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Hydrogeologic Characteristics of Hourglass and New
Years Cave Lakes at Jewel Cave National Monument,
South Dakota, from Water-Level and Water-Chemistry

Data, 2015-21

By Colton J. Medler

Abstract

Jewel Cave National Monument is in the western Black
Hills of South Dakota and contains an extensive cave network,
including various subterranean water bodies (cave lakes) that
are believed to represent the regionally important Madison
aquifer. Recent investigations have sought to improve under-
standing of hydrogeologic characteristics of cave lakes in
Jewel Cave. The U.S. Geological Survey, in cooperation with
the National Park Service, collected water-level and water-
chemistry data within and near Jewel Cave to better under-
stand groundwater interactions in Jewel Cave and to evaluate
recharge characteristics of cave lakes. Continuous water-level
data were collected at two cave lakes (Hourglass and New
Years Lakes) from 2018 to 2021, and discrete measurements
were collected by National Park Service staff from 2015 to
2021. Water samples were collected from one stream, one rain
collector, three springs, and two cave lakes. The approach for
this study included comparing water-level data collected from
two cave lakes to historical climate data and using multivariate
statistical analyses to evaluate water samples collected during
this study and from previous investigations. This study builds
on interpretations from previous investigations that collected
similar datasets and performed similar analyses.

Hydrographs of Hourglass and News Years Lakes from
2015 to 2021 demonstrated the variability of groundwater
levels in Jewel Cave in response to dry and wet climate condi-
tions. Hourglass Lake displayed small (up to 4.8 feet), gradual
water-level changes, whereas New Years Lake displayed
relatively large (up to at least 27.5 feet) and rapid water-level
changes. Hourglass and New Years Lakes are about 0.4 mile
apart at the land surface, and the water-level elevation between
the lakes varied from 61 to 93.5 feet from 2016 to 2021.

The proximity and relatively small elevation difference of
Hourglass and New Years Lakes indicated different recharge
sources and (or) mechanisms were responsible for hydrograph
dissimilarities. Water-level changes at Hourglass Lake were

similar to water-level changes at a well completed in the
Madison aquifer about 9 miles south of Jewel Cave National
Monument, which indicated Hourglass Lake may be recharged
similar to the regional Madison aquifer along outcrops north
of Jewel Cave. New Years Lake displayed almost no similari-
ties to the well completed in the Madison aquifer—indicating
a more direct connection to local recharge rather than solely
from outcrops recharging the regional Madison aquifer.

Results from multivariate statistical analyses of water-
chemistry data were used to evaluate recharge observations
from water-level data. The water chemistry of Hourglass Lake
indicated its water was chemically more similar to precipita-
tion than other groundwater sites sampled. A conceptual karst
recharge model indicated that the dominant recharge source to
Hourglass Lake was diffuse allogenic recharge from vertical
movement of infiltrated precipitation through vertical or near-
vertical fractures that extend through the Minnelusa Formation
and unsaturated zone of the Madison Limestone. The water
chemistry of New Years Lake was chemically similar to Hell
Canyon Creek about 0.2 mile from New Years Lake at the
land surface. Streamflow loss zones (concentrated allogenic
recharge) along Hell Canyon Creek have not been mapped, but
their presence in the Jewel Cave area has been speculated by
previous investigations. A fault observed in the cave ceiling
above New Years Lake by National Park Service staff could
provide a natural conduit for direct recharge from Hell Canyon
Creek to New Years Lake if the fault is extensive. Additional
water-chemistry and water-level data, as well as streamflow
data upstream and downstream of the potential streamflow loss
zone along Hell Canyon Creek, are needed to prove the pres-
ence of this loss zone and discern further correlations between
streamflow and water levels in New Years Lake. Observations
from previous investigations and this study indicated recharge
to Jewel Cave is complex and occurs on various timescales
that are affected temporally by precipitation patterns and spa-
tially by hydrologic connection with the overlying Minnelusa
aquifer of the Minnelusa Formation.
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Introduction

Jewel Cave National Monument contains 1,274 acres in
the Black Hills of western South Dakota about 10 miles (mi)
west of Custer, South Dakota (fig. 1). The Black Hills are
an asymmetrical dome formed during the Laramide orogeny
(Lisenbee and DeWitt, 1993) that generally can be interpreted
as a core of Precambrian igneous and metamorphic rocks sur-
rounded by radially dipping sedimentary strata (fig. 1). Jewel
Cave was formed in the Pahasapa Limestone (also called
the Madison Limestone)—a regionally extensive geologic
unit composed of limestone and dolomite (Martin and oth-
ers, 2004; fig. 1). The exposed upper part of the Pahasapa
Limestone forms a karst environment in the Black Hills
composed of subterranean caves, sinkholes, resurgent springs,
sinking streams, and other karst features resulting from many
structural- and dissolution-related events described in Palmer
and others (2016). The upper, karstic part of the Pahasapa
Limestone includes the Madison aquifer that is recharged
by infiltrating precipitation and sinking streams along expo-
sures in the Black Hills (Carter and others, 2003). Overlying
the Madison Limestone is the Minnelusa Formation, which
consists mostly of sandstone, limestone, dolomite, anhydrite,
and shale (Strobel and others, 1999). The Minnelusa aquifer is
present within the more permeable sandstone, dolomite, and
anhydrite layers, and shale layers in the lower portion of the
Minnelusa Formation confines and separates the Minnelusa
aquifer from the underlying Madison aquifer (Carter and oth-
ers, 2003). The Madison and Minnelusa aquifers are the larg-
est source of groundwater for communities in the Black Hills
area (Driscoll and Carter, 2001).

Jewel Cave was the first cave to be designated as a
national monument in the United States in 1908 and was
administered by the U.S. Forest Service until 1933 when the
National Park Service (NPS) became steward (KellerLynn,
2009). Cave exploration has uncovered that Jewel Cave is
currently (2022) the third longest mapped cave worldwide at
209.32 mi (NPS, 2021). Barometric pressure studies (Conn,
1966; Pflitsch and others, 2010) at the monument have
indicated that Jewel Cave is much larger than what is cur-
rently mapped, and cave exploration is currently ongoing. It
is estimated that more than 55 percent of the mapped cave lies
outside of the monument’s boundaries (fig. 1) under the Black
Hills National Forest (NPS, 2021), and future exploration
may increase this number as new passageways are mapped in
Jewel Cave.

In 2015, cavers exploring an unmapped part of Jewel
Cave discovered the first subterranean water body (“cave
lake”) that was later named Hourglass Lake. Various other
cave lakes have been found at Jewel Cave since the discovery
of Hourglass Lake. Cave lakes also were previously discov-
ered at Wind Cave National Park about 20 mi southeast of
Jewel Cave National Monument (fig. 1). Cave lakes in Jewel

Cave and Wind Cave are considered to represent the water
table of the Madison aquifer because the elevation of cave
lakes in both caves was similar to the elevation of water levels
in nearby wells completed in the Madison aquifer (Long
and others, 2012; Long and others, 2019). Water-chemistry
sampling at cave lakes in Jewel Cave and Wind Cave indi-
cated hydraulic connection between cave lakes and regional
groundwater flow in the Madison aquifer because cave lake
water was chemically similar to groundwater from nearby
wells completed in the Madison aquifer (Long and Valder,
2011; Long and others, 2012; Long and others, 2019).

The discovery of cave lakes at Jewel Cave added addi-
tional responsibilities and challenges for NPS staff to protect
and conserve natural resources above and below the land
surface. The Jewel Cave National Monument Foundation
Document (NPS, 2016) identified Jewel Cave as a “funda-
mental resource” that “includes the entire cave system and its
features, including developed, undeveloped, and as yet undis-
covered areas; the cave environment itself, including air flow,
water flow, temperature, and scenery; subterranean lakes; and
the overlying karst landscape and its geophysical features.”
Various cave lakes have been discovered in Jewel Cave, but
only two lakes were sampled for water chemistry and instru-
mented with equipment to measure water levels. Sampling and
instrumenting additional cave lakes provides additional insight
on hydrogeological processes and relations among cave lakes
and other water bodies. A more complete understanding of the
Jewel Cave groundwater system is important for equipping
NPS managers with the information to better understand and
protect subsurface resources as cave discoveries continue.

Purpose and Scope

The purposes of this report are to describe data collection
and analysis methods and to infer hydrogeologic characteris-
tics of Hourglass and New Years Lakes within and near Jewel
Cave National Monument, southwestern South Dakota. The
approach for this study included comparing water-level data
collected from Hourglass and New Years Lakes to historical
climate data and applying multivariate statistical analyses to
evaluate water-chemistry data collected during this study and
from previous investigations. Discrete water-level measure-
ments and continuous water-level data from March 2018 to
April 2021 and October 2018 to April 2021 at Hourglass
and New Years Lakes, respectively, were used in this study.
Water-chemistry data from the southern Black Hills and Wind
Cave National Monument (fig. 1) were included to build on
findings from previous investigations and evaluate Jewel
Cave within the larger context that includes both cave sys-
tems. Observations from this study were compared to find-
ings from previous investigations and hydrogeologic models
to infer hydrogeologic characteristics of Hourglass and New
Years Lakes.
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Previous Investigations

Previous investigations have described the geologic set-
ting, stratigraphy, and lithologic composition of geologic units
in the Black Hills area (Darton and Paige, 1925; Lisenbee and
DeWitt, 1993) and have mapped the distribution of geologic
structures and geologic units (fig. 1; Martin and others, 2004;
Redden and DeWitt, 2008). Investigations from Carter and
others (2001) and Carter and others (2003) determined the
availability of groundwater in the Black Hills and estimated
recharge and hydraulic properties for many of the major
(regional) and minor aquifers. Dyer (1961), Deal (1962),
Braddock (1963), Fagnan (2009), and Wiles (2013) have
discussed the origin of Jewel Cave and the distribution of geo-
logic units within and near Jewel Cave National Monument.

Recharge mechanisms and hydraulic properties of the
Madison Limestone and Minnelusa Formation within and near
Jewel Cave were investigated by Alexander and others (1989),
M.E. Wiles (South Dakota School of Mines and Technology,
unpub. data, 1992), and Driscoll and others (2002). Alexander
and others (1989) examined recharge to Jewel Cave by
conducting dye tracer tests (Wilson and others, 1986). Dye
tracer tests consisted of pouring rhodamine water tracer dye
in parking lots and septic systems in Jewel Cave National
Monument and sampling drip sites within the cave for the
presence of the dye. Dye was first recovered about 8 days after
insertion, and recovery continued intermittently with vari-
able dye concentrations throughout the yearlong study. Cave
lakes were not yet discovered in Jewel Cave when dye tracer
tests were conducted by Alexander and others (1989) and the
drip sites where dye was recovered were at a higher elevation
in the cave than at the cave lakes. M.E. Wiles (South Dakota
School of Mines and Technology, unpub. data, 1992) observed
that drip sites in Jewel Cave were located where an imperme-
able unit in the Minnelusa Formation is absent, indicating
that groundwater in the Minnelusa aquifer can drain into the
underlying Madison aquifer and has sufficient storage capac-
ity to supply drip sites year-round. Driscoll and others (2002)
determined the Madison and Minnelusa aquifers in the Black
Hills receive appreciable recharge from streamflow losses and
precipitation on the outcrops.

Other previous investigations pertaining to the scope of
this study were conducted by Long and Valder (2011), Long
and others (2012), Anderson and others (2019), and Long and
others (2019). Long and Valder (2011) and Long and others
(2012, 2019) used multivariate statistical analyses—including
principal component analysis (PCA) and cluster analysis—to
examine water-chemistry data collected from streams, springs,
wells, and cave lakes. Water-quality data collected in vari-
ous studies established baseline water quality for many sites,
which included physical properties (pH, temperature, and
specific conductance), major ions, arsenic, strontium, uranium,
stable isotopes of oxygen and hydrogen, and radiogenic iso-
topes of strontium and uranium. The purpose of water-quality
data collection was to better understand the newly discovered

cave lakes in Jewel Cave and Wind Cave by comparing the
cave-lake water to different sources of water in the Black
Hills. Five hydrogeologic domains were identified by Long
and others (2019) using PCA and cluster analysis and grouped
based on similar water-quality characteristics. Samples from
cave lakes in Jewel Cave grouped with samples from nearby
Madison aquifer wells, which, combined with similar eleva-
tions between cave lakes in Jewel Cave and groundwater in
nearby observation wells completed in the Madison aquifer,
led Long and others (2019) to conclude that cave lakes in
Jewel Cave, as well as Wind Cave, were connected to regional
groundwater flow in the Madison aquifer.

Anderson and others (2019) prepared a generalized
potentiometric map of the Madison aquifer near Jewel
Cave National Monument based on water-level data from
24 observation wells completed in the Madison aquifer and
4 cave lakes. Previous investigations focused on preparing
potentiometric surfaces of the Madison aquifer in the Black
Hills (Strobel and others, 2000; McKaskey, 2013) did not use
water-level data from cave lakes because these lakes had not
yet been discovered. Before discovery of cave lakes in Jewel
Cave, previous investigations had speculated groundwater in
the cave was 50 ft below most of the known cave (NPS, 1994).
Anderson and others (2019) also evaluated historical and cur-
rent groundwater recharge to the Madison aquifer near Jewel
Cave based on hydrographs of wells and water-level data from
Hourglass Lake. While evaluating hydrograph fluctuations,
Anderson and others (2019) documented statistical correla-
tion between water levels at Hourglass Lake and cumulative
daily precipitation from a nearby climate station. Correlation
between water levels at Hourglass Lake and cumulative daily
precipitation was attributed to recharge from precipitation on
Madison Limestone outcrops. Another observation was that
water levels at Hourglass Lake began increasing before cumu-
lative daily precipitation, which was likely from early spring
snowmelt contributing to recharge.

Methods of Water-Level and
Water-Chemistry Data Collection

Data-collection methods for this study included (1)
compiling water-level data from the NPS and previous
investigations, (2) collecting water-level data from monitoring
equipment in Hourglass and New Years Lakes, (3) compil-
ing water-chemistry data within the study area from previous
investigations, and (4) collecting water samples from April to
August 2021. Water-level and water-chemistry data from pre-
vious investigations were downloaded from the NWIS data-
base (USGS, 2022a). Data collected during this study included
water-level measurements computed from pressure transducer
(Cunningham and Schalk, 2011) data from two cave lakes and
nine water samples collected from seven sampling sites in and
around Jewel Cave National Monument (fig. 1; USGS, 2022a).
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Water-Level Data Collection

Water-level data compiled during this study included
discrete water levels measured by NPS staff and continuous
water-level data measured with pressure transducers. The
NPS provided the USGS with discrete water-level elevation
measurements for 2 cave lakes that were collected as part
of routine trips into the cave (USGS, 2022a). Water-level
elevation measurements by NPS staff are performed using
in-cave surveys starting from a benchmark of known eleva-
tion outside the cave. Discrete water-level measurements
have been collected 11 times at Hourglass Lake by NPS
staff since 2015, and 4 times at New Years Lake since 2017.
Pressure transducers were installed in Hourglass Lake (HGL;
USGS site 434258103504201; fig. 1) on March 11, 2018, and
in New Years Lake (NYL; USGS site 434238103503501)
on October 5, 2018. Water-level data from March 2018 to
April 2021 were uploaded to the NWIS database (USGS,
2022a) and will be focus of analysis presented in this report.

Pressure transducers used in this study were unvented
Solinst Levelogger LT F15/M5 Model 3001 electronic trans-
ducers with a manufacturer accuracy of plus or minus (+) 3 cm
(0.01 ft; https://www.solinst.com/). Pressure transducers were
unvented, which means that they required separate barom-
eters to convert pressure data measured by the transducer to
water-level data by compensating for atmospheric pressure.
The barometers were Solinst Barologger LT F15/M5 Model
3001 electronic barometers with a manufacturer accuracy
of + 0.05 kilopascal (kPa; 0.007 pound per square inch; psi;
https://www.solinst.com/). Both the pressure transducers
and barometers were programmed to record continuously at
1-hour intervals at the start of each hour. NPS staff suspended
the pressure transducers from cave ceilings using fishing
line and submersed the transducers from 1 to 8 ft below the
water surface. Barometers were placed or suspended above
the water surface to prevent water damage from rising water
levels. Water-level data from pressure transducers were cor-
rected for atmospheric pressure recorded by barologgers using
Levelogger Software version 4.6.1 (https://www.solinst.com/).

