North America (Salcedo-Sanchez et al.
2013) and elsewhere in the world (Bakalowicz
2005; Hua et al. 2015; Szocs et al. 2015). The pat-
terns of precipitation in the hydrological systems of
the western USA are seasonal, with high precipi-
tation in winter (as snowpack) and, in some regions,
a strong summer monsoon, which requires signi-
ficant aquifer storage to meet the requirement for
water over extended periods of time. This seasonal-
ity of recharge results in a reliance on snowpack
and groundwater systems to store water throughout
the year, slowly releasing it during drier times.
Research has shown that groundwater resources are
the dominant control of low (base) flow in surface
streams (Liu et al. 2008, 2012; Tobin & Schwartz
2012) and that they are essential sources of freshwa-
ter. Karst is present in many of these high elevation
systems (Weary & Doctor 2014) and research from
around the world suggests that high elevation karst
aquifers provide an important amount of storage
and are crucial to both ecosystems and humans
(Han & Liu 2004; Karimi et al. 2005; Jemcov 2007;

Mueller et al. 2017). Karst aquifers supply drink-
ing water to 20–25% of the world’s population via
groundwater pumping and springs (Kresic & Steva-
novic 2010).

High elevation groundwater systems with sub-
stantial hydraulic gradients have been found to
provide significant groundwater storage and are rel-
atively understudied due to their remote and often
inaccessible locations (Clow et al. 2003). Karst aqui-
fers in high elevation settings are equally underrepre-
sented in the literature (Tobin & Schwartz 2016).
Researchers have shown that these high elevation
snow-dominated systems often have rapid conduit
development (Faulkner 2009; Lauber et al. 2014),
substantial amounts of diffuse recharge (Oraseanu
& Mather 2000; Perrin et al. 2003; Goldscheider
et al. 2007) and recharge to matrix storage through
snowmelt (Tobin & Schwartz 2012). A changing
climate may, however, promote more precipitation
as rain rather than snowfall, changing the dynamics
of snowmelt-dominated karst aquifers worldwide
(Gremaud & Goldscheider 2010).

Karst aquifers are known to feed the largest
springs in the world, making them essential not
only for access to clean drinking and irrigation
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water, but also as habitats for many spring-depen-
dent species (Springer & Stevens 2009; Kresic &
Stevanovic 2010) and unique cave-obligate species
(Culver & Sket 2000). Groundwater systems pro-
vide a mechanism of control for changes in vegeta-
tive succession and fluvial geomorphic processes
(Batz et al. 2016). To better protect these habitats,
processes and water supplies, it is crucial to charac-
terize the storage properties of karst aquifers (Scan-
lon et al. 2003).

Roaring Springs, a karst spring, is the sole
source of water supplying the Grand Canyon
National Park (GRCA) in the southwestern USA.
The Redwall–Muav aquifer (R aquifer) of the Kai-
bab Plateau in the GRCA is part of an extremely
complex hydrogeological system. The main aqui-
fer unit is at a substantial depth below the surface
of the plateau, with numerous overlying non-karst
rock units, complex local and regional structural
features, and a perched aquifer, all of which result
in intricate recharge flow paths (Huntoon 1970,
1974, 1981; Beus 1990a). The Grand Canyon was
originally designated as a National Monument in
1908 by President Theodore Roosevelt under the
Antiquities Act as ‘an object of unusual scientific
interest’. The Grand Canyon became a National
Park in 1919. Although neither of these descriptions
specifically lists karst as one of the reasons for
designating the Grand Canyon as an outstanding
natural feature, the GRCA is actually the second
largest karst region in the US National Park System,
exceeded only by the Everglades National Park in
Florida (Anderson 2000; Weary & Doctor 2014).
Whereas other units of the US National Park System
are well known for their karst phenomena, such
as Mammoth Cave National Park in Kentucky,
the GRCA contains >4000 km2 of karst features
(Weary & Doctor 2014). This includes surficial
karst development, major cave development and
the deeper R aquifer. Although karst systems are par-
ticularly difficult to quantify due to their hetero-
geneity and anisotropic dynamic nature, part of the
GRCA’s uniqueness is the depth of the main karst
strata: the Redwall and Muav formations are buried
>1000 m below the surface (Beus 1990a). Above
this main aquifer is a smaller-scale limestone and
sandstone perched aquifer (the Coconino or C aqui-
fer) and various impermeable confining layers. The
C aquifer and other stratigraphic layers affect the R
aquifer in distinct ways that have not previously
been determined in detail and examining their inter-
connectedness will lead to an improved under-
standing of the mechanisms of groundwater flow
and storage in a multifaceted system.

The focus of this paper is on the northern rim of
the Grand Canyon, located on the Kaibab Plateau
in northern Arizona in the southwestern USA
(Fig. 1). The karst aquifer in this region supplies

numerous large springs that provide desert oasis
habitats, drinking water and base flow to the Colo-
rado River (Hart et al. 2002). Roaring Springs
(Fig. 2) discharges from the R aquifer and supplies
potable drinking water for all the residents of the
National Park and more than six million yearly visi-
tors to the Grand Canyon. Studies of the R aquifer
north of the Grand Canyon, despite its ecological
and economic importance, have been localized,
resulting in limited datasets and making long-term
evaluations challenging. Research in the Grand Can-
yon is also challenging as a result of difficult access
and the extreme climatic conditions, but has enticed
scientists for decades. Huntoon (1970, 1974, 1981,
2000) provided a valuable foundation of karst char-
acterization in the Redwall and Muav formations,
focusing on structural controls on the Kaibab Pla-
teau, groundwater basin delineation and temporal
karst development. Ross (2005), Brown (2011) and
Schindel (2015) quantified R aquifer karstification,
residence time and geochemical properties, but
their analyses were limited by a lack of measure-
ments of high-discharge events and long-term con-
tinuous data sampling.

Flow in karst aquifers can be turbulent in con-
duits and may have three components: intergranular
porosity, fractures and conduit-dominated flow
(Bonacci & Jelin 1988; Scanlon et al. 2003). Karst
aquifers are typically challenging to study because
of this heterogeneity (Goldscheider et al. 2007); in
addition, the R aquifer of the GRCA is so deep that
conventional methods of determining specific stor-
age and transmissivity are difficult and expensive
(Parise et al. 2015). However, recent studies and
the application of a wider variety of field and geo-
spatial techniques have been applied to better
characterize the processes functioning in this karst
aquifer system. This paper summarizes these new
studies, which have been designed to provide:
(1) more detailed characterization of the surficial
karst on the Kaibab Plateau using geographical
information system and LiDAR analyses; (2) an
initial insight into flow paths from the surface to
the springs using non-toxic fluorescent dye tracers;
and (3) the use of hydrograph recession curves
to analyse the recharge response of the R aquifer
via Roaring Springs. The unique interactions of
the shallow and deep karst systems in the GRCA
may be able to better inform aquifer manage-
ment decisions and research in other karst regions
worldwide.

