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ABSTRACT 

Groundwater quality in karst systems is difficult to monitor because the extreme heterogeneity 

within the recharge area and complex subsurface flow network makes flowpaths and travel rates difficult 

to predict. Understanding how flowpaths vary during storm events is important because water transmitted 

through conduit flowpaths can travel fast, may come from long distances, and has little filtration of 

contaminants. The hypothesis tested in this project is that ion ratios in spring discharge will show the 

timing of changes from diffuse to quick flow depending on storm intensity and antecedent conditions and 

provide more detail than total ion conductivity.   

Cedar Run Spring is located in the Cumberland Valley of south-central Pennsylvania. The valley 

is part of the larger Great Valley Section and is composed of Cambro-Ordovician aged carbonate units, 

collectively known as the Cumberland Valley Sequence. Initial background monitoring with data loggers 

and monthly samples indicated that Cedar Run Spring had a conduit component within the flow network. 

An automated stormwater sampler was installed at the spring and collected twenty-four water samples for 

major-ion analysis. Storm-intensity conditions ranged from high to low for the four storm events 

collected. In addition, the antecedent conditions varied from wet to dry. The Mg/Ca ratio characterizes the 

flowpath through which the water moves. A higher ratio indicates more diffuse flow because slower flow 

paths are needed to dissolve dolomite (which contains Mg), while a lower ratio indicates more conduit 

flow because calcite (Ca dominant) dissolves more readily. 

Hysteresis loops of conductivity versus discharge rotated counterclockwise because conductivity 

decreased on the rising limb of storm response, followed by an increase on the falling limb for all but the 

winter storm, which was influenced by road salt.  In contrast, hysteresis loops for Mg/Ca versus discharge 

rotated in a clockwise direction for all but one of the storm events because of an increase in Mg/Ca that 

indicated a flush of older matrix water. The storm event that did not display in initial increase in Mg/Ca 

was apparently flushed by a recent previous storm event. Mg/Ca hysteresis for the storm events that were 

diffuse displayed several sharp increases and decrease in addition to several smaller hysteresis loops in 
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response to multiple slugs of recharge water. These variations were not indicated in overall conductivity.   

High intensity events displayed a quick switch in flowpaths, as indicated by the increase in Mg/Ca early 

on the rising limb, and a single hysteresis loop. The rapid change in Mg/Ca suggested that during storm 

events water was able to enter the karst system through sinkholes, then activated flowpaths with older 

matrix water. Mg/Ca proved to be better at tracking the variability in flowpaths during storm events than 

the overall conductivity, because Mg/Ca is directly related to water-rock interactions.  
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CHAPTER 1 

INTRODUCTION 

Groundwater is an important water source for many people in Pennsylvania and worldwide, but 

keeping groundwater supplies safe is difficult in carbonate systems because of the karst landscape. The 

karst landscape can have any combination of the following physical features: thin soil zones, sinkholes, 

caves, and large conduits. Since these features reduce the natural attenuation of contaminants through 

filtering, carbonate groundwater systems are more prone to groundwater contamination. The 

contamination can include any combination of the following: water soluble compounds (organic and 

inorganic), less dense non-aqueous phase liquids (LNAPLs), dense non-aqueous phase liquids 

(DNAPLs), pathogens, metals and trash (Vesper et al., 2000). An understanding of how water recharges 

and flows through these systems during storms and how different source waters mix can greatly help in 

keeping water supplies safe. 

Karst Hydrology 

The formation of the karst landscape is controlled by several independent forces, including 

chemical processes, such as mineral precipitation and dissolution, partial pressure of carbon dioxide, and 

temperature; physical forces, such as precipitation, relief and tectonic setting; and geologic controls such 

as thickness of soluble rocks, lithology, and stratigraphic position (Figure 1-1). Carbonate aquifers 

contain extreme heterogeneity and anisotropy because of the dissolution of carbonate rock over time. The 

dissolution process is constantly replenished with carbon dioxide as the driving agent because rainwater 

turns acidic when in contact with atmospheric and soil carbon dioxide. Many workers have observed three 

types of porosities within carbonate systems: primary, secondary, and tertiary (Bonacci, 1993; Shuster 

and White, 1971). Primary porosity can be explained as water being stored within the original pore space 

of the rock, where intergranular flow is occurring in the unfractured carbonate bedrock. Secondary or 

fracture porosity allows for the flow of water through joints, joint swarms and bedding planes (White, 