Continuous water-level data collected at Hourglass and
New Years Lakes from 2018 to 2021 were measured using
an hourly sampling rate from two transducers. Hourly pres-
sure data measured with the transducers were converted to
a height of water above the transducer by compensating for
atmospheric pressure recorded by a nearby barometer. The
hourly water heights were converted to relative water-level
changes by subtracting each hourly measurement from the
first measurement when the transducer was installed. The
relative hourly water-level changes were added to the water-
level elevation recorded by NPS staff when the transducer
was installed to calculate water-level elevation for each hourly
measurement. The accuracy of the calculated water-level
elevations was evaluated by calculating the difference between
the calculated water-level elevation on April 16, 2021, and
water-level elevation measured by NPS on the same day
when the pressure transducer was retrieved. The difference

between the calculated water-level elevations on April 16,
2021 (4,694.6 ft at Hourglass and 4,617.0 ft at New Years
Lake) and the NPS measured water-level elevations (4,694.5 ft
at Hourglass and 4,616.9 ft at New Years Lake) was 0.1 ft.

The difference was assumed to be caused by instrument drift,
and a time-proportional correction was applied to the recorded
water-level differences so that the estimated water elevations
were within the accuracy of the discrete measurements (0.1 ft).

Maijor lon and Stable Isotope Sample Collection

Water-chemistry data analyzed and presented in this
report included samples from previous investigations (Long
and Valder, 2011; Long and others, 2012, 2019) and samples
collected as part of this study. Water-chemistry data from
previous investigations were downloaded from the NWIS
database (USGS, 2022a) by selecting only sites with the
same chemical constituents and physical property data as the
samples collected during this study, including major ions and
stable isotopes of oxygen (oxygen-18, 6'%0) and hydrogen
(deuterium, 8H). The list of sites with the physical proper-
ties and chemical constituents used in analysis is presented
in table 1.2 in appendix 1. Sites with multiple samples were
condensed by computing the mean of all available samples in
the NWIS database (USGS, 2022a).

Nine water samples were collected from April to
August 2021 at 7 sites and analyzed for 12 constituents
(table 1). Sites sampled included one stream, three springs,
two cave lakes, and one rain collector. Water samples were
collected as grab samples using methods described in U.S.
Geological Survey (variously dated). Sampling procedures and
the constituents analyzed varied by site. Physical properties
of sampled water—dissolved oxygen, pH, specific conduc-
tance, water temperature, and turbidity—were measured by
USGS personnel using a multiparameter sonde (Xylem EXO1)
at spring and stream sites in the field before sample collec-
tion; however, these physical properties were not measured
at rain collector and cave lake sites where NPS personnel
collected samples. Water samples from spring, stream, and
cave lake sites were analyzed for stable isotopes and major
ions. Precipitation samples from the rain collector site were
analyzed for stable isotopes and not major ions because the
concentration of major ions in precipitation is commonly low
and predictable in small geographic areas (Rinella and Miller,
1988). Rain collectors used for precipitation sampling were
“ball-in-funnel” type (Michelsen and others, 2018), installed at
one site (JECApcp; USGS site 434404103494001) by USGS
personnel, and fixed about 2 ft above the land surface in an
unobstructed area.

All water samples were analyzed for stable isotopes
6180 and 62H. Stable isotope samples were collected using
60-milliliter (mL) glass bottles with Polyseal caps and sent
for laboratory analysis at the USGS Reston Stable Isotope
Laboratory in Reston, Virginia. The laboratory methods used
to determine stable isotope ratios are described by Révész and
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Table 1.

Summary of site information, including site number, site name, short name, location, elevation, and number of samples

collected within or near Jewel Cave National Monument, southwestern South Dakota, 2021.

[USGS, U.S. Geological Survey; NAD 83, North American Datum of 1983; NAVD 88, North American Vertical Datum of 1988; SD, South Dakota]

Latitude Longitude Elevation Number
USGS site number’ USGS site name’ Short name (NAD 83) (NIED 83) (feet above of
NAVD 88) samples
Rain collector

434404103494001 Precipitation collector at JECApcp 43.73436110 —103.8278000 5,663 3

Jewel Cave near Custer, SD
Springs

434458103503001 3S 2E35ABDD (West Hell WHCsp 43.74942350 —103.8421455 5,384 1
Canyon Spring)

434356103483101 4S 3E 6BDCA (Lithograph LTHsp 43.73220130 —103.8090883 5,444 1
Spring)

434335103504401 4S 2E 2DCBC (Prairie Dog PDGsp 43.72636755 —103.8460344 5,404 1
Spring)

Streams

434422103503300 Hell Canyon Creek at Jewel HCecr 43.73942335 —103.8429788 5,299 1
Cave above Highway 16
near Custer

Cave lakes

434258103504201 4S 2E11DBBB (Hourglass HGL 43.71619444 —103.8451083 5,344 1
Cave Lake)

434238103503501 4S 2E11DCDB (New Years NYL 43.71048056 —103.8431278 5,270 1
Cave Lake)

'U.S. Geological Survey (2022a).

Coplen (2008a, 2008b). Samples analyzed for major ions were
collected using a 125- or 250-mL polyethylene bottle rinsed
and filled with a sample passed through a 0.45-micrometer
pore size filter. Major ion samples were analyzed by the USGS
National Water Quality Laboratory in Lakewood, Colorado,
using methods described by Fishman and Friedman (1989),
Fishman (1993), and Garbarino and others (2006).

Methods of Data Analysis

Data analysis methods used in this study included (1)
qualitative comparison of hydrographs to climate data, (2) sta-
ble isotopic analysis through comparison with standards and
among samples, (3) principal component analysis (PCA) of
water-chemistry data, and (4) cluster analysis of PCA results.
Hydrograph analysis included discrete water-level elevation
measurements from NPS staff and continuous water-level
data downloaded from the NWIS database (USGS, 2022a).
Stable isotopic analysis included only data from sites within
15 mi of Jewel Cave National Monument (fig. 1) because
relations among sites in and around Wind Cave National
Monument were not the focus of this study and these relations
were determined in previous investigations (Long and Valder,
2011; Long and others, 2012, 2019). PCA and cluster analysis

included data from previous investigations (Long and Valder,
2011; Long and others, 2012, 2019) downloaded from the

NWIS database (USGS, 2022a). The list of sites used in PCA
and cluster analysis, including physical properties and chemi-
cal constituents, are listed in tables 1.1 and 1.2 in appendix 1.

Hydrograph Analysis

Hydrograph analysis involved comparing water-level
changes among Hourglass and New Years Lakes and by
comparing water-level measurements at each cave lake to
climate data. Hydrographs of Hourglass and New Years
Lakes were compared using continuous water-level data
from October 2018 to April 2021 by calculating the eleva-
tion difference between the cave lakes and by qualitatively
comparing water-level change differences among the cave
lakes. Additionally, annual water-level elevation range and
annual water-level change were estimated at Hourglass and
New Years Lakes from 2018 to 2021 when pressure transduc-
ers were installed. Annual water-level elevation range was
calculated by calculating the difference between each year’s
maximum water-level elevation and minimum water-level
elevation. Annual water-level change was calculated by sub-
tracting water-level elevation on January 1 from water-level
elevation on December 31 of the same year. When water-level



data were not available for an entire year at Hourglass and
New Years Lakes, the earliest and latest available water-level
data were used instead to calculate the annual water-level
change. The range of available water-level data at Hourglass
Lake was from March 11, 2018, to April 16, 2021. The range
of available data at New Years Lake was from March 12,
2018, to November 21, 2018, and from April 7, 2019, to
April 16, 2021.

Hydrographs of Hourglass and New Years Lakes also
were compared to precipitation and snow depth data obtained
from the Custer, S.D. (USC00392087) and Custer County
Airport, S.D. US (USW00094032) National Oceanic and
Atmospheric Administration (NOAA) climate stations (fig. 1;
NOAA, 2021a, 2021b). Daily observations from the Custer
County Airport, S.D. US (USW00094032) climate station
were substituted for missing daily observation data at the
Custer, S.D. (USC00392087) climate station to provide a
more complete dataset. Daily precipitation observations from
Custer, S.D. (USC00392087) were cumulatively summed for
each calendar year from 2015 to 2021 and were compared to
annual normal precipitation totals from 1991 to 2020 at the
Custer, S.D. climate station. Climate normals are means of cli-
matological measurements spanning three decades and include
temperature, precipitation, snowfall, and other measurements
(NOAA, 2022). Daily snow depth observations were obtained
from the Custer, S.D. (USC00392087) and were used to evalu-
ate the effect of winter and spring snowmelt on water levels.

A separate analysis involved obtaining monthly precipi-
tation observations from 2015 to 2021 to evaluate how each
month from 2015 to 2021 compared to monthly normal pre-
cipitation totals from 1991 to 2020 (NOAA, 2021b). Monthly
precipitation observations were obtained from the Custer, S.D.
climate station, except where missing data from the Custer,
S.D. climate station had to be supplemented with data obtained
from the Custer Co Airport, S.D. US (USW00094032) climate
station (fig. 1; NOAA, 2021a). Monthly normal precipitation
from 1991 to 2020 were obtained from the Custer, S.D. cli-
mate station (NOAA, 2021b). The difference between monthly
observations and monthly normals (departure from normal
value) and the cumulative monthly difference (cumulative
departure from normal) are plotted in figure 2.

Stable Isotopic Analysis

Hydrogeological studies commonly use stable isotopes
of abundant elements that are present naturally in the environ-
ment, such as hydrogen, carbon, or oxygen, to estimate water
age, recharge processes, and groundwater-flow paths. Stable
isotopes of hydrogen and oxygen are used as flow-path tracers
because these isotopes are found naturally in groundwater,
and meteoric weather processes can modify their composi-
tion (Clark and Fritz, 1997). Stable isotope analysis of a
water sample compares ratios of heavier to lighter isotopes
to a standard isotope ratio of known composition (Clark and
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Fritz, 1997). The result is reported in delta (3) notation in parts
per thousand (%o) calculated using equation 1 (Kendall and
Caldwell, 1998):

5= ([R+R,]-1) x1,000, (1)

where
R.and R,  are the ratios of the sample and standard,

respectively.

A positive value of § indicates the sampled isotope ratio
is higher than the standard, and a negative value of & indicates
the sampled ratio is lower than the standard (Kendall and
Caldwell, 1998). Stable isotope ratios of oxygen ('80/'°O) and
hydrogen (*H/'H) were measured for water samples collected
at one stream, three springs, two cave lakes, and one rain
collector for this study. Stable isotope data were converted to
4 notation using equation | and the Vienna Standard Mean
Ocean Water and Standard Light Antarctic Precipitation stan-
dards (Révész and Coplen, 2008a, 2008b). The notations 6'30
and 62H are used in this report to describe the ratios of heavy
to light isotopes of oxygen and hydrogen, respectively.

The 680 and &°H data from this study and data from
previous investigations in and around Jewel Cave (“West
area” sites in table 1.1; fig. 1) were plotted based on a method
described by Muir and Coplen (1981). The global meteoric
water line (GMWL) from Craig (1961) was plotted with the
sample data to compare the stable isotopic composition of
samples to the global stable isotopic composition of precipita-
tion. Stable isotope ratios of local precipitation samples devi-
ated from the GMWL and were plotted as the local meteoric
water line (LMWL). Linear regression was used to determine
a LMWL by relating 6°H to 6'80 for precipitation samples.
Stable isotope samples were plotted in stable isotope plots. No
samples were enriched (positive 62H and §'80 values) rela-
tive to the standards used to calculate stable isotopes ratios—
indicated by all samples plotting below the origin on stable
isotope plots (fig. 3); however, some samples plotted closer
to the origin than other samples. Samples plotting closer to
the origin in stable isotope plots are heavier (more enriched
in heavy isotopes) than samples with more negative 5!30 and
8%H values (lighter—more depleted in heavy isotopes) that
plot further below the origin (fig. 3).

Ocean waters are considered to have heavy stable isotope
compositions, and as precipitation that originates from ocean
evaporation moves inland, it becomes lighter in isotopes as the
heavier isotopes preferentially fall to the surface during rain-
fall (USGS, 2004). Generally, summer rains are heavier (more
positive) than lighter winter rains (more negative). Similarly,
precipitation from cooler, high latitude, high altitude, and
inland sources is lighter than precipitation from warmer, low
latitude, low altitude, coastal areas (University of Arizona,
2020). Shallow groundwater stable isotope values are similar
to precipitation values, but evaporation, transpiration, and
fractionation may alter the stable isotope ratios as the water
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Figure 3. Schematic of the effects of hydrologic processes on the oxygen and hydrogen isotopic composition of water.
Modified from Medler and Eldridge (2021) and University of Arizona (2020).

moves downward toward the saturation zone (USGS, 2004).
Additionally, evaporative loss from rivers, reservoirs, and
lakes changes the isotopic composition of water, causing it to
become heavier (University of Arizona, 2020).

Principal Component Analysis

PCA is a multivariate technique that tests for linear rela-
tions among variables in a dataset (Helsel and others, 2020).
The PCA technique is performed by linearly transforming the
original dataset into new axes, called principal components,
that are linear combinations of all the input variables. The
principal components responsible for the most variance—
principal components one and two—are used to plot multidi-
mensional data in two dimensions so data patterns, clusters,
and groupings can be observed and interpreted (Long and
Valder, 2011). Additional details and mathematical derivations
of PCA are provided in Davis (2002). Python programming
language (Rossum and Drake, 2011) was used to implement
the PCA technique.

The PCA technique was performed using physical prop-
erty and chemical constituent data collected for this study and
from previous investigations (Long and Valder, 2011; Long
and others, 2012, 2019). Data from previous investigations
were downloaded from the USGS NWIS database (USGS,
2022a). Additional sites from other investigations assisted
in the interpretation of relations among sites within a larger
area in the southern Black Hills and improved PCA analy-
sis by increasing the number of observations that have been
found to produce a more stable result (MacCallum and others,
1999). Water-chemistry data from other studies were collected
from streams, springs, wells, and cave lakes in the southern
Black Hills near Jewel Cave National Monument and Wind
Cave National Park (fig. 1). Aquifers for groundwater sites
were designated in the USGS NWIS database and included
the White River, Minnelusa, Madison, and undifferentiated
Precambrian igneous and metamorphic aquifers. The naming
convention of sites shared between this analysis and that of
Long and others (2019) were kept the same for consistency.
Sites sampled as part of this study not included (New Years
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Lake; Hell Canyon Creek) in the analysis by Long and oth-
ers (2019) adhered to a similar naming convention given in
tables 1 and 1.1. Additionally, similar to Long and others
(2019), all sites east of the WIL site (south-central area of

fig. 1) are referred to as the “East area,” whereas all sites west
of the WIL site are referred to as the “West area.”

The number of variables used in PCA analysis was
limited to physical property and chemical constituent data
shared by all datasets (previously collected data and new data
collected during this study) and included specific conductance,
pH, carbon dioxide (CO,), hardness (as CaCO,), calcium
(Ca), magnesium (Mg), sodium (Na), chloride (Cl), sulfate
(SO,), silica (Si), arsenic (As), 8°H, and 3'%0. Sites excluding
any of the aforementioned physical properties and chemical
constituents were excluded from PCA analysis because the
method does not allow for missing values. Physical property
and chemical constituent data were normalized, by setting the
mean of each variable to zero, and standardized, by setting the
standard deviation of each variable to one, before performing
PCA to ensure that the distribution of the dataset was indepen-
dent of measurement units (Davis, 2002).

Water-chemistry data were compiled for 63 total sites
in the study area. The mean of each potential variable was
computed for sites with more than one sample to reduce the
effect of repeat samples on the PCA results. Additionally, the
water-chemistry data for the 63 sites were inspected for outli-
ers and certain physical properties and chemical constituents
that could affect PCA results. Sites were excluded from PCA
if chloride and sulfate concentrations exceeded 100 and 350
milligrams per liter, respectively, to avoid including treated
groundwater from wells and sites with elevated ion concentra-
tions from road salts. A total of 8 sites were removed based on
the specified criteria, including Prairie Dog Spring (PDGsp)
and four other sites from Long and others (2012). Long and
others (2019) noticed that PDGsp was elevated by road salts
applied during winter. The sodium and percent sodium vari-
ables were removed because they explained less than 1 percent
of variance in the dataset. In total, 55 observations and 12
variables were used in the PCA analysis (table 1.2).

Principal component biplots were created to visualize
the results on principal component axes one and two. Biplots
are PCA plots with vectors, called loading lines that relate
variance and correlation of the variables. Variance is repre-
sented by the magnitude of the vector, with larger vectors
indicating larger variance, whereas correlation is represented
by the direction of the vector, with opposite direction vectors
indicating negative correlation (Jolliffe, 2002). Individual data
points that plot close to loading lines have above-mean values
for that loading line variable; conversely, data points that plot
opposite of loading lines have lower than normal values for
that loading line variable (Jolliffe, 2002).