Study area

Located in northern Arizona in the southwestern
USA (Fig. 1), the GRCA lies in an area with an
arid to semi-arid environment characterized by
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Fig. 1. (a) Location map showing the state border of Arizona and the boundary of the Grand Canyon National Park (GRCA). (b) Boundary of the GRCA and location of the
study area. (c) Study area showing the locations of the Kaibab Plateau, the Bright Angel Ranger Station (precipitation data), Roaring Springs, Vaseys Paradise Spring and Bright
Angel Creek.
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extreme vertical relief and stark climate gradients.
Bisected by the Colorado River, the sheer canyon
walls provide rare access to deep aquifers through
springs gushing from caves in the cliff faces. These
springs provide potable water, habitats and refuges
hundreds of metres below the rim (Figs 2 & 3) in
an otherwise desert environment. The Kaibab Pla-
teau is an uplifted region bordered to the south by
the North Rim of the Grand Canyon. The region cov-
ers c. 2460 km2, existing within the bounds of both
the GRCA and the adjoining Kaibab National Forest.
Unlike the surrounding arid regions, the Kaibab Pla-
teau is classified as a temperate forest climate, aver-
aging 652 mm of precipitation per year (National
Oceanic & Atmospheric Administration 2013) and
reaching a maximum elevation of 2810 m a.s.l.

Climate

Precipitation in the Grand Canyon region is typi-
cally bimodal, with wet seasons occurring in both
the summer and the winter. Winter precipitation is
primarily fed by moisture originating in the north
Pacific Ocean, which is transported eastward by
polar and subtropical jet streams (Sheppard et al.
2002; Hereford 2007), whereas the summertime
(July–September) precipitation is a result of the
North American monsoon (Hereford 2007).

Since 1996, the southwestern USA has been in
the midst of what scientists have called the ‘early
twenty-first century drought’ (Cayan et al. 2010).
Comprehensive climate records exist for the city
of Flagstaff, Arizona, 130 km south of the Grand

Fig. 2. Photograph of Roaring Springs, Grand Canyon National Park discharging from several outlets (photograph
taken by Abe Springer).
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Canyon. A 30% reduction in accumulated preci-
pitation was observed in Flagstaff between 1996
and 2011 compared with the preceding 15 years
(1981–96) (Hereford 2007). This reduction occurred
mostly in winter precipitation, which is substantially
influenced by large oceanic–atmospheric cycles that
affect the winter temperatures and precipitation in
the southwestern USA. The El Niño Southern Oscil-
lation and the Pacific Decadal Oscillation (PDO)
have been shown to affect weather patterns (Shep-
pard et al. 2002). Warm PDO phases have coincided
with increased moisture in the southwestern USA,
whereas cool phases in the PDO have coincided
with drier conditions. The current ‘early twenty-first
century drought’ in the SW has coincided with the
latest cool phase of the PDO beginning in 1999
(Sheppard et al. 2002; Hereford 2007).

Recharge area, sources and mechanisms

The Kaibab Plateau is a classic representation of a
snowmelt-dominated karst aquifer system. Snow-
melt runoff and precipitation infiltrate the Kaibab
Plateau rapidly via sinkholes, faults and fractures,
and slowly through diffuse infiltration. Once in the

subsurface, it travels hundreds of metres vertically
and kilometres laterally through the karst system
in the R aquifer (Brown 2011). Most precipitation
(c. 60%) falls during the winter (November–
March) as snow, which subsequently melts during
spring (March–May) when low temperatures, mini-
mal plant use and saturated conditions in the vadose
zone allow more water to recharge the aquifer sys-
tem. Roaring Springs primarily responds to recharge
as a result of melting of the winter snowpack, with
relatively little recharge to base flow occurring dur-
ing the summer monsoon season (Ross 2005; Schin-
del 2015). Discharge from winter snowmelt peaks
during late spring and decreases to base flow fed
by the primary intergranular porosity during the
summer monsoon season (Ross 2005) (Fig. 4).

Stratigraphy

The stratigraphy in the Grand Canyon is globally
renowned and well-studied due to tremendous expo-
sures resulting from a combination of the Kaibab
Plateau uplift and downcutting by the Colorado
River. Numerous studies have focused on quantify-
ing the different stratigraphic layers and evolutionary

Fig. 3. Photograph of Vaseys Paradise Spring, Grand Canyon National Park (photograph taken by Abe Springer).
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history of the Kaibab Plateau over multiple decades
(Huntoon 1974; Beus 1990a). The deep canyon and
the regional, southward-dipping strata create two
distinct aquifers with very different recharge areas
and flow paths. Although more studies have focused
on the aquifers of the southern rim of the canyon due
to ease of access and the regional dependence on
groundwater (Crossey et al. 2006), the aquifers of
the Kaibab Plateau on the North Rim are less affected
by human development and thus are less studied.
Although the karstic R and C aquifers are the focus
of this paper, the overlying and underlying units of
the R and C aquifers are relevant for a comprehen-
sive understanding of the hydrogeology (Fig. 5).

The R and C aquifers occur within Paleozoic
strata of the canyon. Underlying this is a crystalline,
Precambrian core and the sedimentary Grand Can-
yon Supergroup. These strata typically have very
low porosity with minimal water storage. The Paleo-
zoic sequence consists of sedimentary rocks, includ-
ing sandstone, limestone and shale (Fig. 5). The
Bright Angel Shale, a c. 100 m thick layer in this
part of the Grand Canyon, acts as a regional aquitard,
causing nearly all the groundwater to discharge at

or above the shale (Huntoon 1974; Ross 2005).
The composition of micaceous clay seals any sec-
ondary faulting or fracturing, further reducing the
Bright Angel Shale’s permeability (Huntoon 1974).

Overlying the Bright Angel Shale are strata that
compose the R aquifer: the Muav, Temple Butte
and Redwall formations (Fig. 5). These lower Paleo-
zoic carbonates are well recognized in the Grand
Canyon as steep, vertical cliffs and have low primary
porosity unless fractured or karstified (Huntoon
1974). However, the large amount of dissolution
and faulting in this aquifer causes it to be one of
the largest stores of groundwater in this region.

The oldest layer in the R aquifer is the Muav
Formation, a c. 100 m thick layer composed of lam-
inated carbonates along with dolomitic and calcare-
ous mudstone (Middleton & Elliot 1990) (Fig. 5).
A complex intertonguing relationship characterizes
the contact between the Muav Formation and the
Bright Angel Shale. The Muav Formation is the
base of the R aquifer and the majority of large
springs below the Kaibab Plateau emerge at the con-
tact between the Muav Formation and the Bright
Angel Shale. Overlying the Muav Formation is the
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Temple Butte Formation, which consists of dolo-
stone lenses, most often <30 m thick (Beus 1990b).
The Temple Butte Formation is negligible in the
Kaibab Plateau region. The overlying Redwall For-
mation forms stark red cliffs stained by iron oxide
from the overlying Supai Group. The Redwall is
up to 250 m thick and consists predominantly of
limestone (Beus 1990a). Large cavern development
occurs throughout this formation (Huntoon 2000).
Although there are a few hydrologically active
unconfined caves, the Redwall Formation is primar-
ily home to the majority of hydrologically inactive
caves in the GRCA. Karstification throughout the
formation has occurred along fractures parallel and
sub-parallel to regional faults and fractures (Hill &
Polyak 2010).

Huntoon (1974) has suggested that these caves
and associated groundwater movement were driven
by existing geological structures, with flow occur-
ring along faults and fractures. Subsequently, Hun-
toon (2000) proposed that the dewatering of the
aquifer and movement of springs from the Redwall
Formation to the stratigraphically lower Muav For-
mation was due to the incision of the Grand Canyon
and associated tributaries, such as Bright Angel
Creek. The dissolution that forms the currently active
karst springs and hydrologically inactive caves has

been the result of a combination of epigenic and
hypogenic waters, creating a unique karst system
(Hill & Polyak 2010).