2002). Tertiary porosities are often in the form of pipe-like openings called conduits (White, 2002). The 
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Figure 1-1. Independent forces controlling the karst process The karst process is controlled by 
multiple variables: chemical, physical and hydrological. The degree of these variables plays a vital role in 
karst development and groundwater availability. The coordinate systems display these variables. From 
White (1988). 
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secondary and tertiary pathways are often enlarged by solution activity of aggressive waters (Shuster and 

White, 1971). 

Shuster and White (1971) classified flow through carbonate systems using two end members, 

diffuse and conduit flow (Figure 1-2). Flow networks within many carbonate systems may have a mixture 

of the different flow types (White, 1988). Diffuse flow, the first end member, is water moving through the 

intergranular pore space, joints, bedding planes, and fractures. Diffuse flow systems may completely lack 

or have poorly integrated conduits (Shuster and White, 1971; Atkinson, 1977). Conduit flow, the second 

end member, represents water moving through large “pipe-like” openings called conduits. The 

solutionally widened conduits are carved with water by a dissolution reaction of the carbonate wallrock. 

Conduits have measured apertures of one centimeter to tens of meters (White, 1999). A third and common 

flow-type within karst systems is a mixture of diffuse and conduit flowpaths.  

Flow within conduits occurs through irregular pipes (Shuster and White, 1971). Conduit flow is 

localized and can be turbulent; furthermore, non-Darcian flow can occur when conduit apertures are 

greater than one centimeter (White, 1999). The residence time of the groundwater in conduit-dominated 

systems is much shorter than in diffuse flow systems, especially when water rapidly enters the system. In 

contrast, during non-storm conditions conduits can be fed by water stored in the diffuse components, 

above and below the conduits. Flows within conduit compartments are measured on the meters per second 

scale (Shuster and White, 1971) and have rapid hydrological and geochemical responses to precipitation 

events. In addition, conduit hydrology behaves more like surface water and thus requires a mix of 

groundwater and surface water principles (White, 2002).  Discharge from conduit-dominated karst flow 

systems usually occurs through a single spring, where large volumes of water can exit the subsurface.  

Shuster and White (1971) described diffuse flow systems as having laminar flow; however, such 

systems are anisotropic. Since the flow in diffuse systems is laminar and slow, groundwater residence 

times are long. Because the diffuse network is well connected, the water table in diffuse systems is well 

defined. As a result, the hydrologic conductivity in these flow systems is relatively uniform and the 

direction of groundwater movement is controlled by hydraulic head. Atkinson (1977) found discharge 
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Figure 1-2. Two end-member flow systems within carbonate aquifers. Flow within carbonate aquifers 
can be described with a two end-member approach: diffuse and conduit flow. Many systems contain a 
combination of the two. From Shuster and White (1971). 
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from diffuse compartments to be orders of magnitude less than discharge from conduit compartments. 

Diffuse flow-dominated systems discharge through a number of smaller springs or seeps (Shuster and 

White, 1971). 

 Recharge to the karst system can be divided into three primary types: 1) allogenic recharge, 2) 

diffuse infiltration (autogenic recharge), and 3. internal runoff (White, 2002) (Figure 1-3). Allogenic 

recharge accounts for water flowing as surface streams from non-carbonate areas within the drainage 

basin. This type of recharge commonly enters the subsurface through swallets. Diffuse infiltration enters 

the karst system through the soil and matrix permeability (White, 2002).  Internal runoff delivers water to 

the subsurface through closed depressions or sinkholes. The fundamental difference between the three 

recharge types is the rate at which water enters the subsurface. Allogenic and internal runoff allow rapid 

recharge, while diffuse recharge replenishes the karst system slowly.  

 Flowpaths are complex and difficult to map within karst systems because of extreme 

heterogeneity. The identification of different flowpaths is further complicated by the mixing of water 

moving through the different porosities. As a result, detailed monitoring is needed to understand the 

variations in water moving through different flowpaths. Even a slight change in the water chemistry can 

indicate a change in flowpath. 