Cluster Analysis

Cluster analysis is a method of assigning data points to
groups, called clusters, based on similarities (Long and Valder,
2011). The cluster analysis method selected for this study was
the k-means procedure because of its simplicity and frequent
use in hydrological studies (Long and Valder, 2011; Masoud,
2014; Marin Celestino and others, 2018). The k-means pro-
cedure involves iteratively finding the minimum Euclidean
distance between a manually selected number of cluster
centroids, &, and an observation, n (Davis, 2002). Iterations
continue until the location of each k is optimized and every
observation is assigned to a specific cluster.

In this study, the k-means procedure was used to deter-
mine clusters for the PCA results of water-chemistry data
collected during this study and from Long and others (2012,
2019). The purpose of using the k-means procedure was to
statistically group sampling sites without introducing statisti-
cal bias, such as site type or spatial location. The number
of clusters for the A-means procedure was determined using
scree plots (Jolliffe, 2002). Scree plots are developed by plot-
ting the number of cluster groups in numerical order (x-axis)
against their respective sum of squared distances of samples
to the nearest cluster centroid (y-axis). The optimal number
of clusters from the k-means procedure can be determined by
observing the “break point” in scree plots. The “break point™
is the sharp change in slope (steep to nearly flat) of the scree
plot curve that marks where increasing the number of clus-
ters is no longer beneficial to the k-means procedure. After
selecting the number of clusters, the ~-means procedure was
computed using 10 runs at 300 iterations per run (a total of
3,000 iterations) for data plotted in principal component axes
one and two. The k-means procedure settings were chosen
because the cluster results did not improve with increased runs
and iterations. The Python programming language (Rossum
and Drake, 2011) was used to perform the k-means procedure
in this study.

Analysis of Water-Level Data

Water-level data were analyzed by (1) comparing
hydrographs of Hourglass and New Years Lakes and (2)
interpreting water-level changes from Hourglass and New
Years Lakes compared to precipitation and snow depth data
from the nearby USC00392087 and USW00094032 climate
stations (fig. 1). Cave lake hydrographs were compared to
precipitation and snowfall data to build on observations from
Anderson and others (2019) at Hourglass Lake and describe
new observations at New Years Lake. Anderson and others



(2019) observed a 41-day delay between water-level increases
at Hourglass Lake and increasing cumulative precipitation.
The 41-day delay was confirmed using new data collected
during this study and the delay was attributed to time required
for recharged water from direct infiltration of precipitation and
(or) streamflow losses on outcrops of the Madison aquifer to
reach cave lakes. Water-level data from Hourglass and New
Years Lakes can be accessed using the USGS NWIS database
(USGS, 2022a).

Hydrograph Comparisons and Annual
Water-Level Observations of Hourglass and
New Years Lakes

Hydrographs of Hourglass and New Years Lakes are
shown in figure 4 and include discrete and continuous water-
level data. The water-level elevation of Hourglass Lake was
consistently higher than New Years Lake (fig. 4) as expected
because Hourglass Lake is in a higher elevation part of Jewel
Cave. The elevation difference between Hourglass and New
Years Lakes ranged from 61 to 93.5 ft, with mean and median
differences of 70 and 71 ft, respectively. The range of eleva-
tion difference (32.5 ft) and water-level change dissimilari-
ties between hydrographs of Hourglass and New Years Lakes
(fig. 4) were unexpected because the lakes are separated
by about 0.4 mi at the land surface and are within the same
geologic formation. Hourglass Lake displayed small, gradual
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water-level changes with elevations ranging from 4,684.3 to
4,695.2 ft (an elevation range of 10.9 ft) from October 2015

to April 2021. New Years Lake displayed relatively large and
rapid water-level changes (compared to Hourglass Lake) with
elevations ranging from 4,590.9 to 4,629.5 ft (an elevation
range of 38.6 ft) from January 2017 to April 2021 (fig. 4).

The larger elevation range at New Years Lake—combined
with its relatively more dynamic water level increases and
decreases—varied the elevation difference between New Years
and Hourglass Lakes.

At Hourglass Lake, annual water-level elevation ranges
were 4.1 and 4.8 ft in 2018 and 2019, respectively, and
decreased to 2.7 and 0.6 ft in 2020 and 2021, respectively
(table 2). New Years Lake displayed a similar trend where
water-level elevation ranges were largest in 2018 (27.5 ft)
and 2019 (12.8 ft) and smallest in 2020 (7.1 ft) and 2021
(2.8 ft; table 2); however, annual water-level elevation ranges
at New Years Lake were between 2.6 and 6.7 times greater
than Hourglass Lake (table 2). Annual water-level changes at
Hourglass Lake showed the overall water level increased from
2018 to 2020 (table 2; fig. 4). In 2021, water levels decreased
by 0.6 ft at Hourglass Lake (table 2). Annual water-level
changes at New Years Lake were similar to Hourglass Lake
where water levels increased in 2018 and 2019 and decreased
in 2021, except water levels decreased in 2020 at New Years
Lake (table 2). Additionally, annual water-level changes at
New Years Lake were between 2.3 and 7.4 times greater than
Hourglass Lake (table 2).

Table 2. Water-level elevation range and annual water-level change from 2018 to 2021 when pressure transducers were installed in
Hourglass Lake and New Years Lake, Jewel Cave National Monument, southwestern South Dakota.

[NAVD 88, North American Vertical Datum of 1988; NPS, National Park Service]

Minimum water- Maximum water- Water-level Annual water-
Year level elevation level elevation elevation range level change
(feet above NAVD 88) (feet above NAVD 88) (feet)a (feet)b
Hourglass Lake
2018 4,684.30 4,688.40 4.1¢ 3.5¢
2019 4,687.60 4,692.40 4.8 4.5
2020 4,692.40 4,695.10 2.7 2.7
2021 4,694.60 4,695.20 0.6¢ —0.6¢
New Years Lake
2018 4,590.94 4,618.60 27.5¢ 25.8¢
2019 4,616.70 4,629.50 12.8¢ 10.2¢
2020 4,619.80 4,626.90 7.1 -7.1
2021 4,617.0 4,619.80 2.8> —2.8¢

aCalculated by subtracting the minimum water-level elevation from the maximum water-level elevation for each year.

bCalculated by subtracting the water-level elevation on December 31 by the water-level elevation of January 1 of each year. Positive values indicate the water

level increased and negative values indicate the water level decreased.

¢Estimated using available water-level measurements. For example, in 2018, the earliest and latest water-level measurements at New Years Lake were
March 12, 2018, and November 21, 2018, respectively. This value represents an estimate calculated from an incomplete annual water-level dataset.

dDiscrete measurement from NPS staff.
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Figure 4. Water-level elevation hydrographs for Hourglass and New Years Cave Lakes, Jewel Cave National Monument,
southwestern South Dakota, including discrete and continuous water-level measurements plotted with monthly cumulative departure
from normal from the Custer, S.D. (USC00392087) and Custer County Airport, S.D. US (USW00094032) climate stations. See figure 1 for
station locations.



Hourglass Lake Hydrograph Compared to
Precipitation and Snow Depth

Discrete water-level measurements at Hourglass Lake
from mid October 2015 to late December 2016 were compared
to precipitation and snow depth datasets to explain water-
level changes (fig. 5). Discrete water-level measurements
could not be interpreted on a monthly basis with precipita-
tion and snow depth datasets because the measurements
were separated by 1 to 22 months; however, some annual
interpretations were made using the available data. Annual
precipitation in 2015 (21.48 in.) was slightly greater than
annual normal precipitation (20.66 in; fig. 5), and cumulative
departure from normal, as shown in figure 2, indicates above
normal precipitation conditions (wet) until April 2016. The
water level of Hourglass Lake increased by 0.8 ft from mid
October 2015 to late April 2016 during wet conditions. Annual
precipitation in 2016 (17.13 in.) was about 3 in. below annual
normal precipitation (fig. 5), and cumulative departure from
normal, as shown in figure 2, indicates below normal precipi-
tation conditions (dry) starting in April 2016 and continuing
through December 2016. The water level of Hourglass Lake
decreased by 0.5 ft from late April to late July 2016 during dry
conditions; however, the water level increased by 0.9 ft from
late July to late December 2016 while still under dry condi-
tions. The water-level increase from July to December 2016
could result from snowmelt in December; daily snow depth
data from December 2016 (fig. 5; NOAA, 2021a) indicated
snow accumulations of 6.0 in. and 7.0 in. from two snowfall
events that gradually melted in the 2-week period before the
December 2016 water-level measurement—indicated by the
decreasing snowpack during that time (fig. 5).

In 2017, discrete water-level measurements indicated
water levels in Hourglass Lake were decreasing despite above
normal annual precipitation (21.83 in.; fig. 5). Six months
in 2017 were above normal with the largest departures from
normal in July (3.39 in.), June (—1.60 in.), and May (—1.27 in.;
fig. 2). Cumulative departure from normal remained negative
for the early part of 2017, and the water level at Hourglass
Lake correspondingly decreased during the same time.
Decreasing water levels continued until March 2018 (fig. 5)
while monthly precipitation was above normal for all but 1
month (January 2018) from November 2017 to March 2018
(fig. 2). Cumulative departure from normal (fig. 2) indicates
the period of above normal precipitation from November 2017
to March 2018 only slightly increased the cumulative total
because the departures from normal were less than 0.5 in. for
all but 1 month (0.8 in. in February 2018; fig. 2).

After installing a pressure transducer in March 2018 in
Hourglass Lake, the water level was relatively constant until
mid-June 2018 when the water level increased by 4.1 ft and
peaked in late September 2018 (fig. 5). Increasing water levels
at Hourglass Lake likely resulted from a combination of spring
snowmelt (fig. 5) followed by above normal spring and early
summer precipitation in 2018 (fig. 2). Above normal precipita-
tion fell in February and March 2018 as a mixture of snow and
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rain (figs. 3 and 5). The longest period of snowpack was from
February 4, 2018, to March 8, 2018, where depths ranged
from 1.0 in. to 12.0 in. (fig. 5; NOAA, 2021a). Various other
snowfall events resulted in March and April 2018, but the
snow melted completely within 1 week after each event (fig. 5;
NOAA, 2021a). Precipitation in April 2018 was below normal
but was followed by above normal precipitation for 3 con-
secutive months (fig. 2). Cumulative departure from normal
shown in figure 2 increased from —1.12 in. below normal in
April 2018 to 6.30 in. above normal in July 2018—meaning
that from May to July 2018, 7.42 in. more precipitation fell
than normal. Additionally, the largest increase in cumula-

tive annual precipitation for 2018 (fig. 5) was from early
April 2018 to August 2018; precipitation totaled 20.42 in.
from April to August 2018—or about 75 percent of the annual
total precipitation of 2018 (27.19 in.; NOAA, 2021a) and

99 percent of the annual normal precipitation (20.66 in.;
NOAA, 2021b).

Water-level changes in Hourglass Lake from late
September 2018 to late June 2019 were evaluated using
precipitation and snow depth datasets. Dry conditions from
August 2018 to November 2018—shown by decreasing
cumulative departure from normal in figure 2—initially
caused the 0.7 ft water-level decline in Hourglass Lake
from late September 2018 to late March 2019 (fig. 5); how-
ever, water levels continued declining despite above normal
precipitation from December 2018 to March 2019 (fig. 2).
Continued decline of water levels until March 2019 cor-
related with cumulative departure from normal indicated in
figure 2; the increase in cumulative departure from normal
from November 2018 to March 2019 was smaller than the
decrease in cumulative departure from normal from July to
November 2018—indicating that the overall cumulative depar-
ture from normal from July 2018 to March 2019 was below
normal. Additionally, precipitation falling in February and
March 2018 may not have affected water levels in Hourglass
Lake because low temperatures prevented snow melt from
February 6, 2019, to March 17,2019, with snow depths
ranging from 1.0 to 11.0 in. (fig. 5). Increasing temperatures
in March 2019 began melting snow accumulations from
February 2019 and shortly after water levels in Hourglass
Lake increased by 0.7 ft until mid-April 2019 (fig. 5). Water
levels in Hourglass Lake remained relatively constant from
mid-April to late June 2019 (fig. 5) as precipitation was
0.03 and 0.05 in. above normal in March and April 2019,
respectively (fig. 2).

Water levels in Hourglass Lake increased by 6.9 ft from
late June 2019 to early January 2021 (fig. 5) in response to
above normal precipitation from May to December 2019
(fig. 2). Cumulative departure from normal indicated in
figure 2 peaked in September 2019 after increasing by 6.2 in.
from unusually high summer (May—September) precipitation.
Cumulative departure from normal remained above normal
and water levels in Hourglass Lake increased despite relatively
dry conditions from October to December 2019 (figs. 3 and
5). The effect of dry conditions in fall and winter 2019 was
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observed when the rate of water-level increase slowed begin-
ning in mid-January 2020 (fig. 5). Annual precipitation in
2020 (17.32 in.) was 3.3 in. lower than annual normal precipi-
tation (20.66 in.); however, water levels in Hourglass Lake
increased in 2020 at the slower rate of water-level increase
until peaking in January 2021. The rate of water-level increase
in 2020 varied slightly (fig. 5). These increases likely resulted
from winter or spring snowmelt (increasing rate) and dry sum-
mer or fall conditions in 2020 (decreasing rate; fig. 2).

Water levels in Hourglass Lake decreased by 0.7 ft from
early January 2021 to mid-April 2021 (fig. 5). Dry conditions
from late 2020 continued in 2021 and likely caused water lev-
els in Hourglass Lake to decline. Additionally, the water level
at Hourglass Lake did not increase from spring snowmelt in
March or April 2021, similar to the increase in previous years.
Snow depth data from fall 2020 and winter 2021 show more
temporally dispersed snowfall events and a smaller winter
snowpack in February and March 2021 that melted com-
pletely by early March 2021 (fig. 5). As of November 2021,
the annual precipitation of 2021 (13.57 in.) was 7.1 in. below
annual normal precipitation. Additionally, cumulative depar-
ture from normal indicated in figure 2 decreased by 3.6 in.
from July 2020 to February 2021.

New Years Lake Hydrograph Compared to
Precipitation and Snow Depth

The New Years Lake hydrograph was compared to the
same precipitation and snow depth datasets as the Hourglass
Lake hydrograph described in the previous section to evalu-
ate water-level changes (fig. 6). Water levels in New Years
Lake declined by 5.0 ft from January 2017 to March 2018
despite above normal precipitation in 2017 (21.83 in.; fig. 6)
and increasing cumulative departure from normal from
January 2017 to March 2018 (fig. 2). The 5.0 ft water-level
decline likely was caused by a deficit in precipitation, as indi-
cated in figure 2, when cumulative departure from normal fell
below 0 in April 2016 and remained negative throughout 2017
and early 2018. The precipitation deficit from January 1, 2016,
to December 31, 2017, was calculated by first determining the
annual departure from normal (difference between cumula-
tive annual precipitation and annual normal precipitation) for
2016 and 2017, and second calculating the difference between
annual departure from normal for 2016 (3.53 in. below nor-
mal) and 2017 (1.77 in. above normal; fig. 2). The precipita-
tion deficit was 1.76 in. below normal from January 1, 2016,
to December 31, 2017.

The water level of New Years Lake increased by 27.5 ft
from March 2018 to October 2018 during a period of above
normal precipitation (fig. 6). Annual precipitation in 2018
(27.19 in.) was 6.53 in. greater than annual normal precipita-
tion (20.66 in.; fig. 2). Additionally, precipitation from May
to July 2018 was 7.42 in. greater than normal (fig. 2). The
water level of New Years Lake likely began increasing soon
after spring snowmelt in March or April 2018 and continued
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increasing from May to July 2018 during above normal
precipitation (fig. 2). A pressure transducer was installed in
New Years Lake on October 7, 2018, shortly before a water-
level elevation peak on October 14, 2018 (fig. 6). The largest
water-level elevation peak in 2018 may have been during the
above normal precipitation period from May to July 2018
rather than on October 14, 2018; however, no water-level data
were collected between March 12, 2018, and October 6, 2018,
to confirm a larger water-level peak before October 14, 2018.
Water levels in New Years Lake declined after October 14,
2018, during a period of below normal precipitation from
August to November 2018 (fig. 2) until the water level
decreased below the level of the transducer on November 21,
2018, and no data were recorded (fig. 6). The transducer in
New Years Lake began recording water levels again beginning
on April 7, 2019.