Between the R aquifer and the perched C aquifer
are >300 m of sedimentary rock that act as a leaky
aquitard. Although these formations are not water-
bearing, they are important in the transport of
water from the surface and the C aquifer to the R
aquifer below. The Supai Group (Wescogame,
Watahomigi and Manakacha formations and the
Esplanade Sandstone) and the Hermit Shale com-
pose the stratigraphic units between the R and C
aquifers. The complex Supai Group is primarily
composed of sandstone, mudstone and some lime-
stone and dolomite, whereas the Hermit Shale con-
sists of siltstones and mudstones (Blakey 1990).
The rocks of these stratigraphic units have low
permeability where undisturbed, but groundwater
flows along localized faulting, vertical joints and
bedding partings (Huntoon 1970).

The C aquifer occurs within the uppermost por-
tion of the Grand Canyon stratigraphic sequence
and consists of the Coconino Sandstone, the
Toroweap Formation and the Kaibab Formation
(Fig. 5). The C aquifer is a minor water-bearing
unit, but small-scale springs do discharge on and
near the North Rim and around the perimeter of

Fig. 5. Idealized conceptual profile oriented along the plane of a permeable fault zone cross-cutting all the strata and
serving as a vertical hydraulic conduit. The permeable fault zone vertically connects an aerially extensive circulation
system within the C aquifer. This circulation system drains to the fault and to horizontal karst conduits dissolved
along the plane of the fault within the R aquifer.
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the Kaibab Plateau (Huntoon 1970; Ross 2005).
Where the underlying Hermit Shale is undisturbed,
the C aquifer appears to have greater saturation and
behaves as a perched aquifer. The Coconino Sand-
stone is c. 100 m thick and is a fine- to medium-
grained cross-bedded quartz sandstone (Ross 2005).
Overlying the Coconino Sandstone is the Toroweap
Formation, which includes c. 120 m of non-cross-
bedded sandstone, gypsum and limestone. The Kai-
bab Formation occurs at the surface of the Kaibab
Plateau and is highly variable in thickness due to ero-
sion. The formation is largely composed of gypsum,
dolostone, chert and limestone (Huntoon 1970;
Hopkins 1990). The Kaibab Formation is highly kar-
stified with substantial dissolution along faults and
fractures. The gypsum in the underlying Toroweap
Formation is also highly susceptible to dissolution.
The combination of karst features in the Toroweap
and Kaibab formations has created an abundance
of closed depressions throughout the region (Hun-
toon 1970).

Surface karst system

The near-surface karst system in the Kaibab and
Toroweap formations of the C aquifer on the Kaibab
Plateau is a defining feature of the plateau and the
sinkholes provide the primary means of recharge
to the underlying aquifers (Huntoon 1974, 2000).
The unconfined nature of both the C and R aqui-
fers on the plateau results in aquifer responses to
storm events that are commonly flashy and variable,
depending on the precipitation and the season (Hun-
toon 2000). These sinkholes recharge an underlying
conduit system, both of which are structurally con-
trolled. Limited geophysical evidence is available
to map these conduits; however, the morphology of
the sinkholes above these conduits can be indicative
of conduit size and the ability to channel, store and
discharge the incoming water (Panno et al. 2013).
Geographical information system and LiDAR data
for sinkholes were used to better quantify the sur-
ficial properties of the C aquifer and to relate the
sinkholes as infiltration points to the overall hydro-
geology of the system.

Surface karst methods

A sinkhole layer was created from 1 m resolution
LiDAR data to characterize the sinkholes of the Kai-
bab Plateau (Fig. 6). Watershed Sciences was con-
tracted by 3DiWest to fly LiDAR over the Kaibab
Plateau for the Kaibab National Forest, Kaibab
Ranger District to assess the habitat of the raptor spe-
cies the northern goshawk. Ground returns with a
resolution of 1 m were acquired. The elevation data
were masked to an elevation of 2292 m and above
to isolate the plateau surface. Depressions were

delineated using a basin-fill function in ArcGIS
10.2 (ESRI 2014). The basin-fills were subtracted
from the original topographic LiDAR data to create
a depression layer. To reduce noise, this layer was
smoothed using two iterations of the Focal Statistics-
Mean function in ArcGIS (ESRI 2014) set to a 3 × 3
smoothing parameter. This smoothed layer was re-
classified and filtered, resulting in sinkholes with a
minimum depth of 0.1 m. The sinkhole size statistics
table was then exported into Python Programming
Language and filtered to eliminate all sinkholes
smaller than four pixels in area (4 m2) to remove
artefacts and anthropogenic depressions (Fig. 7). A
small sample of field observations and measure-
ments was used to inform the parameters chosen to
filter our model. However, additional field measure-
ments would add value to, and increase the accuracy
of, these parameters in future studies because field
measurements remain a key component of sinkhole
investigation to verify topographic data (Basso
et al. 2013). Python Version 2.7.12 (Pyton Software
Foundation 2016) was used to calculate the measures
of sinkhole development, including the depression
density and sinkhole area ratio (White 1988), in addi-
tion to general sinkhole population size statistics.

To assess similarities between the Kaibab Plateau
sinkholes and other karst areas around the globe,
sinkhole distributions were grouped by depth and
plotted as a frequency–depth distribution using the
equation:

n = Noe
−kd (1)

where n is the number of sinkholes with a certain
depth group, No is a constant representing the total
number of sinkholes, k is a constant corresponding
to the rate of attenuation of the number of sinkholes
per depth and d is the depth of the sinkhole (Troester
et al. 1984).

Surface karst results

The sinkhole analysis method delineated a total
of 7457 sinkholes over the 1.45 × 103 m2 area of
the Kaibab Plateau, with volumes ranging from
0.40 m3 to >1.4 × 106 m3 (Table 1). The majority
of the sinkholes were at the smaller end of the spec-
trum, typical of most surface karst (White 1988). A
linear relationship (r2 = 0.68) between the two-
dimensional area of a sinkhole and its depth exists
on the Kaibab Plateau (Fig. 8). A map of sinkhole
density on the Kaibab Plateau is shown overlain by
the mapped geological structures and reveals a corre-
lation between sinkhole density and the presence of
faults and fractures (Fig. 9).

A comparison of sinkhole frequency–depth dis-
tributions between the Kaibab Plateau and other
karst regions shows that the Kaibab Plateau

C. J. R. JONES ET AL.



Fig. 6. (a) Hillshade layer of LiDAR elevation data of the Kaibab Plateau overlain with ArcGIS-automated sinkholes
in black. (b) An enlarged section of the Kaibab Plateau LiDAR with Arc-GIS-automated sinkholes in black. (c) The
same enlarged section of the Kaibab Plateau with the sinkhole layer removed.

Fig. 7. Flow chart of ArcGIS functions used to identify sinkholes on the Kaibab Plateau and their measurements of
area, depth and volume.
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sinkhole depth distribution has a trend line equation
of n = 7460e−25d, which, when normalized, falls
close to the trend line equation for the sinkhole
plain of south-central Kentucky (Fig. 10, Table 2).