Storm Response in Karst Systems 

By monitoring the hydrological and geochemical change within the karst system during storm 

events a better understanding on the internal flow system can be gained. Monitoring variations in water 

chemistry during storm events requires high-resolution sampling and continuous data loggers. This kind 

of monitoring has been used by many researchers (Gross, 2007, Toran et al., 2006, Yang, 2006; Liu et al., 

2004; Tancredi, 2004; Desmarais and Rojstaczer, 2002; Lakey and Krothe, 1996; Dreiss, 1989; Hess and 

White, 1988) to characterize the internal flow network and permeability within karst flow systems. 

Variations in spring discharge, isotopes, major ions, and temperature during storm events provide an 

avenue to better characterize the karst system, especially when a combination of parameters are used 

together. 
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Figure 1-3. Recharge types that occur in karst systems. Water can recharge the carbonate system in a 
slow and diffuse manner (a) or rapidly through point recharge zones (sinkholes) (b). However, karst 
systems often have a mixed recharge type (c). From Ford and Williams (1989). 
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Spring Hydrographs 

Spring hydrographs (discharge versus time plots) have proved to be very informative in 

describing several factors controlling the karst system, including the type of recharge, the internal 

structure of the conduit network, and the area of the groundwater basin. White (2002) demonstrates how 

hydrographs from different spring types respond to storm events (Figure 1-4). A rapid and pulsated storm 

response may indicate a network of well-connected conduits within the subsurface. In addition, 

hydrographs with rapid storm response may also indicate zones of rapid recharge. On the other hand, non-

pulsated hydrographs during storm events may indicate a subsurface that lacks or contains a poorly 

integrated conduit network. Recharge to such systems likely occurs through diffuse infiltration where 

water moves through the soil macropores and the matrix, compared to internal runoff or sinking streams 

(White, 2002). It is important to note that the lack of pulsated storm response does not necessarily mean 

the karst network is absent of conduit flowpaths, but may be an indication of the absence of recharge 

through sinking streams and internal runoff. 

  In addition to interpretation of the overall structure of the spring hydrograph, the analysis of the 

recession curve improves understanding of the internal flow network within karst systems (Shevenell, 

1996; Bonacci, 1993). When the natural log of spring discharge or water level is plotted versus time there 

are several distinct segments on the recession limb (Figure 1-5). The individual segments are 

distinguished by their slope. Shevenell (1996) found three segments on the recession limb by taking the 

natural log of water level within a well drilled in a carbonate aquifer. The steepest slope represented 

conduit water; the intermediate slope represented fracture water; the shallowest slope indicated water 

coming from the primary pore space or matrix. Since spring recovery is governed by the physical 

characteristics of the flow regime and permeability, analysis of the recession limb can provide clues to the 

combinations of water coming from different compartments within the karst network.  

Geochemical Variation in Karst Flow Systems 

Variations in spring water composition can aid in characterizing flow through karst networks. 

Matrix water has longer residence times and, as a result, has higher fluid conductivity. Conduit water, on  
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Figure 1-4. Hydrographs of three springs representing different storm response.  Top hydrograph 
displays fast response, middle hydrograph displays intermediate response, while the bottom hydrograph 
displays a slow response. Interpretation of spring hydrographs can provide clues to the flow systems 
within carbonate aquifers. Conduit dominated systems are thought to behave like the top hydrograph  and 
diffuse dominated systems response similarly to the bottom hydrograph. From White (2002). 
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Figure 1-5. Recession limb analysis of a well with three distinct segments in a carbonate aquifer. 
Segment one has the steepest slope and is thought to represent conduit water. Segments two and three 
have more shallow slopes, representing water flowing from smaller fractures or joints and the matrix, 
respectively. From Shevenell (1996). 
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the other hand, may be more variable in conductivity because of shorter groundwater residence time and 

rapid storm response. Lakey and Krothe (1996) found major-ion concentrations to be lowest at peak 

discharge during a storm event at a perennial spring and attributed this phenomenon to dilution (Figure 1-

6). On the other hand, Demarais and Rojstaczer (2002) characterized a carbonate aquifer with a three-

stage storm response: flushing, dilution, and recovery. The flushing stage is recognized by an increase in 

conductivity slope; the dilution stage starts with a decrease in conductivity slope and stops when 

conductivity reaches its minimum; the recovery stage starts at conductivity minima and lasts until pre-

storm conditions are met or until the next storm occurs (Figure 1-7). These two karst systems have 

different storm responses and illustrate the complexities of these systems. 