Water levels in New Years Lake began increasing some-
time before April 7, 2019, and the increase likely coincided
with spring snowmelt. Departure from normal monthly
precipitation (fig. 2) indicates that 0.79 in. more precipitation
fell in February 2019 than normal in the form of snowfall
that accumulated until mid-March 2019 (fig. 6). Snow depth
data (fig. 6) indicated a relatively large snowpack starting
in February 2019 and fully melted by mid-March 2019. The
water level of New Years Lake peaked in early May 2019,
and soon after the water level decreased by 2.5 ft until early
July 2019 (fig. 6), despite above normal precipitation falling
in the area from March to June 2019 (fig. 2). Departure from
normal was less than 0.05 in. for March and April 2019 and
as a result cumulative departure from normal showed mini-
mal increase from March and April 2019 (fig. 2). Water-level
decline at New Years Lake from May to July could result
from the return to normal precipitation conditions following
above normal conditions; water released by melting of above
normal winter snowfall falling over a relatively short time
(1-2 months) compared to sporadic near normal precipitation
in March and April 2019 (fig. 6).

The water level of New Years Lake fluctuated in response
to climate-related events from July 2019 to August 2020. The
water level of New Years Lake increased by 11.3 ft from early
July 2019 to early October 2019 (fig. 6). Annual precipita-
tion in 2019 was 10.73 in. above annual normal precipitation
and cumulative departure from normal (fig. 2) increased from
5.91 in. above normal in April 2019 to 12.11 in. above normal
in September 2018, indicating that 6.2 in. more precipitation
fell in May to September 2018 than normal. The water level of
New Years Lake increased in response to above normal sum-
mer precipitation in 2019 until peaking in early October 2019
(fig. 6). The water-level peak in early October 2019 was
followed by a water-level decline that persisted until early
July 2020 (fig. 6); however, the rate of water-level decline
fluctuated in response to precipitation. The first noticeable
change in the rate of water-level decline was in January 2020
when the rate of decline increased after 3 months of near or
below normal precipitation (fig. 2). The next noticeable water-
level change was in March 2020 when the rate of water-level
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decline decreased—Tlikely in response to spring snowmelt

in February and March 2020—and continued decreasing

until early July 2020 (fig. 6). The water level of New Years
Lake increased by 0.7 ft from early July to late August 2020
(fig. 6) after above normal precipitation in June 2020 and near
normal precipitation in July 2020 (fig. 2). Additionally, the
start of water-level increase in early July 2020 was less than 1
week after the last week of June 2020 where a total of 4.2 in.

of rainfall fell (fig. 6). This total is 0.77 in. greater than the
monthly normal precipitation measured in June 2020 (3.43 in.)
and about 24 percent of the annual precipitation in 2020
(17.32 in.; fig. 6).

The water level of New Years Lake decreased from
August 2020 to April 2021 during dry conditions (fig. 6).
Annual precipitation in 2020 and 2021 were below annual
normal precipitation (fig. 6), and departure from normal



(fig. 2) indicated below normal precipitation for all but one
month (March 2021) from July 2020 to April 2021. The period
of below normal precipitation from July 2020 to April 2021
resulted in decreasing water levels in New Years Lake and,
unlike previous years, the effect of spring snowmelt did

not affect water levels in spring 2021 (fig. 6); however, the
effects of spring snowmelt on water levels in New Years Lake
may be after the last recorded water-level measurement on
April 16, 2021.

Analysis of Water-Chemistry Data

Analysis of water-chemistry data was split into three
sections for results of stable isotope analysis, PCA, and clus-
ter analysis. Each section discusses observations from data
analysis that provided insight on the hydrogeologic charac-
teristics of the Madison Limestone and Minnelusa Formation.
Hydrogeologic characteristics were evaluated mostly for sites
within and near Jewel Cave National Monument because
it was the primary focus of this report; however, observa-
tions from data analysis for sites within and near Wind Cave
National Park were discussed for comparison with sites within
and near Jewel Cave National Monument and to build on pre-
vious findings from previous investigations (Long and others,
2012, 2019).

Stable Isotopic Analysis

Stable isotope results were analyzed by (1) creating a
local meteoric water line (LMWL) from precipitation samples
collected during this study, (2) comparing stable isotope val-
ues from the study area to global meteoric values established
by Craig (1961), and (3) comparing stable isotope values
among sites to evaluate possible recharge characteristics.

Comparison with Global Meteoric Waters

The 62H and 8'80 values from samples collected dur-
ing this study and other investigations (Long and others,
2012, 2019) were plotted with the global meteoric water line
(GMWL) defined by Craig (1961; fig. 7). All samples plotted
below the GMWL; therefore, a LMWL was calculated for the
study area (fig. 7). The LMWL for the study area from sam-
ples collected in June 2021 is given in the equation below as

§2H=6.24x3130-20.17 )

The slope and y-intercept of the LMWL were less than
the GMWL and as a result the LMWL plotted below the
GMWL (fig. 7). Putman and others (2019) observed the
LMWL at arid and snowy sites, similar to the study area, often
displayed higher slopes and intercepts relative to the GMWL.
The deviation from trends observed by Putman and others
(2019) may result from the LMWL not accurately representing
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the 6°H and 680 values of precipitation in the study area.

The natural variation of *H and $'80 values in precipitation
likely was not captured from the three precipitation samples
collected during this study because all three samples were col-
lected during the same month and year (June 2021). Putman
and others (2019) also discussed the sensitivity of developing
a LMWL and determined the length of record needed to cal-
culate a LMWL depended on the timescale of the processes of
interest, such as recharge to an aquifer. Therefore, the LMWL
for the study area likely is not an accurate representation of the
average 6*H and 8'80 values of precipitation in the study area;
however, the LMWL may be useful for comparison of samples
from other sites with precipitation samples collected during
the same time period.

All stable isotope samples were depleted in heavy iso-
topes compared with the GMWL (more negative 6°H and §'80
values) and indicated a greater degree of evaporation from
environmental factors, such as latitude, continental position
(near coasts versus far inland), and altitude (Dansgaard, 1964;
Rozanski and others, 1993). Medler and Eldridge (2021) pro-
vide a summary of the effect of latitude, continental position,
and altitude on isotopic composition of precipitation. The most
notable effects on the 8?H and 880 compositions in the study
area were from the latitude and continental effects because the
study area is at a high latitude (between 43- and 44-degrees
north latitude) and near the center of the North American
continent. The great distance from low latitudes and coastlines
to the study area (hundreds of miles) likely resulted in greater
depletion of heavy isotopes for precipitation samples relative
to studies at low latitudes or closer to coastlines (Dansgaard,
1964; Gat and Gonfiantini, 1981). The altitude effect was
not observed for samples in the study area likely because the
altitude difference among all sampled sites is only about 400 ft
(table 1).

Streams, Wells, and Cave Lakes

Samples from one stream, two wells, and three cave lakes
plotted either on or below the LMWL (fig. 7) and indicated
generally greater depletion (more negative values) of heavy
isotopes relative to precipitation and some spring samples.
The Hell Canyon Creek (HCcr) sample from 2021 displayed
the greatest depletion in heavy isotopes of all samples (fig. 7)
and was considered anomalous because precipitation, gener-
ally enriched in heavy isotopes, was expected to increase the
concentration of heavy isotopes in the stream. Springflow
from West Hell Canyon Spring (WHCsp) is from the Madison
aquifer and groundwater flows directly into HCcr upstream of
the HCcr sampling site (fig. 1). Discharge from the Madison
aquifer at WHCsp (fig. 7) appears to strongly affect the isoto-
pic composition of HCcr. Samples from wells completed in the
Deadwood aquifer (JC1 and JC2) in 2016 plotted close to the
LMWL and had varying stable isotopic composition (fig. 7).
Jewel Cave well 2 (JC2) was more depleted than Jewel Cave
well 1 (JCI) despite the wells being less than 1,000 ft apart
and both samples collected on the same day in 2016 (fig. 7).
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The stable isotopic composition difference between ground-
water samples from the two wells completed in the Deadwood
aquifer (JC1 and JC2) was not further examined because it
was not the focus of this study. Samples from cave lakes—
Hourglass, New Years, and Wellspring Lakes—had inter-
mediate stable isotopic composition and were depleted and
enriched compared to precipitation samples and samples from
HCcr and WHCsp, respectively (fig. 7).

The depleted 6°H and 6'%0 values of groundwater
samples—combined with the stable isotopic variation among
samples from the same aquifer—in the stable isotope plot of
the study area (fig. 7) provided insight on recharge mecha-
nisms. Groundwater samples from the Deadwood aquifer
(JCI1 and JC2) and Madison aquifer (HGL, NYL, WSL, and
WHCsp) were depleted in heavy isotopes compared to pre-
cipitation samples. Evaporation cannot explain the depleted
groundwater samples because evaporation preferentially
removes lighter isotopes and leaves behind heavier isotopes
(Rozanski and others, 1993). Isotopic compositions typically
do not change after precipitation has infiltrated into the ground
(Gat, 1971; Naus and others, 2001); therefore, some other
source or process was responsible for the depleted groundwa-
ter samples.

Gat (1971) provided four explanations that could account
for groundwater samples being depleted in heavy isotopes.
The first explanation is both aquifers contain large fractions
of older water from past climates characterized by colder
temperatures and snow containing lighter, more depleted
waters, similar to the isotopic composition of snow and ice
from modern Arctic and Antarctic environments (Gat, 1971;
Rozanski and others, 1993). Age dating of water from the
Madison aquifer using tritium (Naus and others, 2001; Rahn,
2018) indicated groundwater near recharge sources is newer
and more like modern precipitation, whereas groundwater at
greater distances from recharge areas is older and more like
past precipitation. The second explanation is heavy rain-
fall, which generally is depleted in heavy isotopes, provides
recharge to aquifers in the study area. The study area typically
does not receive steady heavy rainfall; however, Vogel and
Van Urk (1975) and Rehm and others (1982) determined that
heavy rainfall was an important source of recharge for aquifers
in semiarid regions. The third explanation is that snowfall
and snowmelt are primary recharge sources for aquifers. Tian
and others (2018) observed depleted 62H and 8'30 values in
snowfall relative to spring, summer, and fall precipitation.
The fourth explanation is that recharge resulted at a higher
elevation where heavy isotopes are often more depleted than
at lower elevations. Less than 10 mi from the study area the
elevation increases to more than 7,000 ft above NGVD 88.

The first explanation from Gat (1971) likely does not
apply to the Madison aquifer in the study area because Jewel
Cave is near the recharge area for the Madison aquifer and
karstic aquifers, such as the Madison aquifer, usually can
be recharged quickly. All samples plot near the LMWL, and
recharge areas (outcrops of Madison Limestone shown in
figure 8; Redden and DeWitt, 2008) for the aquifer are near
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the study area—indicating aquifers in the study area are
recharged from recent meteoric sources. A key component

of the recharge in the study area is from karst features in the
Madison Limestone, such as sinkholes and caves, that can
recharge the aquifer relatively quickly compared to non-
karstic aquifers. Karst features increase the capacity of the
Madison aquifer to accept recharge and, in areas of outcrop of
the Madison aquifer, water from precipitation and streams can
be lost entirely to the Madison aquifer (Greene, 1997; Driscoll
and others, 2002). The Hell Canyon Creek watershed delin-
eated at a point downstream (south) of Jewel Cave National
Monument is composed of about 80 percent of Madison
Limestone outcrop (USGS, 2022b; Redden and DeWitt, 2008;
fig. 8), and streamflow in the watershed could be recharging
the Madison aquifer, in addition to recharge from direct infil-
tration of precipitation.

A combination of the latter three explanations from Gat
(1971) best account for heavy isotope depletion observed
in the Madison aquifer underlying the study area. Recharge
to the Madison aquifer in the study area likely is from large
precipitation events and spring snowmelt. The study area does
not receive steady heavy rainfall; however, the infrequent
large precipitation events likely overcome evapotranspiration
and would explain the generally depleted isotope values from
groundwater samples. Recharge from snowmelt also may con-
tribute to the depletion of heavy isotopes in the Madison aqui-
fer. Climate normal data from 1991 to 2020 shows the study
area receives about 57.9 in. of snow per year (NOAA, 2021b).
Winter and spring snowmelt could contribute to recharge in
the study area when evapotranspiration rates are lower than
summer rates (Clark and Fritz, 1997). Large amounts of water
released during spring snowmelt can cause normally dry
streams, such as Hell Canyon Creek, to flow. Streamflow in
Hell Canyon Creek following spring snowmelt could lose all
or part of its flow to sinkholes in areas of Madison Limestone
outcrop. The location or presence of streamflow loss zones
along Hell Canyon Creek is unknown and streamflow data
from streamgages upstream and downstream of Jewel Cave
National Monument do not overlap to indicate the presence of
streamflow losses.

The depletion of heavy isotopes for groundwater samples
at Jewel Cave also could be from recharge at higher eleva-
tions. The elevation of the Hell Canyon Creek watershed
generally decreases from northeast to southwest and ranges
from 5,050 ft to 7,170 ft (USGS, 2022b). A generalized
potentiometric map from Anderson and others (2019) shows
groundwater flow in the Madison aquifer generally follows
topography—indicating groundwater in the Madison aquifer
flows from higher elevations in the northeastern part of the
Hell Canyon Creek watershed toward the study area to the
southeast (fig. 8). The effect of the Jewel Cave Fault Zone
(fig. 8)—with an estimated vertical offset ranging from 100
(Darton and Paige, 1925) to 300 ft (NPS, 1994)—on ground-
water flow in the Madison aquifer is unknown (Dyer, 1961). If
the Jewel Cave Fault zone disrupts regional groundwater flow
in the Madison aquifer to the cave lakes, then the depleted
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isotopic signature of the cave lakes could be explained by
streamflow losses along Hell Canyon Creek. The isotopic sig-
nature of water from Hell Canyon Creek and its source from
West Hell Canyon Spring also were depleted in heavy isotopes
similar to Hourglass and New Years Lakes (fig. 7).

Springs Discharging from the Minnelusa Aquifer

Samples from springs discharging from the Minnelusa
aquifer were qualitatively assessed to evaluate water composi-
tion using the stable isotope plot (fig. 7). The §*H and 580
values of springs discharging from the Minnelusa aquifer in
the Minnelusa Formation generally were intermediate and
plotted close to the LWML between groundwater samples
from the Madison aquifer and precipitation samples. The
intermediate composition of springs discharging from the
Minnelusa aquifer indicated a mixture of groundwater and
precipitation; however, the contribution from groundwater
(more depleted in heavy isotopes) and precipitation (more
enriched in heavy isotopes) varied for each spring. Stable
isotopic composition was qualitatively assessed by observ-
ing the plotting positions of each site relative to other sites.
Samples from A&E Spring (AEsp) and Water Draw Spring
(WDWsp) plotted closer to depleted groundwater samples
from cave lakes, whereas samples from Lithograph Spring
(LTHsp), Chokecherry Spring (CCHsp), and Prairie Dog
Spring (PDGsp) were more enriched in heavy isotopes and
plotted closer to precipitation samples (fig. 7).

The variability of 8*H and 8'30 values from springs
with more than one sample was investigated using the stable
isotope plot (fig. 7). Springs with more than one sample were
Lithograph Spring (LTHsp) and Prairie Dog Spring (PDGsp).
The stable isotopic composition of LTHsp changed from being
more depleted in May 2016 to more enriched in August 2021.
The stable isotopic composition of PDGsp remained rela-
tively consistent between samples collected in May 2016
and August 2021. The variance or lack thereof in 8°H and
8180 values at LTHsp and PDGsp likely resulted because of
changes in the contribution and type of precipitation falling
shortly before sample collection. The contribution of ground-
water or precipitation to LTHsp likely was related to (1) the
elapsed time between precipitation events and sample col-
lection, and (2) the residence time of infiltrated precipitation
before spring discharge. Spring samples collected soon after
precipitation events with similar stable isotopic composition
as precipitation would indicate a shorter residence time (fast
groundwater movement or short flowpaths) of infiltrated pre-
cipitation in the aquifer. Conversely, spring samples collected
soon after precipitation events with more depleted stable
isotopic composition would indicate longer residence time
(slow groundwater movement or long flowpaths) of infiltrated
precipitation in the aquifer that had not yet reached the spring.
Infiltrated precipitation mixed with depleted groundwater,
however, could potentially obscure the °H and 6'30 values
of infiltrated precipitation. A long residence time also may
explain variable ?H and 6'%0 values as water discharging
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from springs on each collection date could be water recharged
during different times (spring snowmelt or summer rains).
Stable isotope data collected from additional recharge sources
(snowmelt and streams close to springs) and more frequently
at springs could potentially be used to estimate residence time
of water sources at each spring.