Surface karst discussion

The majority of the sinkholes were on the smaller
end of the spectrum, typical of most surface karst
(Table 1, Fig. 8; White 1988). Sinkholes plotted
above the trend line in Figure 8 are likely to be
steeper and more erosive, indicative of a larger con-
duit system capable of channelling, storing and dis-
charging larger amounts of water. Sinkholes below
the trend line are more likely to be shallow and
wide, and may be closely tied to portions of the

conduit system that have a lower drainage capa-
city. These characteristics could prove valuable in
future vulnerability mapping of the Kaibab Plateau
(Panno et al. 2013).

Figure 9 also illuminates a relationship between
sinkholes and the location of possible active conduits
near regions of major faults and fractures. A simi-
lar density model reported by Panno et al. (2008)
suggests that sinkhole densities are higher in areas
with prominent conduit systems. This interpreta-
tion is consistent with the conduit hypotheses devel-
oped by Huntoon (1974, 2000): dominant conduits
exist in the proximity of faults and fractures on
the plateau. Such conduits in highly fractured and
faulted areas are hypothesized to provide direct con-
nections between the surface and the shallow and
deep karst systems of the plateau. Future investiga-
tions of sinkhole circularity and azimuth in relation
to faults, fractures and joints would help to clarify
the presence of structurally driven sinkhole forma-
tion on the Kaibab Plateau (Brinkmann et al. 2008;
Basso et al. 2013).

The frequency–depth distribution trend line for
the Kaibab Plateau is similar to the trend line of the
sinkhole plain of south-central Kentucky (Fig. 10,
Table 2) (Troester et al. 1984). The size and den-
sity characteristics may indicate that the overall geo-
morphology of the karst conduit system on the

Table 1. Statistical measurements for the Kaibab
Plateau sinkholes

Depth
(m)

Area
(m2)

Volume
(m3)

Minimum 0.10* 4* 0.40
Maximum 48.8 3.76 × 105 1.42 × 106

Mean 1.14 1.32 × 103 4.62 × 103

*Controlled value.

Fig. 8. Scatterplot of the positive relationship between the depth and area of sinkholes on the Kaibab Plateau. Note
that both axes are on a logarithmic scale.
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Fig. 9. Map of the Kaibab Plateau showing the density of sinkholes per km2 overlain with known faults and fractures
in the region. Note that the sinkhole density increases with proximity to faults.

Fig. 10. Graph of the frequency–depth distribution exponential decay trend lines fitted to the karst regions in Troester
et al. (1984) compared with those for the Kaibab Plateau sinkholes. Note that the slope of the Kaibab Plateau and the
Kentucky trend lines are almost identical, indicating similar karst behaviour.
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Kaibab Plateau is similar to that of temperate karst
regions. The overall groundwater distribution pat-
terns may follow similar trends, at least within the
upper 90–100 m of the Kaibab Formation.

Deep karst system

The deep, karstic R aquifer of the Kaibab Plateau
cannot be properly understood without acknowledg-
ing the interplay and dependence between it and the
shallower components of this karst system. The R
aquifer of the Kaibab Plateau is buried beneath a
thick series of Paleozoic rocks and only outcrops to
the east, west and south of the plateau, where it is
bounded by deeply incised canyons. There are
springs throughout the outcropping of the aquifer,
indicating that recharge is probably not occurring
in these locations. This suggests that all the water
recharging the aquifer is via sinkholes in the overly-
ing rocks. Recharge to the deep aquifer moves first
through the perched karstic C aquifer. Groundwater
then continues through non-karstic strata between
the C aquifer and R aquifer via faults, joints and
bedding partings, all of which alter the groundwater
flow dynamics of the R aquifer. The interconnec-
tion between the two karst aquifers was interpreted
through a dye tracer study and hydrograph analysis
of discharge from the deep aquifer.

Dye tracer study

A qualitative tracer study was initiated in 2015 to
determine the interconnection between sinkholes
on the Kaibab Plateau and springs discharging
from the R aquifer. This was the first dye trace study
conducted in the region.

Dye injection methods. Four different non-toxic
fluorescent dyes were injected into four different
sinkholes over a two-year period (Fig. 11) to target
those sinkholes whose recharge was theorized,
based on research by Huntoon (1974), to contribute
to Roaring Springs. The amount of dye was deter-
mined following the methodology of Worthington
& Smart (2003). The injections were made just
after snowmelt at two sinkholes in the GRCA in
2015 and just prior to snowmelt at two sinkholes
adjacent to the GRCA in 2016 (Fig. 11). On 21–22
April 2015, 1.5 kg of phloxene B and 1.5 kg of
sulforhodamine B dyes were flushed into the sink-
holes using 3028 l of water each from water
trucks, due to lack of flowing water at the time of
injection. This lack of flowing water and the finite
amount of water used for the injection probably
resulted in the dyes being stranded in the shallow
subsurface and they were not detected in the deep
flow system.

As a result of the lack of positive results, access
limitations, weather uncertainty and the remote
nature of all the sites, it was not possible to conduct
the 2016 injection during snowmelt. Instead, on 22
February 2016, 3 kg of eosin and 5 kg of uranine
were buried in the snow within the sinkholes
just prior to snowmelt and the subsequent snow-
melt flushed the dyes into the groundwater sys-
tem (Fig. 11). This method is not ideal because it
increases the risk of exposing the dyes to increased
photolytic decay and also increases the uncertainty
of the flow rates, but it has the advantage of ensuring
that there is enough water to push the tracer through
the aquifer (Benischke et al. 2007). Flowing water
generally only exists on the Kaibab Plateau during
snowmelt, which is typically rapid, occurring over
the course of days to weeks.

Table 2. Properties of sinkhole populations and least-squares fitting coefficients for exponential depth
distribution from equation (1)

Karst region Total number of
sinkholes

Depression
density
(km−2)

Mean
depth
(m)

De = 1/k
(m)

No k
(m−1)

r2

Temperate karst regions
Appalachian mountains 5.16 × 103 1.25 7.8 4.48 1.26 × 104 0.22 0.99
Kentucky 8.30 × 102 5.41 5.4 4.02 8.92 × 102 0.25 0.99
Missouri 2.22 × 103 – 6.8 3.23 9.79 × 103 0.31 0.99
Florida 3.40 × 103 7.94 – 0.85 1.23 × 104 1.18 0.99
Kaibab Plateau 7.46 × 103 5.14 1.14 3.95 7.46 × 103 0.25 0.76

Tropical karst regions
Puerto Rico 4.31 × 103 5.39 19 11.35 6.88 × 103 8.8 × 10−2 0.99
Dominican Republic 7.21 × 103 5.71 23 8.93 6.92 × 104 0.11 0.99

No is a constant representing the total number of sinkholes, k is a constant corresponding to the rate of attenuation of the number of
sinkholes per depth and r2 is the fit of the modelled equation (1) to the actual sinkhole depth–frequency distribution (table adapted from
Troester et al. 1984).
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Fig. 11. Locations of the four dye injection sites and the 29 dye receptor sites. Phloxene B and sulforhodamine B were injected during April 2015; eosin and uranine were
injected during February 2016. Eosin and uranine (filled triangles) were detected between February and July 2016. The potential generalized flow paths of the eosin and uranine
dyes along faults are superimposed on the map. Phloxene B and sulforhodamine B had not been detected by July 2016.
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Dye receptor methods. Passive dye monitoring
occurred at 29 locations throughout the GRCA
(Fig. 11). These monitoring locations were distribu-
ted to capture the discharge from more than 41
perennial springs; some locations were in creeks
fed by multiple springs. Most of the springs were
located at the base of the Muav Formation, with
two occurring in the Redwall Formation. Although
this methodology limits the amount of data it is
possible to collect on the more detailed characteris-
tics of the aquifer (Benischke et al. 2007), it was
chosen due to a lack of background knowledge of
the flow paths, the large number of springs poten-
tially connected to recharge features on the Kaibab
Plateau, and the difficulty in accessing and maintain-
ing the monitoring sites.