 Mg/Ca ratios can be used to characterize karst flowpaths. Musgrove and Banner (2004) found this ratio 

useful in describing water-rock interaction and groundwater residence time. Phreatic groundwater with 

high Mg/Ca can be an indication of greater extents of water-rock interaction, which is likely the result of 

longer residence time and/or deeper groundwater within the carbonate aquifer (Musgrove and Banner, 

2004). Matrix groundwater will have high Mg/Ca due to recrystallization of calcite and incongruent 

dissolution of dolomite along the flowpath (Musgrove and Banner, 2004). Conversely, groundwater with 

low Mg/Ca, can be interpreted as being conduit water due to shorter  residence time and less dolomite 

dissolution, or perhaps just less dolomite in the flowpath. In addition to using Mg/Ca to describe 

groundwater residence time, the ratio can also describe the source of the groundwater. A higher Mg/Ca 

may indicate water flowing through a more dolomitic rock, and a lower Mg/Ca may indicate water 

flowing through a limestone (Langmuir, 1971). 

In combination with major-ion analysis, monitoring spring water for the saturation index (SI) of 

calcite can give insight into the type of flow within the system. The SI of calcite is calculated by the 

following equation 

                                
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

+−

K
CaCO
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calc
]][[log

22
3      eq. 1 
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Figure 1-6. Major ion variation during storm discharge at a perennial spring in Indiana.  A)  
discharge and conductivity as a function of time; B) cations and discharge; and C) anions and discharge 
for the storm event. Ion concentrations steadily decrease on the rising limb of the storm hydrograph and 
are at their lowest at or near peak discharge conditions. This indicates the mixing of more conductive pre-
storm (groundwater) and dilute event-water (stormwater). From Lakey and Krothie (1996). 
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Figure 1-7. Electrical conductivity and water level in spring SS-5 and a well (GW-685) at Oak 
Ridge, Tennessee. The variability of electrical conductivity during storm one displays flushing, dilution 
and recovery stages (indicated by the red arrows) during storm response. The initial flushing stage had an 
increase in electrical conductivity followed by a steep decrease (dilution) and ended with a more shallow 
increase (recovery). Modified from Desmarais and Rojstaczer (2002). 
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where the numerator of the logarithm describes the ion activity product (IAP) and Ksp the solubility 

product constant for calcite. The IAP is determined by the activities of Ca2+ and CO3
2- in the carbonate 

groundwater. When water is in equilibrium with calcite, the SI of calcite is equal to zero, and calcite 

should neither precipitate nor dissolve. When the SI of calcite is greater than zero, the groundwater is 

oversaturated with respect to calcite and precipitation of the mineral can occur. On the other hand, when 

the SI is less than zero (a negative value), the water is undersaturated with respect to calcite and the 

mineral should dissolve. The SI of calcite is directly dependent on pH, and therefore, continuous 

monitoring of pH can be quite useful when monitoring spring water. The following chemical reactions 

summarize the dissolution of calcite.   

H2O + CO2 = H2CO3            eq. 2 

H2CO3 = HCO3 + H+            eq. 3 

CaCO3 + H2CO3 = Ca2+ + 2HCO3
-       eq. 4 

  Langmuir (1971), in a study of twenty-nine springs in central Pennsylvania, found that solution 

pH increased with increasing groundwater residence time. The assumption with karst water is that old 

pre-storm water is close to or at equilibrium (SI=0) with calcite because of water-rock reactions 

(Desmarais and Rojstaczer, 2002). Conversely, young storm-event water is thought to be undersaturated 

with respect to calcite. Monitoring spring water for SI and pH can help describe recharge, flowpaths, and 

residence times of water moving through the system.  

