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ABSTRACT

Storms create stresses on karst systems that can alter the pathways and travel-
times of water, solutes, and sediment. Flow contribution during stormsis not only a
matter of activation of new conduits, but isalso a complex combination of water from
conduits, enlarged fractures, and fractured matrix. In order to obtain evidence of
pathway changes, we sampled three kar st springs of varying size and maturity using
data loggers for conductivity and water level, and storm water samplers for sus-
pended sediment. Thelargest spring (Arch Spring) had the lowest conductivity of the
three springs, indicating mainly conduit pathways at base flow. The high conductivity
of base flow at the Nolte and Bushkill Springs pointed to contributions from slower-
moving water in the fractured matrix. During storms, Arch Spring showed a consis-
tent pattern of conductivity with a dlight increase, then a lar ge decrease, indicating an
initial fracture flush of high-conductivity water, then passage of low-conductivity
water from the precipitation. During storms, the conductivity of the middle-sized
spring (Nolte Spring) either dropped immediately, or increased shar ply then declined
as storm water reached the spring. The smallest spring (Bushkill Spring) had a pre-
dictable conductivity pattern, with a sharp decrease and gradual recovery, suggesting
shorter paths during storms than base flow. Sediment concentrations during storms
were lowest at Nolte Spring and higher at Bushkill and Arch Springs, indicative of
the fast flow through conduits or enlarged fractures suggested by the latter two
springs during storms. The storm-water pathways vary from spring to spring and
from storm to storm. These data show the importance of continuous monitoring to
under stand spring behavior.
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INTRODUCTION
Purpose

The present paper reports results from an ongoing systematic
study of water chemistry and sediment concentration in the dis-
charge from three karst springs between seasons and during
storm events. Water samples and hydrologic measurements
were collected for 12 to 18 months at each of the springs. These
data were used to compare variability of chemical and sediment
concentrationsin discharge from different types of springs. The
variation between springs and between storm events within a
spring provided clues to the pathways that water and potential
contaminants take in these complex mixing systems. New
insights were gained by comparing karst systems with varying
degrees of maturity.

Previous Work

Spring discharge from karst aquifersisrarely constant. Not
only does spring flow rise and fall with seasonal changes from
wet season to dry season, but many springs respond to the
inputs from individual storm events. Springs, therefore, have
proved to be excellent observation points from which much can
be deduced about aquifer behavior. In particular, it isimportant
to understand the mix of pathways through the combination of
conduits, enlarged fractures, and fractured matrix utilized in
different flow regimes. Parameters that can be monitored at
springs include the discharge of the spring itself, the dissolved
load, and, many times, a suspended load of clastic material.

Changes in the chemistry of a spring in response to storm
events have been studied extensively (for review, see, e.g.,
White, 1998, 2002). Dreiss (1989) used a two-component mix-
ing model of dissolved calcium and magnesium to describe the
inputs of pre-event (base flow) and event (storm flow) water to
the discharge from two karst springs in Missouri. Lakey and
Krothe (1996) used the stable i sotopic composition of discharge
at aspring in Indianato separate the storm hydrograph into pre-
event and event water, and into four components in Lee and
Krothe (2001). Vesper and White (2004) examined the changes
in the partial pressure of CO, (Pg,) and the saturation index of
calcite (Sl,.te) Over the course of a storm in two springs in
Kentucky and found that the sources of recharge differ more
during a storm than they vary between different springs.

Because it is much easier and less expensive to obtain a
continuous record of specific conductivity, as compared to
closely spaced water sampling and chemical analysis, specific
conductivity has been widely used to obtain spring chemo-
graphs (Hess and White, 1988; Ryan and Meiman, 1996;
Grasso and Jeannin, 2002; Desmarais and Rojstaczer, 2002;
Grasso et al., 2003; Birk et al., 2004). For example, Desmarais
and Rojstaczer (2002) observed an increase in the slope of the
conductivity curve in the first hour of storms, enabling them to
identify the change from residential water to newer recharge for
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a spring on the Oak Ridge Reservation in Tennessee. Grasso
and Jeannin (2002) found that conductivity varied more
between their seven study sites than within any given study site,
suggesting that different types of springs were present in their
study area.

Suspended sediment is another component of karst dis-
charge that has been receiving more attention in the past few
years. Turbulent flow in open fractures and conduits enables
transport of sediment larger than colloid size (Mahler et al.,
2000; Mahler and Lynch, 1999; Peterson and Wicks, 2003). The
amount of spring discharge has been found to be the primary
factor influencing the transport of larger (>4-5 OOm) particles
(Mahler et al., 2000; Atteia and Kozel, 1997). Drysdale et al.
(2001) found sediment breakthrough preceded the dilute storm-
water pulse, suggesting mobilization in pathways ahead of
recharge water. Massel et al. (2003) attributed multiple peaksin
turbidity to mobilization from different locations in the karst
network. Amraoui et al. (2003) related turbidity to rainfall
events and found sharp peaks, indicating sediment mobilization
can be of short duration. Furthermore, suspended sediment can
be a contaminant (Ryan and Meiman, 1996; Mahler et al.,
1999), and it is influential in the fate and transport of many
other contaminants (VVesper and White, 2003).

FIELD SSITESAND METHODS

Springs

The three springs chosen for detailed monitoring were
Arch Spring in Blair County (central Pennsylvania), Nolte
Spring in Lancaster County (southeastern Pennsylvania), and
Bushkill Spring in Northampton County (northeastern Pennsyl-
vania). The sites differ in terms of discharge, recharge area,
possible sediment sources, and degree of conduit devel opment.
None of the sites is associated with a particular contaminant
history, although all are susceptible to the usual contaminant
inputsin karst terrain.

Arch Spring isthe outlet for amaster conduit draining Sink-
ing Valley (Fig. 1A). It formsin the valley of Sinking Run, atrib-
utary of the Juniata River, and discharges on the order of
250400 L /s at base flow. A segment of the underground route of
Sinking Run can be seen in Tytoona Cave through a collapse sink
entrance ~1.2 km upstream from the spring. The surface route of
Sinking Run upstream of the spring is dry except during high
storm-flow conditions. The spring and feeder conduit devel oped
in the Upper Ordovician Grazier Member of the Hatter Forma-
tion, which is primarily limestone. Based on outcrop area, the
recharge is about half from mountain runoff from the sandstone
and shale ridges that border Sinking Valley and about half from
direct infiltration through the limestone soils of the valley
uplands. Thevalley floor is composed of carbonate units, and the
break in slope starts the noncarbonate units (Fig. 1A).

Nolte Spring is a former municipal water supply and is
located beneath the pump house of the West Earl Township





