The dye receptors consisted of nylon mesh pack-
ets containing activated charcoal and were assem-
bled at the GRCA physical science laboratory
following established protocols (Schindel et al.
2007). The receptors were collected and replaced at
irregular intervals as allowed by the field conditions
and the availability of personnel. Receptor place-
ment and handling procedures were established to
maximize the likelihood of recovering the dyes and
to minimize the potential sources of error and cross-
contamination of samples. After field collection, the
dye receptors were rinsed, dried and shipped for
analysis. The prepared receptors were analysed by
Karst Works (San Antonio, TX, USA) following
established methods (Schindel et al. 2007). The
dyes used for the tracer test and other potential fluo-
rescent substances in the system (from fire retar-
dants and the water infrastructure) were analysed
by the laboratory to verify their presence or absence
in the receptors.

Methods of dye tracer spatial analysis. We assessed
the relationships between positive dye locations, the
regionally mapped geology and previous assump-
tions of flow paths using ArcGIS 10.2 (ESRI 2014)

to determine the likely flow paths of the recovered
dyes. The results from the dye tracer study were
directly overlain on the assumed groundwater basins
and flow paths using geological mapping data from
Huntoon (1974). The assumed pathways were then
modified based on the tracer results.

Results of dye tracer study. Based on the theoreti-
cal flow paths from Huntoon (1974), it was assumed
that all of the injected dyes would discharge to Roar-
ing Springs or to adjacent springs in Bright Angel
Creek. However, eosin, the first dye detected, dis-
charged at springs to the west and one to the east
at Vaseys Paradise Spring, but not south near Bright
Angel Creek as anticipated (Fig. 11). Eosin was
detected between February and May 2016, with the
initial detection occurring less than one month after
injection. The dye persisted in the system for an addi-
tional two months before it was no longer detected
(Table 3).

Uranine was detected between May and July
2016. The dye was detected in tributaries to Bright
Angel Creek downstream of Roaring Springs and
also to the east at Vaseys Paradise Spring (Fig. 11).
Uranine injected in February 2016 arrived at these
sites within three months of injection and was
detected for an additional two months after the initial
detection. The other two dyes injected in April 2015
were not detected at any of the dye receptor sites by
July 2016.

Discussion of dye tracer study. When the surficial
locations of the major faults are overlain on the
dye detection results from the eosin test, the patterns
that emerge can be related to the flow directions
along faults described by Huntoon (1974). Karst
is well known for complicated and, at times, unex-
pected conduit flow paths, and the fault-related struc-
tures on the Kaibab Plateau could be avenues for
major conduit flow through the plateau. This inter-
pretation may or may not be that simple when we

Table 3. Dye tracer results for eosin and uranine injections

Injection
site

Injection
elevation

(m)

Amount
of dye
(kg)

Recovery
site

Recovery
elevation

(m)

Distance between
injection and recovery

(km)

First detection
after injection
(months)

Eosin 2687 3 Deer Spring 835 35 <1
Thunder River 980 31 <1
Tapeats Spring 1125 28 <1
Vaseys Paradise 895 29 <1
Merlin Spring 1355 17 <1

Uranine 2657 5 Transept Creek 1300 24 2–3
Ribbon Creek 1255 26 2–3
Phantom Creek 940 30 2–3
Wall Creek 1180 26 2–3
Vaseys Paradise 895 27 2–3
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consider the propagation of the surface expression of
these faults through the various layers of limestone,
sandstone and shale (Fig. 5). Shale typically deforms
plastically along faults and therefore is considered to
be a barrier to flow. Potential conduit flow along
faults indicates that either the faulted shale is not act-
ing as a barrier to flow, or that the flow could be pre-
dominantly along parallel and sub-parallel fractures
related to the faults. Huntoon (1974) noted that the
caves generally follow major fractures sub-parallel
to larger regional faults. It is likely that more water
follows these sub-parallel fractures than the faults
themselves as a result of the prohibition of flow by
deformation along the faults. In addition, because
cave passage patterns in the region show strong frac-
ture control (Fig. 12) highly related to the faults and
fractures mapped on the surface, similar patterns
may exist in intermediate geological units.

The results of the eosin dye tracer study suggest
that the flow patterns follow the hypotheses pro-
posed by Huntoon (1974); however, the locations
of the detection of the uranine dye complicate
these interpretations. The uranine dye was injected
into the northernmost of two sinkholes associated
with the same fault, whereas the eosin dye was
injected into the southernmost of the two sink-
holes. Although the eosin dye arrived at springs
east and west, but not south, of Bright Angel Creek
(Fig. 11), the uranine dye discharged into the tribu-
taries feeding the creek south of Roaring Springs
as well as to the east at Vaseys Paradise Spring.
The contradictory arrival of uranine in Bright
Angel Creek to the south suggests two possible
explanations: (1) differences in horizontal and verti-
cal flow paths from each sinkhole or (2) differences
in the types, sources and timing of the water moving

Fig. 12. Photograph of a cave passage showing the linear morphology typical of fracture-controlled speleogenesis
(photograph courtesy of Skye Salganek).
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the dyes through the system, resulting in different
arrival times. Although both dyes were injected dur-
ing the same day, heterogeneity in snowmelt could
have resulted in the delayed movement of uranine
through the system.

Although a vertical connection between the C
and R aquifers probably still occurs along these frac-
tures, the downward movement of water along these
vertical pathways and horizontal flow within the
two aquifers are more complex than initially thought.
The different flow paths and arrival times at the
springs could suggest that the sinkhole where eosin
was injected is more closely associated with major
conduits, where the dye infiltrated rapidly and then
moved quickly through the conduit system to the
springs. Conversely, this explanation suggests that
the sinkhole into which the uranine was injected is
more removed from the conduit system, resulting
in slower flow and/or a longer flow path.

Flow paths can vary depending on the intensity of
precipitation, the source of water and the antecedent
conditions, as has been observed in many other karst
systems (Wong et al. 2012; Schwartz et al. 2013;
Reisch & Toran 2014; Parise et al. 2015). It is likely
that summer precipitation from intense, highly het-
erogeneous monsoon events results in very different
flow patterns from the relatively slow and homo-
geneous infiltration associated with snowmelt. As
a result of the later detection times associated with
the uranine dye receptors (May–late July), it is
possible that the dye was only partially transported
vertically into the subsurface during snowmelt and
was not mobilized until monsoonal moisture pushed
it through the entire flow system. Conversely, the
eosin dye was first detected at receptor sites within
a month of injection, indicating that this dye was
immediately transported vertically and horizontally
through the system with only snowmelt.