The intermediate 6*H and 6'30 values of samples from
springs discharging from the Minnelusa aquife—combined
with the stable isotopic variation among spring samples—in
the stable isotope plot of the study area (fig. 7) provided
insight on recharge mechanisms to the Minnelusa aquifer. The
principles of conservation of stable isotopic composition for
infiltrated precipitation (Naus and others, 2001; Gat, 1971)
and depletion of heavy isotopes in spring samples compared to
precipitation (Gat, 1971) also apply to the Minnelusa aquifer.
A combination of the second and third explanations provided
by Gat (1971) best account for heavy isotope depletion in the
Minnelusa aquifer in the study area. The fourth explanation by
Gat (1971)—recharge from high-elevation precipitation—is
unlikely because higher elevation recharge areas immediately
east of the study area are only about 200 ft higher in elevation
than the surrounding areas (fig. 9). All spring samples plot
near the LMWL and recharge areas for the Minnelusa aquifer
are near the study area—indicating recharge to the Minnelusa
aquifer is from recent meteoric sources. Recharge to the
Minnelusa aquifer is primarily from precipitation on outcrops
and streamflow losses; however, recharge from streamflow
losses to the Minnelusa aquifer generally is less than to the
Madison aquifer (Carter and others, 2003). In the study area,
outcrop of the Minnelusa aquifer is mostly south of the Jewel
Cave Fault Zone (Redden and DeWitt, 2008; fig. 9). The Hell
Canyon Creek watershed is composed of about 20 percent
of Minnelusa Formation outcrop (Redden and DeWitt, 2008;
fig. 9), and precipitation or streamflow in the watershed could
be lost to the Minnelusa aquifer.

A combination of recharge from heavy rainfall, snow-
melt, and aquifer residence time could explain depletion of
heavy isotopes in samples from springs discharging from the
Minnelusa aquifer. Samples from A&E Spring (AEsp) and
Water Draw Spring (WDWsp) were collected in May 2016,
so effects from spring snowmelt depleted in heavy isotopes
could explain why those samples plot closer to groundwater
samples. Effects of different precipitation types was appar-
ent for samples from Lithograph Spring (LTHsp) because the
sample collected in May 2016 was more depleted in heavy
isotopes compared to the sample collected in August 2021
(fig. 7). The LTHsp sample collected in August 2021 likely
was affected by enriched summer precipitation, which could
indicate shorter aquifer residence time (fast groundwater
movement or short flowpaths). Conversely, samples collected
in May 2016 and August 2021 at Prairie Dog Spring (PDGsp)
did not vary appreciably in stable isotope content. The lack of
stable isotope variation at PDGsp could indicate a consistent
groundwater source and (or) longer residence time of water
in the aquifer resulting from either slower groundwater flow
or longer flowpaths. The sample collected in May 2016 at
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Chokecherry Spring (CCHsp; fig. 7) was considered an anom-
aly because it was more enriched in heavy isotopes than all
other samples. The enriched CCHsp sample could indicate its
stable isotopic composition was affected by precipitation fall-
ing shortly before sample collection. Additional stable isotope
and precipitation data would be required to better understand
stable isotope variations and aquifer residence time at springs
in the study area.

Another possible explanation for the depletion of
heavy isotopes in samples from spring discharging from the
Minnelusa aquifer could be from mixing with water from the
Madison aquifer. Groundwater from the Madison aquifer was
shown to be depleted in heavy isotopes (fig. 7) and mixing
between the two aquifers would produce an overall depleted
sample; however, hydraulic connection between the Minnelusa
and Madison aquifers is not well defined (Carter and others,
2003). It is possible that the hydraulic connection between the
Minnelusa and Madison aquifers is present along geologic
structures, such as the Jewel Cave Fault Zone, where structure
offset has juxtaposed the two units (fig. 9). The stable isotopic
composition of samples from HGL—the cave lake sampled
closest to the Jewel Cave Fault Zone—is similar to springs
discharging from the Minnelusa aquifer, but additional data
are needed to determine possible mixing between the two
aquifers.

Site Groupings and Water Sources from
Principal Component Analysis

The PCA method was used to create a biplot of water-
chemistry data from this study and other studies (Naus and
others, 2001; Long and others, 2012, 2019; fig. 10). The
combined sum of principal components one and two explained
55.3 percent of the total variance in the dataset. Principal
component three explained 14.3 percent of the total variance.
Multiple variables were responsible for groupings along prin-
cipal component axes one and two. Separation and grouping
along principal component axis one were from a combination
of specific conductance, hardness, ions (calcium, magnesium,
chloride, and sulfate), and stable isotopes of oxygen and
hydrogen. Loading lines for specific conductance, hardness,
and ions displayed varying degrees of positive correlation,
but all variables had positive loading on principal component
one—shown by the loading lines plotting along the positive
part of the x-axis (fig. 10). Conversely, loading lines for 5'20,
&%H, arsenic, silica, and pH had negative loading on principal
component one (fig. 10). The 6!%0, 62H, and silica variables
displayed positive correlation to each other and negative cor-
relation to specific conductance, hardness, and ions—indicated
by the nearly 180-degree angle between loading lines. The
880 and 62H variables were expected to contribute to group-
ings because the stable isotope plot (fig. 7) showed strong pos-
itive linear correlation. Additionally, the 6'80, 8?H, and silica
variables showed almost no correlation to the pH and carbon
dioxide variables—shown by the approximately 90-degree
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angle between loading lines (fig. 10). Separation and grouping
along principal component axis two were from the pH, silica,
and carbon dioxide variables.

The plotting positions of sites in the PCA biplot show
groupings based on location, aquifer, and the type of site
(fig. 10). Sampling sites were identified by color and symbol
for each aquifer and site type, respectively, where appropri-
ate to make clear the relations among aquifers in the southern
Black Hills (fig. 10). Precambrian aquifer sites (fig. 10) plotted
mostly in upper parts of quadrants I and II—indicating lower
pH and specific conductance, and higher concentrations of
carbon dioxide. Williamson and Carter (2001) also noticed
lower pH and specific conductance values, and higher carbon
dioxide concentrations in groundwater from Precambrian aqui-
fers compared to the Madison and Minnelusa aquifers. Most
Madison aquifer sites (fig. 10) from the East area (fig. 1) plot-
ted in the upper part of quadrant III with other sites plotting in
quadrants I, II, and IV. Minnelusa aquifer sites (fig. 10) from
the East area were scattered among all four quadrants but plot-
ted mostly in quadrants I and II. Minnelusa aquifer sites were
distinguishable from Madison aquifer sites in the East area
because of their higher ion concentration, specific conduc-
tance, and hardness values. Williamson and Carter (2001) also
observed that groundwater from the Minnelusa aquifer gener-
ally had higher ion concentrations (especially the calcium and
sulfate ions) and greater specific conductance and hardness
values than groundwater from the Madison aquifer.

Groundwater and surface-water sites from the West area
(fig. 1) displayed distinctive water chemistry and plotted
away from most samples from the East area with the excep-
tion Hourglass Lake (HGL), Mackenzie Spring (MCKsp), and
Jewel Cave Well 1 (JC1; fig. 10). All groundwater samples
from aquifer sites from the West area had intermediate ion
concentrations and relatively lower 6'30 and 6°H values
compared to other samples from the East area; however, these
samples from the West area had distinctively high magne-
sium concentration, and high hardness, pH, and specific
conductance values that created separation along the y-axis
(fig. 10). HGL and MCKsp both plotted near the y-axis of the
PCA biplot between Madison aquifer sites from the East and
West areas because of their higher 880 and 62H values and
lower ion concentration, specific conductance, and hardness
values (fig. 10). Some well and spring sites from the East
area (fig. 10) were chemically similar to West area sites and
plotted in quadrant I; however, East area sites in quadrant [
are not immediately hydrologically connected to the West
area because of the large distance (miles) between the areas
(fig. 1). The higher ion concentration, and specific conduc-
tance, and hardness values for East area sites in quadrant I
were likely caused by the evolution of groundwater from
dissolution of aquifer material as it travels downgradient in
the aquifer (fig. 1). Williamson and Carter (2001) determined
ion concentrations, and specific conductance, and hardness
values increase in the Minnelusa and Madison aquifers with
increasing well depth and with distance from outcrop areas.
For example, the COL, CRA, PEK, HBsp, and PAL sites
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in quadrant I are all downgradient of recharge areas further
west (fig. 1) and all had higher ion concentration, and spe-
cific conductance and hardness values than sites closer to
recharge areas.

The plotting positions of sites displayed in figure 10 from
the West area were used to determine differences in water
chemistry among the Deadwood, Madison, and Minnelusa
aquifers. A similar analysis could be conducted on sites from
the East area; however, that analysis is outside the scope of
this study. Groundwater samples from Deadwood aquifer sites
(JCI and JC2) had similar water chemistry as Minnelusa aqui-
fer sites (fig. 10); however, the water chemistry of Jewel Cave
well 1 (JCI) and Jewel Cave well 2 (JC2) differed appreciably.
The sample from JC1 had higher ion concentrations com-
monly associated with salts (sodium, calcium, magnesium, and
chloride). Groundwater from the Madison aquifer generally
had the lowest ion concentration, and specific conductance
and hardness values in the West area (fig. 10). Additionally,
water chemistry of cave lake sites notably differed; HGL
plotted closer to Madison aquifer sites from the East area,
whereas New Years Lake (NYL) plotted closer to Hell Canyon
Creek (HCcr) and Minnelusa aquifer springs (fig. 10). West
Hell Canyon Spring (WHCsp)—upgradient from cave lake
sites—also differed from cave lake samples because WHCsp
had higher ion concentration, and specific conductance and
hardness values. The different water chemistry at WHCsp
could result from the dissolution of aquifer materials during
groundwater flow that increase ion concentrations and specific
conductance (Williamson and Carter, 2001). Groundwater
samples from Minnelusa aquifer sites displayed the greatest
water-chemistry variation among the three aquifers, but gener-
ally had the highest ion concentration, and specific conduc-
tance and hardness values in the West area (fig. 10).

Cluster Assignments and Water Sources from
Cluster Analysis

The k-means cluster procedure was applied to the PCA
results shown in figure 10 to statistically group sites (fig. 11).
Sampling sites were grouped into five categories based on
cluster assignments from the k-means procedure (fig. 11;
table 3). Group | included samples from Precambrian aquifer
springs and wells and one White River aquifer sample. Group
2 mostly consisted of samples from the Madison aquifer in the
East area (fig. 1). Group 3 consisted mostly of samples from
springs and wells completed in the Minnelusa aquifer in the
East area. Group 4 included mostly samples from the West
area. Group 5 consisted of springs and wells completed in the
Minnelusa and Precambrian aquifers from the East area with
high ion concentrations and specific conductance and hardness
values.

The k-means cluster procedure grouped samples into
clusters sharing similar physical property, chemical con-
stituent, and stable isotope values that were used to identify
relations among sites from different aquifers in the East and

Analysis of Water-Chemistry Data 25

West areas (fig. 1). Group 1 included only sites from the
Precambrian aquifer in the East area (table 3); however, other
Precambrian aquifer sites in group 5 (KIR1 and MOR; fig. 11)
were not included in group one. Precambrian aquifer sites not
included in group 1 were from well sites with water chemistry
more similar to the chemistry of the Minnelusa aquifer (group
3). Groundwater from the Minnelusa aquifer could not affect
water chemistry for Precambrian aquifer sites excluded from
group 1 because all the collected samples were upgradient and
isolated from the Minnelusa aquifer outcrop (fig. 1). Possible
explanations for Precambrian aquifer sites excluded from
group 1 could be from well treatment or elevated ion concen-
trations from road salts that would increase specific conduc-
tance values.

All well sites in group 2 were from the East area (fig. 1)
and 12 of 14 of the sites were wells completed in the Madison
aquifer (table 3). Separation of sites in the East area from
sites in the West area can be explained by the altitude effect
(Dansgaard, 1964; Rozanski and others, 1993) because the
surface elevation of sites in the East area is about 1,400 ft
lower than sites in the West area. As expected, the lower
elevation East area well sites had higher 8'%0 and 62H values
(enriched with heavy isotopes) than the higher elevation West
area sites. The FRA site was the only Minnelusa aquifer site
in group 2 (fig. 1; table 3), and the PCA and cluster analy-
sis results indicated that this well could be completed in the
Madison aquifer rather than the Minnelusa aquifer as indi-
cated in NWIS (USGS, 2022a). The FRA site did not have a
drillers log with lithologic information in the South Dakota
Department of Agriculture and Natural Resources (2022)
database; however, the well depth of the FRA site was 440
ft, as available from NWIS (USGS, 2022a), and nearby wells
with drillers logs indicated the depth to Madison Limestone
is about 690 ft. Therefore, the FRA well likely is completed
in the Minnelusa aquifer, but groundwater from this well has
similar water chemistry as the underlying Madison aquifer.
Separation of group 2 from other sites in the East area was
from a combination of higher arsenic concentrations and lower
ion concentrations, and specific conductance and hardness
values than other sites (fig. 11).

Group 3 consisted of 10 sites with 1 from surface water,
1 from the Madison aquifer, and 8 from the Minnelusa aquifer
(table 3). Additionally, 9 of the 10 sites in group 3 were from
the East areca and other was from the West area (table 3).
Group 5 was similar to group 3; group 5 consisted of 8 sites
from the East area with 2 from the Precambrian aquifer and 6
from the Minnelusa aquifer. Differences between sites com-
pleted in the Minnelusa aquifer in groups 3 and 5 likely were
related to proximity to recharge areas as compared to other
sites. Sites in group 3 often were closer to recharge areas of
Minnelusa aquifer outcrop, whereas group 5 included mostly
well sites further downgradient and at deeper well depths
(fig. 1; table 3).

The KAl site (fig. 1) was the only site in group 3 com-
pleted in the Madison aquifer (table 3). The water chemistry of
the KALI site was similar to the Minnelusa aquifer—indicating
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Table 3. Summary of cluster analysis results listing groups, sampling site short names, location, and aquifer from the k-means cluster
procedure applied to principal component analysis results.

[--, no aquifer designation]

Location

Group number Short name! (fig. 1) Site type Aquifer

2 FRA East Well Minnelusa
HIGHcr East Surface water -
Md7-11 East Well Madison
BOG East Well Madison
STR East Well Madison
PW1 East Well Madison
PW2 East Well Madison
WTHL East Cave lake Madison
WCL East Cave lake Madison
PP East Cave feature Madison
RR East Cave feature Madison
DP1 East Drip site Madison
DP2 East Drip site Madison

DP3 East Drip site Madison
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Table 3. Summary of cluster analysis results listing groups, sampling site short names, location, and aquifer from the k-means cluster
procedure applied to principal component analysis results.—Continued

[--, no aquifer designation]

Location

Group number Short name! (fig. 1) Site type Aquifer
4 NYL West Cave lake Madison
HGL West Cave lake Madison
WHCsp West Spring Madison
WDWsp West Spring Minnelusa
LTHsp West Spring Minnelusa
AEsp West Spring Minnelusa
CCHsp West Spring Minnelusa
BRRsp West Spring Minnelusa
HCW West Well Minnelusa
IC1 West Well Deadwood
c2 West Well Deadwood
SVE East Well Madison
CON East Well Madison
HCecr West Surface water --
PAL East Well Minnelusa
EMsp East Spring Minnelusa
5 KIR1 East Well Precambrian

MOR East Well Precambrian
KIR2 East Well Minnelusa
PEK East Well Minnelusa
COL East Well Minnelusa
CRA East Well Minnelusa
WCsp East Spring Minnelusa
HBsp East Spring Minnelusa

IShort name from either table 1 or Long and others (2019).

the KAI well could be completed in either the Minnelusa
aquifer or both in the Minnelusa and Madison aquifers. The
KATI site did not have a drillers log with lithologic information
in the South Dakota Department of Agriculture and Natural
Resources (2022) database; however, the well depth of the
KALI site was 780 ft as obtained from NWIS (USGS, 2022a).
Nearby wells with drillers logs indicated that the depth to the
Madison Limestone is about 690 ft; therefore, the well prob-
ably is completed at least partially in the Madison aquifer and
could be partially completed in the Minnelusa aquifer depend-
ing on the position and length of the screened (open) interval.
Group 4 contained 16 sites with 2 from the Deadwood
aquifer, 5 from the Madison aquifer, 8 from the Minnelusa
aquifer, and 1 surface-water site. Additionally, 12 of the
16 sites contained in group 4 were from the West area, and
the other 4 were from the East area (table 3). As previously
discussed, sites in group 4 differed from other sites because of

their low 830 and &%H values (depleted) and high ion concen-
trations, and specific conductance and hardness values. The
higher elevation of West area sites in group 4 compared with
sites contained in other groups likely caused the lower 3'80
and 6%H values (Dansgaard, 1964; Rozanski and others, 1993).
Anomalies in group 4 from the East area included two wells
completed in the Madison aquifer (CON and SVE), one spring
discharging from the Minnelusa aquifer (Elk Mountain Spring;
EMsp), and one well completed in the Minnelusa aquifer
(PAL; fig. 11). Inclusion of the CON and SVE sites in group

4 could result from longer residence times in the Madison
aquifer or groundwater mixing with the Minnelusa aquifer.
Elk Mountain Spring (EMsp) and the PAL well were included
in group 4 because of abnormally high magnesium concentra-

tions and hardness values.
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Relation among Hourglass and New
Years Lakes, Possible Recharge
Mechanisms, and Susceptibility

Relations between Hourglass (HGL) and New Years
(NYL) Lakes were evaluated using hydrograph analyses, PCA
results, and cluster analysis groupings. Hydrographs of the
HGL (fig. 5) and NYL (fig. 6) showed different responses to
precipitation events; HGL displayed smaller, delayed water-
level changes in response to precipitation compared to NYL
(figs. 5 and 6). Water-level changes at HGL were similar
to water-level changes at a well completed in the Madison
aquifer (433517103534201; CU-95A) about 9 mi south
(fig. 12; USGS, 2022a; South Dakota Geological Survey
[SDGS], 2022). Peak water levels at CU-95A were measured
about from 4 to 8 months later than peak water levels at HGL.
Water-level changes at NYL were not similar to HGL or CU-
95A (fig. 13).