Water Mixing within Karst Systems 

  Much of the chemical variation in surface and ground waters occurs in response to storm events, 

where discharge can rapidly fluctuate by orders of magnitude. It is common to observe increases and 

decreases in solute concentration in stream water during storm discharge; however, the relationship 

between solute concentration and discharge is seldom linear (Evans and Davies, 1998). Since karst flow 

systems, specifically conduit-dominated ones, behave similarly to surface streams during storm events, 

the non-linear assumption likely applies to these systems. The response of solute concentration and 

discharge during storm events often displays a rotational pattern, a phenomenon known as hysteresis 
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(Figure 1-8). The hysteresis pattern is created when solute concentration on the rising limb at a particular 

discharge of the storm hydrograph differs from that on the falling limb (Evans et al., 1999).  Inspection of 

the hysteresis plot can offer insight on the predominant processes that are responsible for the morphology 

of the rotational pattern. For example, an initial increase in solute concentration on the rising limb of the 

storm hydrograph may indicate flushing of water out of storage (Evans and Davies, 1998). Alternately, 

hysteresis may also explain simple component mixing, where concentrations from different flow regimes 

peak at different times during storm response (Evans et al., 1999). Many researchers (Rose, 2003 Evans et 

al., 1999; Woodward et al., 1998; Miller and Drever, 1977) have successfully used hysteresis in stream 

samples to explain the mixing process involving different source waters ([interflow, baseflow, soilwater] 

and [pre-event and event water]) contributing to stream stage and discharge. The application of hysteresis 

to karst systems lies in the notion that the karst network is analogous to the surface water setting, where 

conduit flow represents the stream channel and matrix flow represents groundwater (or baseflow) that 

discharges to the surface stream channel.  

Mixing has been described by Lakey and Krothe (1996) using hydrograph separation and stable 

isotopes of oxygen and hydrogen for two storm events at the Orangeville Rise in Indiana. The physical 

processes of dispersion, diffusion, mixing, and evaporation can alter these isotopes (Lakey and Krothe, 

1996). As a result, these stable isotopes can aid in the characterization of the movement and mixing of 

groundwater and precipitation along their flowpaths. Lakey and Krothe (1996) calculated a 20 to 25 

percent contribution of rainwater in spring discharge based on a different oxygen and hydrogen isotopic 

signature compared to groundwater.  The deviation of these samples from the meteoric water line of Craig 

(1961) indicated the mixing of fresh precipitation water with phreatic water.  

In addition to isotopes, variations in major cations have been used to distinguish precipitation 

water from groundwater. Dreiss (1989) quantified a simple component mixing model of pre-storm 

(groundwater) and stormwater (precipitation water) using the variations of Mg2+ and Ca2+ concentrations 

during storm discharge within several springs in Missouri. The hydrograph separation indicates a mixing  
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Figure 1-8. Hysteresis variation of gauge height of flow versus specific conductance for a 1.3 cm 
rain storm of a surface stream in the Absaroka Mountains, Wyoming. Numbers next to the circles 
represents hours after the initiation of the storm event. The first component of storm runoff had an initial 
increase in conductivity from soluble salts within the soil followed by dilution from rainwater. The 
second component of storm runoff indicates the disappearance of rainwater, where stream chemistry is 
approaching pre-storm conditions. The analogy to karst would be an initial increase in conductivity 
because of flushing of older matrix or soil water followed by dilution (from the rainwater) and increased 
conduit flow with fresh rainwater dominating, after which the system would return to pre-storm 
conditions because of the lack of fresh rainwater. Note, the authors assumed peak gauge height 
represented peak stream discharge. From Miller and Drever (1977). 
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of pre-storm and stormwater (Figure 1-9). The stormwater dominates when Ca2+ concentrations are 

lowest. Dreiss (1989) found a correlation between peak storm discharge (the additional discharge from 

the storm event) and Ca2+ concentrations, indicating dilution and the mixing of groundwater and 

stormwater.  