Spring hydrograph analysis

Dye trace analyses alone are not sufficient to inter-
pret the complexities of the geology overlying the
deep karstic aquifer of the Kaibab Plateau. The
spring discharge hydrographs in the deep karst
aquifer are affected by the complex structure of the
thick, overlying and partially karstified stratigra-
phy (Fig. 5). Spring hydrograph analysis allows the
determination of aquifer water storage and temporal
discharge distributions because the discharge can be
directly measured in the field (Groves 2007; Fiorillo
et al. 2012). Karstification leads to a hierarchical
arrangement of conduit flow paths that converge
and discharge at karst springs (Fiorillo 2014). In
karst systems such as the GRCA, and other systems
where springs are potable water sources, spring flow
monitoring and forecasting are important for ensur-
ing future water supplies (Ford & Williams 2007).

Hydrograph analysis at Roaring Springs not only
shows a connection between the R aquifer and
surface recharge, but also aids in characterizing the
vertical and horizontal flow patterns of the hydro-
geological system. The discharge response accounts
for flow through >1000 m of overlying lithostra-
tigraphic units, including the perched C aquifer.
Compared with the shallow karst aquifer system,
the spring hydrographs of the deep karstic R aquifer
indicate a complex, unknown history of transit time,
flow paths and residence times. Analyses of spring
hydrographs were used to quantify the dominant
flow regimes from both summer monsoon storms
and winter snowmelt events, the lag time of the
spring response to precipitation and the qualitative
amount of recharge contributing to the base flow
for different hydrograph peaks. Although other large
springs discharge from the R aquifer (e.g. the Vaseys
Paradise Spring, Fig. 3), Roaring Springs (Fig. 2)
was chosen for analysis because of its importance
as the sole water source for visitor, residential and
commercial use within the GRCA.

Stage–discharge relationship methods. Previous
studies have attempted to collect complete discharge
data (Ross 2005; Brown 2011; Schindel 2015), but
the sites were inadequate for determining the total
flow from Roaring Springs due to non-ideal trans-
ducer locations and the lack of high flow discharge
measurements during the collection period. For
this study, a transducer was relocated to capture all
of the flow from Roaring Springs upstream of a
distributary system in the cave near the spring’s
mouth. Because karst spring discharge can vary rap-
idly compared with other types of springs (Groves
2007), the stage and temperature were recorded at
15 minute intervals with an In-Situ Level TROLL
500 water level data logger (In-Situ, Fort Collins,
CO, USA). Ten discrete discharges were measured,
including the high flow after peak snowmelt, from
November 2015 to August 2016, to create a stage–
discharge relationship:

log (Q) = 1.07 × log (H)− 0.264 (2)

where Q is the discharge in m3 s−1 and H is the stage
in metres. This equation showed a strong correlation
between stage and discharge (r2 = 0.812) and a
rating curve was used to convert the stage data to
continuous discharge values.

Hydrograph analysis methods. The shape of a dis-
charge hydrograph and the timing of response varies
with the type of precipitation, the intensity of pre-
cipitation, the flow paths and the drainage area. To
assess the variability in transit time, groundwater
recharge and precipitation response, the hydro-
graphs generated from the transducer data at Roaring
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Springs were evaluated for both summer monsoon
events and winter snowmelt events. Precipitation
was recorded at Bright Angel Ranger Station (COO-
PID 21001), the closest precipitation gauge to Roar-
ing Springs on the Kaibab Plateau (Fig. 1).

Recession methods. The recession limb of each
hydrograph extends from the discharge peak to the
beginning of the next rise (Fiorillo 2014). Recession
curves were analysed using a modified form of
the equation of Maillet (1905), solved for the reces-
sion slope:

a = log (Qn/Qn+1)
0.4343× (tn+1 − tn)

(3)

where α is the recession coefficient in days−1, Q
is the discharge in m3 s−1, t is the time in days,
0.4343 is a constant conversion factor for relating
Q and t in their respective units, and n corresponds
to the microregime being evaluated. When the reces-
sion curve is plotted in semi-logarithmic space as log
[Q] v. t, α is the slope of the linear relationship
between log [Q] and time. The curve provides a char-
acterization of aquifer drainage. Although Maillet’s
equation was initially constructed for homogeneous
aquifers with high porosity, the equation is useful for
comparing more complex karst aquifers (Kresic &
Stevanovic 2010). The inverse of the recession coef-
ficient, 1/α, determines the amount of time it would
take for the aquifer to drain if the dominant microre-
gime continued without any other recharge events
(Tobin & Schwartz 2016). This value provides a
method of comparing microregimes and different
recession events.

Comparison of microregimes. Recession curves
plotted using equation (3) display multiple straight-
line components representing the different levels
of aquifer porosity dominating groundwater flow.
These different levels of aquifer porosity are referred
to as microregimes (Bonacci & Jelin 1988; Kresic &
Stevanovic 2010). Multiple microregimes are often
observed as a result of the dissolution, structural
patterns and conduit development occurring in
karst. In the case of Roaring Springs, three microre-
gimes have been identified from the recession
curves. The initial steepest slope (α1 days

−1) repre-
sents the tertiary porosity or the ‘quick flow’ through
conduits and caves. The intermediate slope (α2
days−1) indicates the secondary porosity and is prob-
ably dominated by water discharging from fractures.
The last slope (α3 days−1) is the flattest and pro-
bably represents water discharging slowly from the
intergranular (matrix) porosity (Kresic & Stevanovic
2010). The base flow microregime (α3 days

−1) pro-
vides a measure of aquifer storage during extended
dry periods (Ford & Williams 2007). This is the

most stable of the microregimes and is less depen-
dent on surface precipitation patterns. It thus gives
the best measure of the characteristics of the matrix
porosity (Amit et al. 2002).

Regional precipitation patterns can provide long
recession periods between precipitation events and
flood events at karst springs, thus creating long
recession curves for analysis. The Roaring Springs
hydrograph data between February 2015 and August
2016 yielded four peaks suitable for recession
curve analysis (Fig. 13). Recessions frommonsoonal
events (mn1 and mn2) were analysed and compared
with snowmelt recessions (sw1 and sw2) (Fig. 13).
Although hydrograph responses to the snowmelt
events are much more complex, with multiple peaks,
the final recession of the snowmelt season provided
a method of comparing aquifer microregimes with
the summer precipitation.

Storm response timing. The retardation time, or the
time from the start of monsoonal precipitation to
the spring response, describes the response time of
the aquifer to precipitation. An initial increase in
spring flow is the result of kinematic waves that
pulse through the aquifer, at times 30% faster than
the actual water (Ford & Williams 2007). The
response of temperature changes at the spring also
can be used to more accurately determine the retar-
dation (lag) time of storm water events. The begin-
ning of the decrease in recorded temperature and
the bottom or base of the curve (pre-storm arrival)
were analysed to determine the monsoonal retarda-
tion time rather than the peak discharge. The retarda-
tion time from winter snow, which often stays on the
ground for days to months before melting and infil-
trating the subsurface, is much more complicated
and was not analysed.

Recession analysis. Recession curves for the mon-
soon events mn1 and mn2 had different microre-
gime responses from those of the snowmelt events
sw1 and sw2 (Fig. 14). The snowmelt responses are
typified by large complex peaks, whereas the mon-
soon responses show only one recession slope and
have a much lower discharge than the snowmelt
responses. The recession curves for the monsoon
event mn1 and the snowmelt events sw1 and sw2

have three microregimes, whereas the recession
curve for monsoon event mn2 has only two microre-
gimes. The three recession coefficients for monsoon
event mn1 are steep and about an order of magnitude
different (Table 4). Monsoon eventmn2 has only two
dominating microregimes, both of which have less
steep slopes than mn1. Monsoon event mn2 was not
as large or as steep as mn1, which may indicate that
the fracture (α2 days−1) and base flow (α3 days−1)
microregimes are predominant.