Anderson and others (2019) also noticed similarities
between the HGL hydrograph and hydrographs of other wells
completed in the Madison aquifer and included water-level
elevations from cave lakes in preparation of a generalized
potentiometric surface of the Madison aquifer in the Jewel
Cave area. HGL and NYL, therefore, were assumed to be con-
nected with the regional Madison aquifer because no evidence
was available to suggest otherwise. Water-level change simi-
larities between HGL and 433517103534201 (fig. 12) indi-
cated that HGL is recharged similar to the regional Madison
aquifer along outcrops to the north (fig. 8); conversely, differ-
ences between NYL and CU-95A (fig. 13) indicated a more
direct connection to local recharge rather than solely from
outcrops recharging the regional Madison aquifer.

Initially, the geometry of the cave passages in which
HGL and NYL are contained was thought to contribute to the
differences in water-level changes between HGL and NYL.
For example, the water-level increase in a small passageway
would be greater than the increase in a larger passageway if
the same volume of water was added to both passageways.
The actual geometry of the cave passageways containing
HGL and NYL is unknown because NPS staff cannot access
the submerged passageways; however, the mapped passage-
ways containing HGL and NYL were used as a proxy for
the actual geometry of the passageways. The larger mapped
cave passageway containing NYL indicated larger water-
level changes than the smaller cave passageway containing
HGL (Dan Austin, NPS, written commun., December 2021);
therefore, passageway geometry was not considered a factor
contributing to water-level change differences between the
two cave lakes. Possible explanations for water-level change
differences between HGL and NYL could be (1) varying
recharge rates, (2) different sources of recharge, or (3) varying
discharge rates. The following sections discuss the water-level
and water-chemistry data used to determine possible recharge
sources to HGL and NYL.

Hourglass Lake

Water-chemistry data—evaluated using PCA and cluster
analyses—highlighted differences between Hourglass and
New Years Lakes that suggested different recharge mecha-
nisms. PCA and k-means cluster analysis results showed that
Hourglass Lake (HGL) grouped with Madison aquifer sites
from the West area (fig. 1) but plotted away from other sites in
group 4 (figs. 10 and 1) because it was more enriched in heavy
isotopes and had lower concentrations of ions than other sites
from the West area. Water chemistry of HGL was more similar
chemically to precipitation (enriched in heavy isotopes with
low ion concentrations) than other West area sites—indicating
recharge to the lake results quickly because its water chem-
istry was less affected by evaporation and (or) dissolution of
aquifer materials than other West area sites. Additionally, the
water chemistry of HGL was noticeably different than West
Hell Canyon Spring (WHCsp; figs. 10 and 11) that likely
receives its recharged water from the high elevation Madison
Limestone outcrops in the northern part of the study area
(fig. 8). The difference in water chemistry between HGL and
other Madison aquifer sites in the West area—combined with
differences between hydrographs of HGL and NYL—indicates
that HGL is recharged at a different rate and from a different
or additional source(s) than other Madison aquifer sites in the
West area.

Taylor and Greene (2008) provided a conceptual model
of karst aquifers showing multiple recharge sources (fig. 14)
that were used to hypothesize recharge mechanisms for
Hourglass Lake. Recharge sources were differentiated in terms
of residence time and the amount of water contributed to the
aquifer. Taylor and Greene (2008) provided descriptions of
each type of recharge source that will be briefly discussed
here. In general, autogenic recharge and allogenic recharge are
defined as precipitation falling on karstic and nonkarstic ter-
rane, respectively (Gunn, 1983). The amount and timing of the
precipitation determines whether the recharge is considered
concentrated or diffuse (Gunn, 1983). Concentrated autogenic
recharge (fig. 14) primarily is from filling of sinkhole depres-
sions by surface runoff processes that can be either rapidly
drained by swallets or relatively slowly through percolation
of soil and other deposits. Diffuse autogenic recharge (fig. 14)
from infiltration of water through soils overlying karstic ter-
rane is the most common type of recharge to karst aquifers.
Concentrated allogenic recharge (fig. 14) to karst aquifers is
water contributed by sinking or losing streams originating as
normal gaining streams in non-karstic terrain. Diffuse allo-
genic recharge (fig. 14) can be groundwater contributed from
non-karstic aquifers, but more commonly is water that drains
through vertical or near-vertical conduits in the unsaturated
(vadose) zone where karstic rocks are overlain by non-soluble
caprocks, such as sandstone.

Recharge to HGL likely is a mix of various recharge
sources, with the dominant recharge sources likely dif-
fuse allogenic recharge through the Minnelusa Formation
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Figure 12. Hydrograph of Hourglass Lake plotted with water-level elevation data from well 433517103534201 (CU-95A), Jewel Cave
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(including the Minnelusa aquifer and semiconfining units)
and diffuse autogenic recharge in areas of Madison Limestone
outcrop (fig. 14). Another possible recharge source could
be streamflow losses (concentrated allogenic recharge from
stream-sink; fig. 14). The Madison Limestone containing HGL
is overlain by about 300—400 ft of the Minnelusa Formation,
and its water chemistry was more similar to precipitation than
other Madison aquifer sites—indicating the largest fraction of
recharged water likely is from quickly infiltrated precipitation
or streamflow losses. Dye tracer tests from Alexander and oth-
ers (1989) indicated precipitation falling on the land surface
above the cave infiltrates through the Minnelusa Formation
and into Jewel Cave. The relatively quick recovery of dye 8
days after dye insertion may have been through vertical or
near-vertical fractures connecting the Madison and Minnelusa
aquifers, whereas the intermittent and reoccurring recovery
of dye 1 year after insertion may be caused by slow vertical
draining of the Minnelusa aquifer into the Madison aquifer.
Diffuse allogenic recharge also can explain water-
chemistry similarities between HGL and precipitation. Some
fraction of infiltrated precipitation would reach HGL quickly
through vertical or near-vertical conduits, and its water chem-
istry would be similar to precipitation because of its short

residence time in the Minnelusa aquifer. The other fraction of
infiltrated precipitation would drain through the Minnelusa
aquifer slower than water passing through vertical or near-
vertical conduits, and its water chemistry would contain higher
concentrations of ions and have higher specific conductance
and hardness values. Another source of water supplying cave
lakes could be groundwater flowing from outcrop recharge
areas, such as those north of Jewel Cave (fig. 8), to Jewel
Cave, which likely would have higher ion concentrations, and
greater specific conductance and hardness values than recently
infiltrated precipitation. Additionally, diffuse allogenic
recharge can explain the relatively slow response between
water levels in HGL and precipitation. Vertical or near-vertical
conduits extending through the Minnelusa Formation (includ-
ing the Minnelusa aquifer) can transport a certain quantity of
water that may be small compared to the volume of water in
HGL, so water levels would slowly change at HGL. Water-
level increases at HGL during dry periods, such as in 2020-21
(figs. 3 and 5), could be related to the relatively slow down-
ward vertical movement of water through the Minnelusa
Formation (including the Minnelusa aquifer and the unsatu-
rated zone of the Madison Limestone.
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New Years Lake

PCA and k-means cluster analysis results showed New
Years Lake (NYL) grouped with sites from the West area and
plotted closest to Hell Canyon Creek (HCcr; figs. 10 and 11).
Similar water chemistry between NYL and HCcr suggests that
NYL may receive recharge from streamflow losses. HCcr is
an intermittent stream that flows during wet conditions when
springs in Hell Canyon, such as West Hell Canyon Spring
(WHCsp), supply enough water to overcome evapotranspira-
tion and streamflow losses to either the Madison or Minnelusa
aquifers (NPS, 1994). Cumulative monthly departure from
normal (fig. 2) indicates wet conditions throughout the study
area from May 2018 to August 2021 and HCcr was flowing
during sample collection in August 2021. Streamflow in HCcr
is not currently monitored so the duration of streamflow is
unknown. Water chemistry of HCcr likely was affected by the
water chemistry of springs discharging into it. WHCsp dis-
charges into HCcr; however, PCA analysis shows that WHCsp
and HCcr plot away from each other (fig. 10) despite having
similar stable isotope compositions (fig. 7) because the carbon
dioxide concentration, and specific conductance and hardness
values at WHCsp were noticeably higher than HCcr. Water
chemistry of HCcr was distinguishable from WHCsp because
HCecr received water from a variety of sources, including
surface runoff and springs discharging from the Madison and
Minnelusa aquifers.

Differences between NYL hydrograph and hydrographs
of HGL and CU-95A indicated a different recharge source for
NYL. Water-chemistry data indicated similarities between
NYL and HCcr; however, comparisons between stream-
flow from HCcr and water levels at NYL could not be made
because streamflow data were not measured during the period
of water-level data collection at NYL. Greene and others
(1999), Hortness and Driscoll (1998), and Carter and others
(2001) compared streamflow data to water levels in wells for
other streams in other parts of the Black Hills and noticed
correlation between streamflow losses and water levels in the
Madison aquifer.

It is unknown if HCer was flowing during the entire
period of water-level data collection at NYL evaluated from
2018 to 2021. Additionally, peak streamflow in HCcr likely
would not coincide with peak water levels in NYL because
of the time necessary for streamflow losses to recharge the
lake. Therefore, a time delay between streamflow losses
and water levels would be expected. Another consideration
when comparing water-level changes at NYL to streamflow
is the difficulty of differentiating recharge from streamflow
losses compared to infiltrated precipitation because stream-
flow increases with increasing precipitation. Water-chemistry
and hydrograph similarities between NYL and surface water
indicated a possible connection to surface water in the study
area, although additional data collection is required to further
define the relation between increasing water levels and stream-
flow losses.

Streamflow loss zones along HCcr have not been mapped
but their presence in the Jewel Cave area has been speculated
by other studies (Dyer, 1961; NPS, 1994). Dyer (1961) postu-
lated the Jewel Cave Fault Zone (fig. 8) could capture stream-
flow and (or) shallow groundwater in alluvial deposits in
Hell Canyon; however, no evidence was provided to confirm
this possibility. NPS (1994) discussed how streamflow in the
Jewel Cave area could be affected by exposures of Madison
Limestone and, to a lesser extent, the Minnelusa Formation
because the porous nature of the substrate could capture
streamflow and precipitation. A geologic map of the Jewel
Cave area shows outcrops of Madison Limestone along HCcr
south of the Jewel Cave Fault Zone (fig. 8). It is possible that
the Jewel Cave Fault Zone, some other unnamed structure,
or outcrops of Madison Limestone and Minnelusa Formation
along HCcr could capture streamflow and (or) shallow ground-
water and provide recharge to the Madison aquifer near NYL.
The potential relation between streamflow in HCcr and water
levels at NYL would be clearer if additional streamflow and
water-level data were collected simultancously.

Water-level changes and water-chemistry data supported
the possibility that NYL is recharged by concentrated allo-
genic recharge (streamflow losses) along HCecr (fig. 14). NYL
is overlain by the Minnelusa Formation and its mean water
level is about 650 ft below land surface; therefore, a natural
conduit connecting HCcr to NYL would have to be fairly large
and continuous to quickly transport water from the surface to
the cave. A crack in the cave ceiling with water discharging
into NYL was observed by NPS staff (Dan Austin, NPS, writ-
ten commun., December 2021). NPS staff also noted horizon-
tal displacement along the crack that was estimated at about
1 ft (Dan Austin, NPS, written commun., December 2021).
The aperture (width of the opening) of the crack was not mea-
sured; however, displacement in the cave ceiling indicated the
crack was a fault. The fault observed in the cave ceiling above
NYL was named “Delmars Fault” by NPS staff and little
is known about its extent. It is possible that Delmars Fault
is extensive and could provide a natural conduit for direct
recharge from HCcr to NYL.

When HCecr is not flowing, the dominant recharge
source to NYL probably changes from concentrated allogenic
recharge (streamflow losses) to a combination of diffuse
allogenic and autogenic recharge (fig. 14). Diffuse allogenic
recharge likely results where the Minnelusa Formation over-
lies the Madison Limestone and would be similar to recharge
at Hourglass Lake. Diffuse autogenic recharge likely results
either where the Madison Limestone is exposed at the land
surface or where alluvial deposits in Hell Canyon directly
overlie Madison Limestone south of the Jewel Cave Fault
Zone (fig. 8). Diffuse allogenic and autogenic recharge both
likely contribute to recharging NYL when HCecr is flowing;
however, contributions from diffuse allogenic and auto-
genic recharge likely are smaller with greater travel time to
NYL because of slower vertical flow through the Minnelusa
Formation and the unsaturated zone in the upper part of the
Madison aquifer.
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Susceptibility of Hourglass and New Years
Lakes

Susceptibility of Hourglass and New Years Lakes from
human-related activities at the land surface can be addressed
qualitatively using observations from previous studies and
the recharge mechanisms interpreted from the results of this
study. Dye tracer tests (Alexander and others, 1989) dem-
onstrated that dyed water inserted at the land surface passed
through a septic system and entered Jewel Cave in 8 days.
The dye was recovered for over 1 year after the tests began.
Additionally, recharge mechanisms discussed in the previ-
ous section indicate that Hourglass and New Years Lakes are
possibly well-connected to surface processes. Water-level and
water-chemistry data from Hourglass and New Years Lakes
indicated similarities to atmospheric water sourced from direct
infiltration of precipitation and potential streamflow losses
along Hell Canyon Creek. Therefore, human-related activities
at recharge areas for the Madison and Minnelusa aquifers or
in Hell Canyon could potentially affect the water chemistry of
cave lakes in Jewel Cave. The theorized connection between
Hell Canyon Creek and New Years Lake to recharge sources
indicates the water chemistry of New Years Lake likely would
be affected before Hourglass Lake; however, the water chem-
istry of Hourglass Lake could remain affected for a longer
time period than New Years Lake because of its complex
recharge mechanisms and likely connection to the Minnelusa
aquifer. Observations from Alexander and others (1989), M.E.
Wiles (South Dakota School of Mines and Technology, unpub.
data, 1992), Anderson and others (2019), and from this study
indicated recharge to Jewel Cave is complex and takes place
on various timescales that are affected temporally by precipita-
tion patterns and spatially by hydrologic connection with the
overlying Minnelusa aquifer.

Data and Method Limitations

Various limitations affected the completeness of data
collected during this study. Water-level data presented in this
report were intermittent before pressure transducers were
installed and when the water level fell below the transducer
at New Years Lake (NYL) from November 21, 2018, to
April 7,2019. Complete hydrographs at Hourglass (HGL) and
NYLs would provide a more complete analysis of relations
among precipitation, snow depth, and water levels in Jewel
Cave. Another data limitation for water-level analysis was
that streamflow, spring discharge, and discharge from the
Delmars Fault in the ceiling of NYL were not available during
water-level monitoring of HGL and NYL. Measurements of
streamflow and discharge from springs and the Delmars Fault
could be used to better define relations between water-level
changes at cave lakes and potential recharge sources. Water-
level analysis also was limited by the distance between climate
stations and Jewel Cave National Monument. Precipitation

and snow depth data from climate station about 10 mi away
from cave lakes were used for comparison, which could be
inaccurate because weather patterns are spatially variable in
the Black Hills.

Limitations for water-chemistry data included the lack
of replicate samples and the small number of samples col-
lected at each site. Replicate samples are used to evaluate
variability in analytical results for two or more samples that
should be chemically identical if not for potential sources of
contamination, such as from sampling equipment. Obtaining
a replicate sample would provide additional confidence that
the water-chemistry data collected during this study accurately
represented the true chemistry of sampled sites. The small
number of water samples collected at sampling sites during
the study restricted the ability to compare samples across
multiple years and determine how water chemistry changes.
Routine sampling of sites within and near Jewel Cave National
Monument would allow for a time-series analysis of possible
water-chemistry changes.