 Valdes et al., (2006) observed hysteresis when they plotted turbidity versus change in 

conductivity for storm events at several karst springs in the Haute-Normandie region of France (Figure 1-

10). The authors used the clock-wise hysteresis curves to describe the internal flow system within the 

karst network, and concluded that resuspension and deposition of sediment were occurring within conduit 

flowpaths. A pressure pulse from the rain events was the inferred process that caused the sediment 

resuspension and hysteresis. 

Contaminant Transport in Karst 

Contaminant transport in a karst aquifer is influenced by flowpaths and storm events; as a result a 

monitoring program that accounts for variations in flow is needed. Conduits and fractures provide for 

quick flowpaths within the karst network, and can rapidly transmit contamination through the system. On 

the other hand diffuse or slow flowpaths can create a sink for contamination, as the contaminants can 

become attached to the rock matrix. Because of the different flowpaths a scale sensitive monitoring 

program is needed to understand the evolution of the groundwater quality. As a result, a combination of 

continuous data loggers, daily to monthly field visits (which include sample collection) and storm event 

monitoring are needed to fully understand the karst system. For example, if contamination is located 

within the matrix of the limestone rock in the unsaturated zone the spring water could appear to be of 

good quality if only data on monthly samples were interpreted. On the other hand, if storm monitoring 

were done the detection of the contaminant could have been achieved, as the storm was able to mobilize 

material in the unsaturated zone. Several case studies are included below give example of how 

contamination can enter the karst system and how contaminants are transported.  

The presence of sinkholes in the recharge area of karst springs provides a physical setting 

necessary for rapid recharge to the karst flow system and a path for contamination.  Lindsey et al. (2010) 
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Figure 1-9. Hydrograph separation curves of storm response at Maramec Spring, Missouri.(A)  
Ca2+ concentration and total discharge (Qs) as a function of time. (B) distributions of discharges for Qnew 
(discharge from precipitation event), Qold (discharge from pre-event groundwater) and Qs (total 
discharge). Note lowest Ca2+ concentration correlates closely with peak discharge of Qnew, indicating 
dilution from the mixing of precipitation and pre-event waters. From Dreiss (1989). 
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Figure 1-10. Turbidity hysteresis in a karst system. When turbidity was plotted versus change in 
conductivity for a storm event in a karst spring in France, clock-wise hysteresis was observed. From 
Valdes et al., (2006). 
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found that in Pennsylvania where sinkhole densities were highest (>25 sinkholes/100 km 2) groundwater 

discharging from the karst system was more prone to nitrates and pesticide contamination, compared to 

areas with smaller sinkhole densities (<1 sinkholes/100 km 2).  It is important to note that contamination 

does not have to be confined to nitrates and pesticides, but could be any number of contaminants. An 

understanding of the recharge area and flow network within karst systems is an important component in 

keeping groundwater supplies safe. 

DNAPLs and VOC’s can contaminate karst groundwaters from tanker spills, underground storage 

tank leaks and overland flow. This contamination can easily enter the flow system through sinking 

streams and sinkholes like nitrates and pesticides described in the previous paragraph. DNAPL 

contamination is more complex compared to the other types of contamination because of the physical 

characteristics of the pollutant. Discharge of DNAPLs from the aquifer can be delayed. This delay is 

controlled by the following: transport mechanism, stormwater recharge and storage sites (the epikarst, 

pooling zones within underground streams, the sorption of DNAPLs to clastic sediment, adsorption onto 

organics, and movement of the DNAPL to depth) within the karst flow system (Loop and White, 2001). 

Williams et al. (2006) studied VOC contamination in the form of TCE at three springs within Tennessee 

during storm events and found that two of the three springs displayed variations that were not detected 

during normal quarterly and monthly sampling. One spring did display variation during the storm events 

that was comparable to data collected from monthly and quarterly samples; however, this would not have 

been identified without storm sampling. Storm events provide the necessary energy to flush the 

contamination out of the karst system and as a result storms are an important mechanism in the natural 

cleansing process in karst aquifers. In addition, storm events play a crucial part in contaminant transport. 