The recession curves of the two snowmelt events
(sw1 and sw2) also differ from each other (Fig. 14).
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Although the transducer was only active from the
middle of winter in early February 2015, the
response at the end of the 2014–15 winter season
is apparent. This season was shorter and drier than
the 2015–16 winter season and caused the discharge
to appear to be similar to that of monsoon mn1. The
2015–16 winter season, however, involved sub-
stantially more snowfall and subsequent snowmelt.
Consequently, all three recession coefficients were
much lower for snowmelt event sw2 (Table 4).

Microregime analysis. The microregimes differed
in length and intensity depending on whether
the magnitude of various recharge events was suffi-
cient to activate different flow paths in the system
(conduit, fracture or intergranular flow). The mon-
soon recession curves were more influenced by
lower magnitude precipitation events than the snow-
melt recession curves. For monsoon event mn1,
the amount of time attributed to the conduit
(α1 days−1) and fracture (α2 days−1) microregimes
was relatively short, about six and five days,

respectively; monsoon event mn2 had only two
microregimes (α2 days−1, fracture flow and α3
days−1, base flow). The fracture flow for monsoon
event mn2 lasted nearly four times as long as
the same microregime in monsoon event mn1
(Table 4). Snowmelt (sw1), conduit (α1 days

−1) and
fracture (α2 days

−1) flow dominated the system for
about the first 11 days (2.1 and 8.6 days, respec-
tively) (Fig. 14). For snowmelt (sw2), however,
conduit (α1 days

−1) flow dominated the system for
a full 20 days and fracture (α2 days−1) flow was
dominant for 30 days (Table 4).

Storm response timing. The transit time of precipita-
tion from the surface of the plateau to Roaring
Springs can only be calculated for discrete monsoon
events and not winter snowmelt. A significant rain-
fall event (mn1) occurred on 10 June 2015, generat-
ing 47 mm of rain (Figs 4 & 13). This rainfall event
followed several smaller summer monsoon preci-
pitation events. Roaring Springs began rising one
day after the peak and reached a maximum on 13

Fig. 13. (a) Discharge, (b) temperature and (c) total daily precipitation data for Roaring Springs cave from
6 February 2015–22 August 2016. sw1 = early snowmelt recession in April–May 2015, mn1 = summer monsoonal
recession in June–October of 2015, mn2 = autumn monsoonal recession in October–February 2015–16, sw2 =
snowmelt recession beginning in May 2016 and continuing until the end of data collection (22 August 2016).
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June 2015, three days after the initial rainfall (Figs 4
& 13). The temperature of the spring reached a min-
imum on 16 June 2015, six days after the major rain-
fall event (Fig. 4). Monsoon mn2 discharge and

temperature peaks occurred 18 and 20 days after
the previous four-day rain event, respectively
(Fig. 13). These differences in hydrograph response
are represented by the different microregimes

(a) (b)

(c) (d)

Fig. 14. Recession curves of all four peaks available from the Roaring Springs transducer. (a) sw1 = early snowmelt
recession in April–May 2015. (b) mn1 = summer monsoonal recession in June–October 2015. (c) mn2 = autumn
monsoonal recession in October–February 2015–16. (d) sw2 = snowmelt recession beginning in May 2016 and
continuing until the end of data collection (22 August 2016).

Table 4. Alpha values (recession coefficients), dates of recessions, microregime duration in days and 1/α for
each hydrograph peak and recession for Roaring Springs, 6 February 2015–22 August 2016

Peak Event Recession
dates

Αlpha value
(day−1)

Duration of
microregime (days)

1/α
(days)

mn1 Monsoon 13 June 2015–8 August 2015 α1 = 1.1 × 10−2 5.8 97
α2 = 5.9 × 10−3 5.3 1.7 × 102

α3 = 2.7 × 10−4 45 3.7 × 103

mn2 Monsoon 25 October 2015–11 January 2016 α2 = 3.0 × 10−3 20 3.3 × 102

α3 = 3.7 × 10−4 59 2.7 × 103

sw1 Snowmelt 2 April 2015–19 May 2015 α1 = 8.6 × 10−2 2.1 12
α2 = 2.2 × 10−2 8.6 45
α3 = 3.3 × 10−4 35 5.6 × 102

sw2 Snowmelt 12 May 2016–22 August 2016 α1 = 8.1 × 10−3 20 1.2 × 102

α2 = 3.7 × 10−3 30 2.7 × 102

α3 = 9.0 × 10−4 53 1.1 × 103
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(Fig. 14). The smaller magnitude precipitation event
preceding monsoon event mn2 was not of sufficient
size to create a conduit (α1 days−1) flow response
or was centred far enough away from the spring
that the longer flow path resulted in a dampened
response (Fig. 14).

Discussion of spring hydrograph analysis. The
qualitative assessment of storm responses suggests
that only snowmelt events recharge base flow,
whereas the flashier monsoon events cause rapid
infiltration through the conduit flow paths without
recharging matrix storage. The base flow discharge
after snowmelt is shown to increase (Fig. 13),
whereas after a monsoon event the base flow dis-
charge returns to its original pre-monsoon base
flow discharge.

Differences in microregimes between hydrograph
recession curves show how the R aquifer responds
to different recharge events and can be compared
with other karst aquifer systems (Table 5). Karst
dolomite springs in the Judean and Galilee moun-
tains of northern Israel (Amit et al. 2002), using
the approach of Boussinesq (1904), had base flow
(α3 days

−1) recession coefficients about an order of
magnitude higher than all the Roaring Springs base
flow (α3 days−1) microregime coefficient, except
for snowmelt event sw1. A chalk spring from the
same study, however, had a base flow (α3 days−1)
microregime recession coefficient of 6 × 10−4,
which is similar to those for Roaring Springs. Amit
et al. (2002) concluded that the local lithology has
an important role and aquifers with lower permea-
bility have a less steep base flow (α3 days

−1) micro-
regime. The quick flow microregimes of the system,
which include both conduit (α1 days

−1) and fracture
(α2 days

−1) flow, had variable recession coefficients,
with a much higher value for the chalk spring (Amit
et al. 2002). In the Kaweah river basin (California,

USA), karst is present in marble bands (stripe
karst) within the granitic to granodioritic host
rock of the region (Tobin & Schwartz 2016). Only
base flow (α3 days−1) recession coefficients were
included in this study and the results were similar
to the Israeli springs reported by Amit et al. (2002).
The recession curve for the Crnojevicá Spring in
the Dinaric karst of Montenegro was analysed
after the Cetinje polje flooded in 1986 (Bonacci
1993). The geology in this area consists largely of
Mesozoic limestones, with some Quaternary dolo-
mite (Bonacci 1993). The average base flow (α3
days−1) microregime coefficient for the R aquifer
via Roaring Springs is 8.4 × 10−4, which is similar
only to the chalk spring from Amit et al. (2002).
This suggests that the matrix controlling the dis-
charge to Roaring Springs has very low permeability
relative to most karst systems (Amit et al. 2002). The
R aquifer is comparatively deep and overlain with
both karst and non-karst features. The relatively
flat-lying base flow recession curve could be con-
trolled by either the very low porosity in the R aqui-
fer, the low porosity of the overlying non-karst
water-bearing units, such as the Coconino Sand-
stone, or a combination of water draining from the
matrix of both the C and R aquifers.