Method limitations included assumptions necessary to
complete water-level analysis. Assumptions for water-level
analysis included the accuracy of surveys that determined the
elevation of cave lakes and the transducers installed in cave
lakes accurately measured water-level changes. Surveys by
NPS staff established the elevation of cave lakes, and addi-
tional work completed by a cooperative effort between the
USGS and NPS accurately measured the true elevation of a
reference point used for cave surveys. The accuracy of pres-
sure transducers likely was affected by the length of time the
instruments were installed in HGL and NYL. Instrument drift
is a concern for all electronic instruments, and the uncertainty
of measurements generally increases with time because of
environmental factors, such as temperature and pressure.
Water-level data from transducers were corrected for instru-
ment drift using a time-proportional correction; however,
uncertainty in measurements by the transducer still may result.
Another assumption for water-level analysis was that ground-
water in Jewel Cave is hydraulically connected to the regional
Madison aquifer. Other studies have determined that water-
level elevations of cave lakes in the Black Hills are similar to
water-level elevations of wells completed in the Madison aqui-
fer. Jewel Cave National Monument is near the recharge zones
for the regional Madison and Minnelusa aquifers, but geologic
structures such as the Jewel Cave Fault Zone or the complex
nature of caves, could isolate groundwater in Jewel Cave from
the regional Madison aquifer, resulting in water-level changes
affected by water sources other than solely precipitation.

Assumptions for water-chemistry data were related
to sampling techniques, as well as the type and number of
physical properties and chemical constituents analyzed.

Field methods used to collect samples followed instruction
provided by USGS (variously dated); however, sampling at
cave lakes is logistically difficult and requires altering some
standard field methods used to collect water samples. The
concentrations of ions and stable isotopes were assumed to
not be affected by evaporation, which could alter the isotopic



concentration of the sample. Evaporation likely was not an
appreciable factor for samples collected at cave lakes because
of their depth of about 650 ft below land surface. Another
assumption was the physical properties and chemical constitu-
ents used in this study would be able to distinguish sites based
on water-chemistry differences. The physical property and
chemical constituents analyzed for this study were similar to
previous studies by Long and others (2012, 2019); however,
the previous studies sampled for metals and other isotopes not
included in this study. Including additional physical properties,
chemical constituents, and isotopes could improve the results
of PCA and k-means cluster analyses, which also could change
interpretations of recharge sources to HGL and NYL.

Summary

In 2015, cavers exploring an unmapped part of Jewel
Cave in southwestern South Dakota discovered the first
subterranean water body (“cave lake”) that was later named
Hourglass Lake. Cave lakes in Jewel Cave and Wind Cave
are considered to represent the water table of the Madison
aquifer because the elevation of cave lakes in both Jewel and
Wind Caves was similar to the elevation of water levels in
nearby wells completed in the Madison aquifer. The discovery
of cave lakes at Jewel Cave National Monument resulted in
additional responsibilities and challenges for the National Park
Service (NPS) staff to protect and conserve natural resources
above and below the land surface. The U.S. Geological Survey
(USGS), in cooperation with the NPS, collected water-level
and water-chemistry data within and near Jewel Cave to better
understand groundwater interactions in Jewel Cave and to
evaluate recharge characteristics to cave lakes in the Jewel
Cave recharge area. The approach for this study included
comparing water-level data collected from two cave lakes to
historical climate data and application of multivariate statisti-
cal analyses to evaluate water samples collected during this
study and from previous investigations.

Data collection within and near Jewel Cave included
monitoring water levels in two cave lakes and collect-
ing 9 water samples from 7 sites. Pressure transducers and
barometers were used to continuously record water-level
and barometric-pressure data, respectively, from Hourglass
and New Years cave lakes. Water-level elevation measure-
ments at Hourglass and New Years Lakes were compared
to daily observations, annual normal, monthly observations,
and monthly normal climate data obtained from the closest
climate stations. Nine water samples were collected intermit-
tently from April to August 2021 at 7 sites and analyzed for 12
constituents. Physical properties of sampled water—dissolved
oxygen, pH, specific conductance, water temperature, and
turbidity—were measured by USGS personnel at spring and
stream sites in the field before sample collection; however,
these properties were not measured at rain collector and cave
lake sites where NPS personnel collected samples. Water
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samples from spring, stream, and cave lake sites were ana-
lyzed for stable isotopes and major ions. All water samples
were analyzed for stable isotopes of oxygen (oxygen-18
[6'80]) and hydrogen (deuterium [02H]).

Water-level data were analyzed through (1) comparison
of hydrographs of Hourglass and New Years Lakes and (2)
interpretation of water-level changes from Hourglass and New
Years Lakes compared to precipitation and snow depth data
from the nearby climate stations. Hydrographs from Hourglass
Lake and New Years Lake were compared because of notice-
able differences between the two cave lakes. Hourglass Lake
displayed small, gradual water-level changes with elevations
ranging from 4,684.3 to 4,695.2 feet (ft) (an elevation range
of 10.9 ft) from October 2015 to April 2021. New Years Lake
displayed relatively large and rapid water-level changes with
elevations ranging from 4,590.9 to 4,629.5 ft (an elevation
range of 38.6 ft) from January 2017 to April 2021. Cave lake
hydrographs were compared to precipitation and snowfall
data to build on observations from a previous investigation at
Hourglass Lake.

Stable isotope data were analyzed by (1) creating a local
meteoric water line from precipitation samples collected dur-
ing this study, (2) comparing stable isotope values from the
study area to global meteoric values established by a previous
investigation, and (3) comparing stable isotope values among
sites to evaluate possible recharge characteristics. The slope
and y-intercept of the local meteoric water line (LMWL)
were dampened compared to the global meteoric water line
(GMWL), and as a result the LMWL line plotted below the
GMWL. All stable isotope samples were depleted in heavy
isotopes (more negative 6°H and 6'30 values) and indicated
a greater degree of evaporation from environmental factors,
such as latitude, continental position, and altitude (eleva-
tion above the North American Vertical Datum of 1988). All
samples plot near the LMWL and recharge areas for aqui-
fers are near the study area—indicating that both aquifers
are recharged from recent meteoric sources. Recharge to the
Madison aquifer in the study area likely is from large pre-
cipitation events and spring snowmelt. Heavy rainfall usually
does not fall across the study area; however, the infrequent
sustained precipitation events likely overcome evapotranspira-
tion and would explain the generally depleted isotope values
from groundwater samples. Recharge from snowmelt also may
contribute to the depletion of heavy isotopes in the Deadwood
and Madison aquifers. Large amounts of water released during
spring snowmelt can cause normally dry streams, such as Hell
Canyon Creek, to flow steadily. Streamflow in Hell Canyon
Creek following spring snowmelt could lose all or part of its
flow to sinkholes in areas of Madison Limestone outcrop.

Relations between Hourglass and New Years Lakes were
evaluated based on hydrograph observations, principal com-
ponent analysis (PCA) results, and cluster analysis groupings.
Hydrographs of Hourglass and New Years Lakes displayed
different responses to climate; Hourglass Lake displayed
smaller, delayed water-level changes in response to precipita-
tion compared to New Years Lake. Additionally, water-level
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changes at Hourglass Lake were similar to water-level changes
at a well completed in the Madison aquifer about 9 miles
south of Jewel Cave. Water-level changes at New Years Lake
showed almost no similarities to water-level changes at the
well completed in the Madison aquifer. Initially, the geometry
of the cave passages in which Hourglass and New Years Lakes
are contained was thought to contribute to the differences

in water-level changes between Hourglass and New Years
Lakes. This cave geometry hypothesis was later dismissed
because the larger cave passageway containing New Years
Lake showed larger water-level changes than the smaller cave
passageway containing Hourglass Lake. A possible explana-
tion for water-level change differences between Hourglass and
New Years Lakes could be different recharge rates and (or)
different sources of recharge.

The dominant recharge source for Hourglass Lake
probably is diffuse allogenic recharge through the Minnelusa
Formation. Dye tracer tests from a previous study indicated
precipitation falling on the land surface above the cave
infiltrates through the Minnelusa Formation that includes the
Minnelusa aquifer and into Jewel Cave. The relatively quick
recovery 8 days after dye insertion may have been through
vertical or near-vertical fractures connecting the Madison and
Minnelusa aquifers, whereas the intermittent and reoccurring
recovery of dye 1 year after insertion may be caused by slow
(months to years) vertical draining of the Minnelusa aquifer
into the Madison aquifer. Diffuse allogenic recharge also
can explain water-chemistry similarities between Hourglass
Lake and precipitation in PCA and k-means cluster analy-
sis results. Some fraction of infiltrated precipitation would
reach Hourglass Lake quickly (hours to days) through verti-
cal or near-vertical conduits, and its water chemistry would
be similar to precipitation because of its short residence time
in the Minnelusa Formation. The other fraction of infiltrated
precipitation would drain through the Minnelusa Formation
and Minnelusa aquifer slower than water passing through
vertical or near-vertical conduits and its water chemistry
would contain higher concentrations of ions and have higher
specific conductance and hardness values. Additionally,
diffuse allogenic recharge can explain the relatively slow
response between water levels in Hourglass Lake and pre-
cipitation. Vertical or near-vertical conduits in the Minnelusa
Formation can transport a certain quantity of water in the
aquifer that may be small compared to the volume of water in
Hourglass Lake—so water-level changes would result slowly
at Hourglass Lake.

Water-level changes and water-chemistry data indicated
New Years Lake is recharged by concentrated allogenic
recharge (streamflow losses) along Hell Canyon Creek.

PCA and k-means cluster analysis results showed New

Years Lake grouped with sites from the West area part of the
study area; however, New Years lake plotted closest to Hell
Canyon Creek. New Years Lake is overlain by the Minnelusa
Formation, and the mean water level of New Years Lake is
about 650 ft below land surface; therefore, a natural conduit
connecting Hell Canyon Creek to New Years Lake would have

to be fairly large and continuous to quickly transport water
from the surface to the cave. A fault observed in the cave
ceiling above New Years Lake by NPS staff could provide a
natural conduit for direct recharge from Hell Canyon Creek to
New Years Lake if the fault is extensive. When Hell Canyon
Creek is not flowing, the dominant recharge source to New
Years Lake probably changes from concentrated allogenic
recharge (streamflow losses) to a combination of diffuse allo-
genic and autogenic recharge.
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Appendix 1. Sites used in Principal Component Analysis

Sites included in principal component analysis (PCA) (2019) or USGS (2022). Select physical property and chemi-
are listed in table 1.1. Site information— including National cal constituent data used in PCA were obtained from NWIS
Water Information System (NWIS) site number, site name, (USGS, 2022b), and the mean of each physical property or
short name, latitude, longitude, site type, aquifer, and area— chemical constituent was calculated for sites with more than

are included and were obtained from either Long and others one sample (table 1.2).
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Table 1.1. List of sites used in principal component analysis with site information, Jewel Cave National Monument, southwestern
South Dakota, obtained from the National Water Information System (U.S. Geological Survey, 2022).

[NWIS, National Water Information System; --, no aquifer designation]

Latitude, Longitude,
. NWIS Site name’ Short in decimal in decimal Site type? Aquifer? Area?
site number name’
degrees? degrees?
06402430 Beaver Creek BEVcer 43.58137177 —103.4765835 Surface - East
Sink water
432703103302801 Hot Brook HBsp 43.45081250 —103.5082509 Spring Minnelusa East
Spring
432727103390201 COL well COL 43.46100000 —103.6516667 Well Minnelusa East
432806103284101 PAL well PAL 43.46661110 —103.4804167 Well Minnelusa East
432825103391201 SVE well SVE 43.47525480 —103.6523337 Well Madison East
432846103280501 CRA well CRA 43.48013889 —103.4698889 Well Minnelusa East
432852103264401 PEK well PEK 43.48205556 —103.4470278 Well Minnelusa East
432858103334201 BOG well BOG 43.48272890 —103.5626116 Well Madison East
432958103281401 FRA well FRA 43.51305556 —103.4720556 Well Minnelusa East
433034103284701 HUN well HUN 43.51331436 —103.4896395 Well Minnelusa East
433056103322201 Woodcock WCsp 43.51553560 —103.5399170 Spring Minnelusa East
Spring
433114103281601 Kaiser well KAI 43.52018056 —103.4716889 Well Madison East
433115103251401 Md7-11 well Md7-11 43.52094444 —103.4211389 Well Madison East
(CU91A)
433137103342101 Brown Spring BRNsp 43.52705556 —103.5726667 Spring Minnelusa East
433141103390901 WIL well WIL 43.52811110 —103.6525556 Well Minnelusa East
433150103230501 STR well STR 43.53250000 —103.3869444 Well Madison East
433215103365801 MEY well MEY 43.53658330 —103.6150000 Well Minnelusa East
433258103270801 Horse Shelter HSsp 43.54944444 —103.4522222 Spring Minnelusa East
Spring
433302103281501 Windy City WCL 43.54859324 —103.4746393 Well Madison East
Lake
433302103281502 What the Hell WTHL 43.54969720 —103.4775028 Well Madison East
Lake
433302103281504 Petey's Puddle PP 43.55534444 —103.4816722 Well Madison East
433302103281506 Rebel River RR 43.54908056 —103.4774250 Well Madison East
433302103281507 Drip Site 1 DP1 43.55473610 —103.4769056 Spring Madison East
433302103281508 Drip Site 2 DP2 43.55493330 —103.4763389 Spring Madison East
433302103281509 Drip Site 3 DP3 43.55715000 —103.4790972 Spring Madison East
433311103263101 Park well 1 PW1 43.55242220 —103.4414972 Well Madison East
433311103263102 Park well 2 PW2 43.55276667 —103.4429444 Well Madison East
433312103264701 Canyon Spring ~ NCsp 43.55333330 —103.4463889 Spring Minnelusa East
433326103352001 CON well CON 43.55717440 —103.5898337 Well Madison East
433332103291801 Elk Mountain EMsp 43.55888889 —103.4883333 Spring Minnelusa East
Spring
433420103374901 KIR2 well KIR2 43.57241667 —103.6302778 Well Minnelusa East
433551103291901 Reeves Gulch RGPsp 43.59750000 —103.4886111 Spring Precambrian East
Pegmatite
Spring

433611103335801 Witch Spring WITsp 43.56611110 —103.6027778 Spring Minnelusa East
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Table 1.1. List of sites used in principal component analysis with site information, Jewel Cave National Monument, southwestern
South Dakota, obtained from the National Water Information System (U.S. Geological Survey, 2022).—Continued
[NWIS, National Water Information System; --, no aquifer designation]
Latitude, Longitude,
. NWIS Site name’ Short in decimal in decimal Site type? Aquifer? Area’
site number name’
degrees? degrees?
433635103354301 MOR well MOR 43.60980556 —103.5955278 Well Precambrian East
433636103343901 WOO well WOO 43.61022220 —103.5775833 Well Precambrian East
433658103332301 DUR well DUR 43.61625000 —103.5565278 Well Precambrian East
433701103323401 GRE well GRE 43.61705556 —103.5429167 Well Precambrian East
433717103235401 Parker Spring PARsp 43.62138889 —103.3983333 Spring White River East
433718103333101 SZE well SZE 43.62191667 —103.5586944 Well Precambrian East
433745103261900 Highland Creek  HIGHcr 43.62915140 —103.4390833 Surface -- East
Sink water
433821103360901 KIR1 well KIR1 43.63924444 —103.6025972 Well Precambrian East
434020103350101 Southerland SLsp 43.67220480 —103.5840835 Spring Precambrian East
Spring
433846103523001 Hell Canyon HCW 43.64606944 —103.8750361 Well Minnelusa West
Well
433944103521801 McKenna MCKsp 43.66219959 —103.8721462 Spring Minnelusa West
Spring
434045103502301 Water Draw WD- 43.67914459 —103.8402004 Spring Minnelusa West
Spring Wsp
434207103494601 A&E Spring AEsp 43.70283330 —103.8328889 Spring Minnelusa West
434238103503501 New Years NYL 43.71048056 —103.8431278 Cave lake  Madison West
Lake
434258103504201 Hourglass Lake ~ HGL 43.71619444 —103.8451083 Cave lake  Madison West
434319103493701 Choke Cherry CCHsp 43.72192320 —103.8274224 Spring Minnelusa West
Spring
434356103483101 Lithograph LTHsp 43.73220130 —103.8090883 Spring Minnelusa West
Spring
434402103502301 Jewel Cave IC1 43.73386770 —103.8402009 Well Deadwood West
Well 1
434406103503301 Jewel Cave JC2 43.73497880 —103.8429788 Well Deadwood West
Well 2
434422103503300 Hell Canyon HCecr 43.73942335 —103.8429788 Surface -- West
Creek water
434458103503001 West Hell WHCsp 43.74942350 —103.8421455 Spring Madison West
Canyon
Spring
434953103585201 Barrel Spring BRRsp 43.83136738 —103.9815962 Spring Minnelusa West

ISite name from table 1 or Long and others (2019).