Since storms are an important component of the flushing process within karst systems an understanding 

of how the spring responds to storm events is important because groundwater quality can quickly change 

during such events. 
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Purpose and Hypotheses 

 The purpose of this investigation was to test the hypothesis that change in Mg/Ca ratios of spring 

water can be used to describe the variation of matrix and conduit flowpaths in karst flow systems during 

storm events in more detail than previously observed. In a karst system that has solutionally widened 

flowpaths variation in geochemical signatures is expected because both mixing with matrix water and 

quick flow occur in the conduits. Furthermore, if these contributions do vary during storm discharge, the 

variations of the different waters may show hysteresis, much like overland and baseflow waters that 

typically create hysteresis in surface water systems. In addition to the internal flow network, the shape and 

rotational pattern of the hysteresis loop should also be controlled by the antecedent conditions (wet versus 

dry) and the intensity of the storm event, and as a result the pattern should vary from storm to storm. The 

hydrochemical variation during storm events provides the necessary clues to detect the variation in 

flowpaths and provides a tool to conceptualize how water mixes within the karst system. 

One specific hypothesis is that wet versus dry conditions prior to the storm event will result in different 

loop patterns. For example, if a storm occurred during wet conditions the hysteresis may rotate anti-

clockwise if dilute rainwater comes in during the storm event and not older matrix water (Figure 1-11 a). 

The matrix water would not enter the system until after the storm is over. The hysteresis loop may also 

rotate in a clock-wise direction (Figure 1-11 b). This type of rotation in the karst system could be the 

result of an initial push of older matrix water followed by a brief transition at the top of the hydrograph 

where dilute rainwater and older matrix water mix, and thus creating a situation where there is little 

change in conductivity. After the storm event is over the older matrix water starts to dominate within the 

flow network and the clock-wise rotation continues. This scenario is interesting because it wouldn’t occur 

if the prior conditions were wet because the older matrix water would have already been flushed out of 

the system. Finally, for storm events that occur after extended dry conditions, clock-wise rotation of the 

hysteresis would be expected. This rotation would be the result of an increase in conductivity that 

occurred because of flushing of older matrix water.  
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Figure 1-11. Hysteresis loop patterns possible in karst systems. The graphs to the left are hypothetical 
hydrographs that are described by a corresponding hysteresis pattern (to the right). The blue and gray 
colors in the hydrograph represent event (rainwater) and pre-event (groundwater), or matrix and conduit 
water, respectively. The rotational direction of the hysteresis loop can change depending on the flow 
network and the characteristics of the storm event. The rotation could move in an anti-clockwise direction 
(a) that is characterized by an initial decrease in concentration, or in a clockwise direction (b) that is 
characterized by an initial increase in concentration.  
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A final hypothesis is that the hysteresis pattern will vary from storm to storm. A high intensity 

event should result in a counter-clockwise loop pattern with an initial decrease, as this type of storm event 

would create a single/large slug of dilute precipitation water. On the other hand, a diffuse and low 

intensity storm event should create a clock-wise pattern with an initial increase. The hysteresis pattern for 

diffuse events would be the result of diffuse recharge flushing out older more conductive water. These 

variations are expected to greatest in karst systems that contain a combination of quick and diffuse 

flowpaths and a system that is able to be rapidly recharged. 
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Chapter 2 

METHODS 

  The chapter describes each facet of the monitoring program, including a description of the field 

location and springs, the use of monitoring equipment, monthly field visits, stormwater sampling, 

laboratory analysis and data reduction. In addition to monthly field visits, the monitoring program also 

required field visits directly after a precipitation event to collect stormwater samples. The regular monthly 

field visits were intended to describe baseflow conditions of each spring and to understand natural 

variations not related to precipitation events. Stormwater monitoring was used to describe the chemical 

and hydrological variations of spring water during and directly after a precipitation event.  

Field Location  

The study site is located in the northern Cumberland Valley, Cumberland County, Pennsylvania 

(Figure 2-1). The valley is part of the larger Great Valley and is within the Appalachian Valley and Ridge 

Province. The valley is drained by two major watersheds, the Conodoguinet and Yellow Breeches 

Watersheds, and both drain into the Susquehanna River. The central valley is drained by spring-fed creeks 

that flow as tributaries to either the Conodoguinet or Yellow Breeches Creeks (Hippe et al., 1994). Water 

from the valley enters the Susquehanna River mainly through the spring-fed Conodoguinet and Yellow 

Breeches Creeks; however, some water from the valley does directly enter the Susquehanna by springs 

through the river bottom (Becher and Root, 1981). Within the valley there are several major towns 

(Carlisle, Harrisburg suburbs and Shippensburg) mixed with farmland and industry. As a result, land use 

ranges from agricultural to residential/commercial/industrial.  