Variability in precipitation also plays a major part
in the variability of the aquifer response (Ford &
Williams 2007; Schwartz et al. 2013). Precipitation
events were highly variable for each hydrograph
peak (Fig. 13). The precipitation preceding monsoon
event mn1 was shorter and higher in intensity, with
47 mm of rain in just one day (Fig. 4). Rain preced-
ing monsoon eventmn2 was more temporally distrib-
uted, with 58 mm over four days. The location,
intensity and antecedent conditions play a major
part in defining the amount and type of recharge in
the system (Schwartz et al. 2013). The perched C
aquifer adds to the complications of aquifer response

Table 5. Summary of seven microregime recession coefficients from previously published work

Karst region Geology Conduit
microregime
(α1 day

−1)

Fracture
microregime
(α2 day

−1)

Intergranular
porosity

microregime
(α3 day

−1)

Reference

Judean and Galilee
mountains of
Israel

Dolomite 2.83 × 10−2–6.41 × 10−2

(average = 4.48 × 10−2)
3.3 × 10−3–5.2 × 10−3

(average = 4.2 × 10−3)
Amit et al.

(2002)

Chalk 0.1052 6 × 10−4

Kaweah River Basin,
California, USA

Karstified marble
bands within
granite to
granodiorites

No data No data 7 × 10−4–1.27 × 10−2

(average = 5.9 × 10−3)
Tobin &

Schwartz
(2016)

Crnojevicá Spring,
Montenegro

Limestone with
some dolomite

5.0 × 10−2 2.7 × 10−2 1.0 × 10−2 Bonacci (1993)
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with multiple storage types and transport path-
ways connecting it to the underlying R aquifer
(Huntoon 1974).

Conclusions

The interpretations and analyses of the shallow and
deep karst aquifers in this study show that the Kaibab
Plateau is a highly developed and complex karst
region. The surface expression of karst on the Kaibab
Plateau resembles internationally recognized karst
regions such as the sinkhole plain of south-central
Kentucky, USA. The observable increase in sink-
hole density in proximity to faults and fractures
(or inferred faults and fractures) suggests a strong
connection between these structural features and
water infiltration into the karst system. Panno
et al. (2008) have shown a significant relationship
between the surface morphology of sinkholes and
the underlying conduit system. This relationship in
other regions suggests that the surface patterns of
the Kaibab Plateau are representative of the shallow
conduit system within the karstic portion of the C
aquifer. This relationship may indicate that there
is significant horizontal flow within the upper
C aquifer.

Interpretations of the dye tracer study indicate the
prevalence of significant conduit flow and a high
level of connectivity between the shallow and deep
aquifers. The relatively rapid flow rate of the eosin
dye indicates that a large pulse of snowmelt pushed
the dye vertically through almost 2000 m of strata
in less than five to six weeks, while travelling
>40 km horizontally. The rapid subsurface flow is
highly indicative of conduit-dominated flow from
sinkholes on the surface of the plateau to the springs.
This rapid conduit-dominated flow, however, does
not determine whether the horizontal flow is pre-
dominantly in the shallow C aquifer or the deeper
R aquifer. There is a distinct possibility that horizon-
tal flow could be occurring in conduits within either
the shallow system, deep system, or both, with ver-
tical flow occurring along fractures and faults in
numerous locations.

The locations of detection and slower rate of flow
for the uranine dye complicate the interpretation
of flow paths. Uranine dye appeared counter-flow
to the apparent direction of travel of the eosin dye
and took an additional 8–12 weeks to travel through
the system and be detected at springs. The apparent
difference in flow paths could be due to different
vertical flow paths through the system or to a shift
in the regional groundwater divide depending on
the amount of precipitation and the antecedent condi-
tions. The longer travel time for the uranine dye indi-
cates that the flow paths are either slower because
of the conduit morphology or length, or activated
by different precipitation regimes from some of the

sinkholes on the plateau. The different flow paths
are illustrative of the complicated heterogeneity
associated with Grand Canyon karst, including
vertical flow paths through non-karstic units and
other variations between the sinkholes used for
the dye injections and their relationship with the
underlying conduits.

The possible differences in dye flow paths, arrival
times and locations may be seen in the differences
in hydrograph responses to snowmelt and mon-
soonal events. There are significant differences in
the responses between the snowmelt and monsoonal
storm events. These hydrograph variabilities indi-
cate differences in the dominant flow paths during
the recession limb. Snowmelt probably results in
recharge and flow through conduits, faults and frac-
tures, and recharge to the intergranular matrix,
whereas the monsoonal events show the activation
of primarily the conduit/fracture components of
the aquifer, not the matrix. Differences in the travel
times of these events are probably due to the hetero-
geneity of rainfall, the configuration of the flow path
and the distance from the recharge source to
the spring.

Once flow recesses to the base level, the recession
coefficients (αmean = 0.00047) are an order of mag-
nitude lower than those measured in other karst sys-
tems (i.e. Amit et al. 2002; Tobin & Schwartz 2016).
The smaller recession coefficients of the Kaibab
Plateau demonstrate that the base flow is emerging
from matrix storage that has a substantially lower
permeability than in most karst systems. This is con-
sistent with the fact that, elsewhere in the Greater
Grand Canyon region, the Coconino Sandstone is
the significant, but low permeability, water-bearing
unit in the C aquifer and releases water from storage
that becomes an increasingly more important con-
tributor to the base flow of the R aquifer. The well-
indurated limestones that compose the R aquifer
have negligible matrix permeability, but dissolution
along fractures and bedding planes or partings can
account for some of the contribution to base flow.

Our interpretations of the complex interactions
of the shallow and deep karst aquifers of the Kaibab
Plateau demonstrate how challenging it is to under-
stand the coupled systems. The integration of multi-
ple methods with dye tracers, geospatial analyses
of the surface karst and hydrograph analyses allow
the verification of aquifer models in a way that can-
not be achieved with only one technique. These tools
are vital in truly understanding karst aquifers and
will allow planning of long-term impacts on water
use from potential hazards. Through a combination
of reinterpreting old data coupled with new analyses
and data, the aquifer systems of the Kaibab Plateau
appear to defy previous assumptions of flow path
directions and storage patterns and encompass mul-
tiple aquifers and lithologies that are crucial in
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maintaining the flow of springs in the Grand Canyon.
Some distinct flow patterns can be linked to major
faults, caves and work hypothesized in the 1970s;
however, some of those original hypotheses have
been revised. Sinkhole characterization, dye trace
analysis and hydrograph recession curve analysis
provide an initial baseline of understanding of the
shallow and deep karstic aquifer systems of the
Kaibab Plateau and GRCA and can be used to
develop strategies for protecting the Roaring Springs
water supply as the sole source of water used in the
GRCA. However, a considerable amount of work
remains to be done to truly understand the dynamics
of groundwater flow and the relationship between
the shallow and deep karst aquifers in this region.
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Peter Huntoon for pre-submission editing and guidance,
Lawrence Spangler for his helpful review and an anony-
mous reviewer.
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