2Obtained from NWIS database (U.S. Geological Survey, 2022).

3Designated based on sites east and west of the WIL site in figure 1.



Table 1.2. List of sites used in principal component analysis with physical property and chemical constituent data, Jewel Cave National Monument, southwestern South
Dakota, obtained from the National Water Information System (USGS, 2022).

[mS/cm at 25°C, microSiemen per centimeter at 25 degrees Celsius; mg/L, milligram per liter; pg/L, microgram per liter; stable isotopes of hydrogen (62H/3'H) and oxygen (5'30/3'°0), unfiltered, in per mil;
CO,, carbon dioxide; Ca, calcium; Mg, magnesium; Cl, chloride; SO,, sulfate; Si, silica; As, arsenic]

14}

Physical parameters? Chemical constituents?
Short name Numfber Specific
(table 1.1) sam(:)Iesz consuctance pH _ Hardness* co, Ca Mg Cl SO, Si As 2H/ 1I-.I 180/ "3_0
(mS/cm at 25°C) (standard units) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (pg/L) (permil) (per mil)

BEVer 4 530 8.0 282 4.8 72.9 24.2 18.5 37.2 15.9 4.0 91 -12.05

HBsp 7 693 7.2 269 29.6 65.7 25.5 45.7 69.0 18.1 6.4 —114 —15.03

COL 1 760 7.2 418 30.0 99.2 41.5 2.8 201.0 11.1 4.5 -101 —13.08

PAL 2 581 7.1 280 35.0 63.1 29.7 15.9 61.9 10.3 10.5 -109 —14.34
SVE 2 454 7.5 241 20.0 52.5 26.5 1.9 8.9 12.3 3.9 —115 -15.15

CRA 1 809 7.4 446 15.0 101.0 46.9 2.7 276.0 9.0 10.1 =93 -12.27
PEK 1 786 7.0 382 38.0 90.6 37.8 16.0 198.0 12.5 6.1 -107 -14.16
BOG 3 451 7.6 226 10.8 42.2 293 2.4 10.2 12.5 12.1 —98 —12.76
FRA 1 434 7.9 206 53 47.2 21.3 33 32.9 9.0 37.1 =92 —12.08

HUN 5 411 7.3 200 21.0 50.6 17.8 5.8 17.5 15.2 7.2 -92 —12.18

WCsp 2 689 7.1 391 60.0 67.8 53.9 3.8 19.5 13.9 12.0 —95 —12.40
KAI 2 424 7.1 204 29.0 51.1 18.5 5.6 16.4 15.6 7.0 —91 —12.24
Md7-11 2 407 7.5 176 12.3 40.2 18.3 6.2 23.8 12.4 2.1 -89 -11.96
BRNsp 1 568 7.1 321 47.0 59.0 42.2 3.6 20.5 11.4 16.9 —98 —12.73

WIL 1 479 7.2 255 30.0 53.0 29.8 7.1 22.7 14.0 18.7 -104 -13.32
STR 7 346 7.4 158 16.7 39.9 14.2 2.5 11.2 16.6 8.8 —88 —11.85
MEY 1 495 7.4 267 19.0 55.8 30.9 9.3 29.0 13.4 18.5 -99 —12.88
HSsp 1 575 7.1 230 34.0 72.8 11.8 3.6 9.8 14.1 19.5 —96 —12.63

WCL 2 349 8.0 170 2.9 35.8 19.5 4.3 9.4 13.1 14.6 91 -12.12
WTHL 2 419 7.9 219 5.8 45.4 25.6 3.0 7.2 12.6 12.7 —91 —12.11

PP 1 331 8.1 168 2.6 34.4 19.8 3.1 6.6 12.6 13.1 =92 -12.25
RR 1 435 7.8 211 6.1 43.2 25.1 3.0 6.8 13.4 12.6 —91 —12.12
DP1 2 367 8.1 161 29 34.6 18.0 10.2 22.0 16.8 333 91 -12.29
DP2 3 333 8.1 168 2.8 42.5 15.1 6.3 15.2 17.3 30.2 —87 —11.82
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Table 1.2. List of sites used in principal component analysis with physical property and chemical constituent data, Jewel Cave National Monument, southwestern South
Dakota, obtained from the National Water Information System (USGS, 2022).—Continued

[mS/cm at 25°C, microSiemen per centimeter at 25 degrees Celsius; mg/L, milligram per liter; pg/L, microgram per liter; stable isotopes of hydrogen (62H/6'H) and oxygen (8'30/8'°O), unfiltered, in per mil;
CO,, carbon dioxide; Ca, calcium; Mg, magnesium; CI, chloride; SO,, sulfate; Si, silica; As, arsenic]

Physical parameters? Chemical constituents?

Short name Numfber Specific

(table 1.1)1 samt:)lesz conzuctance pH _ Hardness* co, Ca Mg cl S0, Si As 2H/ 1I-_I 180/ '5_0

(mS/cm at 25°C) (standard units) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (pg/L) (permil) (per mil)

DP3 3 285 7.9 127 5.4 37.7 8.1 1.2 7.4 194 24.8 -84 —11.57
PWI1 2 385 7.5 180 13.5 46.2 15.6 5.2 18.1 16.1 8.7 =90 —11.98
PW2 2 565 7.8 120 8.4 25.8 13.6 18.8 41.1 11.3 24.9 —88 -11.86
NCsp 1 409 7.2 214 26.0 75.0 6.5 2.4 7.1 12.3 16.9 -96 —12.55
CON 2 666 7.5 327 253 75.9 33.5 12.8 31.6 12.8 5.0 -99 —12.94
EMsp 2 656 7.4 374 28.0 47.9 61.8 2.0 20.4 11.2 15.3 —96 —12.48
KIR2 1 771 7.2 394 41.0 107.0 30.9 41.1 24.1 12.9 3.0 -97 —12.83
RGPsp 2 372 6.5 187 113.0 55.3 11.9 1.9 19.7 17.2 2.0 —90 —12.16
WITsp 2 528 7.2 235 27.0 55.4 23.4 5.3 24.4 8.7 4.5 91 -11.62
MOR 1 774 7.0 440 76.0 47.3 78.2 8.1 22.1 18.8 35.2 -92 —11.95
WOO 1 196 6.5 91 41.0 24.8 7.1 4.6 27.1 17.3 12.7 —87 -11.99
DUR 1 299 6.7 139 54.0 43.1 7.6 3.8 14.4 22.9 5.7 —88 —12.00
GRE 1 564 7.0 265 38.0 75.9 18.2 28.8 36.7 19.7 2.6 -93 -12.38
PARsp 1 607 7.2 230 32.0 61.8 18.4 5.2 8.4 21.0 11.1 —88 —11.10
SZE 1 523 7.0 258 43.0 77.0 15.9 15.1 40.5 19.4 1.9 -94 —12.63
HIGHcr 5 298 8.7 134 1.3 41.2 7.6 33 14.4 18.3 32 —88 —11.85
KIR1 1 718 6.9 319 62.0 88.3 24.0 53.8 40.6 19.3 1.8 —98 -12.84
SLsp 2 319 6.5 147 79.0 44.8 8.5 3.1 26.7 17.3 0.8 =112 —14.91
HCW 1 501 7.4 280 18.0 67.2 27.2 4.1 29.3 11.6 4.5 —114 —14.56
MCKsp 3 481 7.3 237 22.0 75.0 12.0 6.5 14.0 14.0 13.0 —103 —13.46
WDWsp 4 528.5 7.6 283 14.0 54.0 36.0 5.5 13.4 13.3 6.4 -112 -14.30
AEsp 1 614 7.8 357 10.0 46.3 58.5 6.6 24.0 12.7 9.0 =11 —14.09
NYL 1 490 7.8 268 8.3 38.9 41.5 4.8 14.0 11.4 7.6 -113 —14.47
HGL 2 398 7.5 224 14.0 36.2 32.3 32 9.2 12.8 4.8 -109 —14.18

'1 xipuaddy

sishjeuy Jusuodwo? jediouny ui pasn sayg

Gb



Table 1.2. List of sites used in principal component analysis with physical property and chemical constituent data, Jewel Cave National Monument, southwestern South
Dakota, obtained from the National Water Information System (USGS, 2022).—Continued

[mS/cm at 25°C, microSiemen per centimeter at 25 degrees Celsius; mg/L, milligram per liter; pg/L, microgram per liter; stable isotopes of hydrogen (62H/6'H) and oxygen (8'30/8'°O), unfiltered, in per mil;

CO,, carbon dioxide; Ca, calcium; Mg, magnesium; CI, chloride; SO,, sulfate; Si, silica; As, arsenic]

Physical parameters?

Chemical constituents?

Number

Short name of Specific
(table 1.1) samples? conzuctance pH Hardness* co, Ca Mg Cl S0, Si As 2H/'H 180/ 160

P (mS/cm at 25°C) (standard units) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (pg/L) (per mil) (per mil)
CCHsp 1 594 8.1 358 5.5 474 58.1 4.9 20.0 11.1 6.6 —-106 -13.39
LTHsp 2 669 7.9 407 13.9 69.5 56.6 3.8 19.9 16.1 49 —105 —13.69
JC1 1 590 7.5 305 16.0 63.5 355 51.3 6.9 11.3 0.9 -107 —14.05
JC2 1 499 7.5 294 17.0 59.4 353 1.9 4.7 11.6 1.9 —-110 —14.43
HCecr 1 490 8.1 268 8.3 59.6 37.2 1.3 52 114 1.6 -112 —14.71
WHCsp 2 522.5 7.4 312 29.0 63.1 37.4 1.2 52 10.6 1.6 -112 —14.67
BRRsp 3 780 7.7 420 16.0 56.0 68.0 6.8 19.0 14.0 7.0 —115 —-14.67

ISite name from table 1.1 or Long and others (2019).

2The number of samples available in the National Water Information System database that were used to calculate mean values of physical properties and chemical constituents. Samples were collected

between March 31, 1994, and August 31, 2021.

3Mean value calculated for each physical property and chemical constituent for sites with more than one sample. The number of samples used to compute the mean values for some physical properties and
chemical constituents sometimes was less than the total number of samples at each site because not all samples were tested for the same physical properties or chemical constituents. For example, the mean val-

ues of all physical properties and chemical constituents at the BEVcr site were computed using two of the four samples, except for the 32H/8'H and 6'#0/3'°0 variables that were represented in all four samples.

“Hardness is reported in milligrams per liter as calcium carbonate.

ejeq Ansiwayg-1a)ep) pue [aAa7-13)e\\ WOJj S3Y e aneY) sieap Mal pue sse|binoy Jo sansuajoeieyq aibojoabolpAy



Appendix 1.  Sites used in Principal Component Analysis 47

References Cited

Long, A.J., Paces, J.B., and Eldridge, W.G., 2019, Multivariate ~ U.S. Geological Survey, 2022, USGS water data for the

analysis of hydrochemical data for Jewel Cave, Wind Nation: U.S. Geological Survey National Water Information
Cave, and surrounding areas: Fort Collins, Colo., National System database, accessed January 2022 at https://doi.org/
Park Service, Natural Resource Report NPS/JECA/NRR— 10.5066/F7P55KJN.

2019/1883, 54 p., accessed January 2022 at https://irm
a.nps.gov/DataStore/DownloadFile/620542.


https://irma.nps.gov/DataStore/DownloadFile/620542
https://irma.nps.gov/DataStore/DownloadFile/620542
https://doi.org/10.5066/F7P55KJN
https://doi.org/10.5066/F7P55KJN




For more information about this publication, contact:
Director, USGS Dakota Water Science Center

821 East Interstate Avenue, Bismarck, ND 58503
1608 Mountain View Road, Rapid City, SD 57702
605-394-3200

For additional information, visit: https://www.usgs.gov/centers/
dakota-water

Publishing support provided by the
Rolla Publishing Service Center


https://www.usgs.gov/centers/dakota-water
https://www.usgs.gov/centers/dakota-water

Medler—Hydrogeologic Characteristics of Hourglass and New Years Cave Lakes From Water-Level and Water-Chemistry Data, 2015-21—SIR 2022-5108

ISSN 2328-0328 (online)

https://doi.org/10.3133/sir20225108


https://doi.org/10.3133/sir20225108

	Hydrogeologic Characteristics of Hourglass and New Years Cave Lakes at Jewel Cave National Monument,
	Contents 
	Acknowledgments
	Abstract
	Introduction
	Purpose and Scope
	Previous Investigations

	Methods of Water-Level and Water-Chemistry Data Collection
	Water-Level Data Collection
	Major Ion and Stable Isotope Sample Collection

	Methods of Data Analysis
	Hydrograph Analysis
	Stable Isotopic Analysis_0
	Principal Component Analysis
	Cluster Analysis

	Analysis of Water-Level Data
	Hydrograph Comparisons and Annual Water-Level Observations of Hourglass and New Years Lakes
	Hourglass Lake Hydrograph Compared to Precipitation and Snow Depth
	New Years Lake Hydrograph Compared to Precipitation and Snow Depth

	Analysis of Water-Chemistry Data
	Stable Isotopic Analysis
	Comparison with Global Meteoric Waters
	Streams, Wells, and Cave Lakes
	Springs Discharging from the Minnelusa Aquifer

	Site Groupings and Water Sources from Principal Component Analysis
	Cluster Assignments and Water Sources from Cluster Analysis

	Relation among Hourglass and New Years Lakes, Possible Recharge Mechanisms, and Susceptibility
	Hourglass Lake
	New Years Lake
	Susceptibility of Hourglass and New Years Lakes

	Data and Method Limitations
	Summary
	References Cited
	Appendix 1. Sites used in Principal Component Analysis

	Figures 
	Figure 1. Map showing the study area with geologic units and structures from Martin and others (2004), sites where data were collected at Jewel Cave National Monument, southwestern South Dakota, and data from previous investigations included in analysis.
	Figure 2. Graph showing monthly departure and cumulative departures from normal for precipitation from 2015 to 2021 from the Custer, S.D., and Custer County Airport, S.D. US, climate stations.
	Figure 3. Graph showing schematic of the effects of hydrologic processes on the oxygen and hydrogen isotopic composition of water.
	Figure 4. Water-level elevation hydrographs for Hourglass and New Years Cave Lakes, Jewel Cave National Monument, southwestern South Dakota.
	Figure 5. Water-level elevation hydrograph for Hourglass Lake, Jewel Cave National Monument, southwestern South Dakota.
	Figure 6. Water-level elevation hydrographs for New Years Lake, Jewel Cave National Monument, southwestern, South Dakota.
	Figure 7. Stable isotope plot of water samples collected during this study and water samples collected by Long and others (2012, 2019) in Jewel Cave National Monument, southwestern South Dakota.
	Figure 8. Generalized potentiometric contour map of the Madison aquifer from Anderson and others (2019) within and near Jewel Cave National Monument, South Dakota.
	Figure 9. Generalized potentiometric contour map of the Minnelusa aquifer from Carter and others (2003) within and near Jewel Cave National Monument, South Dakota.
	Figure 10. Principal component analysis biplot of water-chemistry data used in this study with loading lines for each variable label.
	Figure 11. The -means cluster procedure applied to the principal component analysis biplot of water-chemistry data with colors symbolizing the five cluster assignment groups.
	Figure 12. Hydrograph of Hourglass Lake plotted with water-level elevation data from well 433517103534201, Jewel Cave National Monument, southwestern South Dakota.
	Figure 13. Hydrograph of New Years Lake plotted with water-level elevation data from well 433517103534201, Jewel Cave National Monument, southwestern South Dakota.
	Figure 14. Block diagram of a karst basin with various types of recharge sources.

	Tables 
	Table 1. Summary of site information, including site number, site name, short name, location, elevation, elevation accuracy, and number of samples collected within or near Jewel Cave National Monument, southwestern South Dakota, 2021.
	Table 2. Water-level elevation range and annual water-level change from 2018 to 2021 when pressure transducers were installed in Hourglass Lake and New Years Lake, Jewel Cave National Monument, southwestern South Dakota.
	Table 3. Summary of cluster analysis results listing groups, sampling site short names, location, and aquifer from the k-means cluster procedure applied to principal component analysis results.