Geologic Framework of the Northern Cumberland Valley 

The northern Cumberland Valley is dominated by a sequence of Cambro-Ordovician carbonate 

rocks known as the Cumberland Valley Sequence (Table 2-1). The Cumberland Valley Sequence 

represents twelve formations estimated to be over 4,500 meters thick that were deformed during the 

Allegheny and Taconic Orogenies (Hippe et al., 1994). Deformations of the carbonates are in the form of  

asymmetric folds and steeply dipping faults that are subparallel to the valley trend  
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Figure 2-1. Geographic location of the Cumberland Valley, south-central Pennsylvania. The 
northern Cumberland Valley is located in Cumberland County, Pennsylvania. The valley is part of the 
larger Great Valley Section and is bounded to the north by Blue Mountain and to the south by South 
Mountain. From Becher and Root (1981) 
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Table 2-1. Stratigraphic column of the Cumberland Valley Sequence. Descriptions made by Root 
(1968) and Becher and Taylor (1982) reported in Lindsey (2005). The Cumberland Valley is primarily 
composed of carbonate rocks that range from Cambrian to Ordovician age.  
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(Becher and Root, 1981). 

Three of the ten highest discharging springs of Pennsylvania are located within the valley (Becher 

and Root, 1981). The carbonate valley is bounded to the northwest and southeast by steep vegetated 

ridges of resistant quartzites, sandstones, and shales (Becher and Root, 1981). The northwest portion of 

the valley is bounded by Blue Mountain, composed of resistant sandstones and shales. The southern 

extreme of the valley is a complex assemblage of ridges comprised primarily of Precambrian quartzite 

rocks that are resistant to weathering and erosion (Lindsay, 2005). Collectively, these rocks are called 

South Mountain and stand 200 to 300 meters above the carbonate valley (Becher and Root, 1981). This 

sequence represents the northwest limb of a large-scale anticline that was tilted to the northwest during 

the Allegheny Orogeny (Hippe et al., 1994). South Mountain represents the axis of this regional fold. 

Because the Cumberland Valley Sequence is the limb of an anticline, the units comprising the sequence 

are intensely deformed.  

Geologic Controls and the Groundwater Setting 

Many of the above geologic features can influence the availability and movement of groundwater 

within the northern Cumberland Valley. For example, lithologic differences between carbonate units, 

colluvium along the flank of South Mountain, and folds and bedding attitude of the carbonate units 

(Becher and Root, 1981) influence the permeability both in the recharge area and along the flowpaths. 

Since groundwater in carbonate systems can move through fractures and conduits, whether these flow 

paths are open or filled determines the yield of an aquifer. For example, the Elbrook and Waynesboro 

Formations, both part of the Cumberland Valley Sequence, have larger amounts of shale and argillaceous 

limestone that can weather into residual clay, silt, and sand (Beecher and Root, 1981). These materials 

can clog the various flowpaths, thus lessening the groundwater yield of a carbonate aquifer and smearing 

out hydrological and geochemical variations during storm events. 

Water moving from South Mountain enters the valley and the Yellow Breeches watershed as it 

flows across a thick wedge of colluvium (Figure 2-2). A large portion of the water enters the colluvium 

material that is able to store large volumes of water (Personal communication, Bruce Lindsey, USGS,  
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Figure 2-2. Cross section of a colluvium-mantled karst system displaying the effects of the 
colluvium on the carbonate valley.  Some springs discharging within the Yellow Breeches Basin are 
close to South Mountain and are thought to be influenced by the weathered colluvium from South 
Mountain (Precambrian metamorphic rock) that is able to clog the Paleozoic carbonate units on the valley 
floor. Trout Spring is in the Yellow Breeches watershed and close to South Mountain. Note, this figure is 
not to scale. From Lindsey (2005). 
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April 2009). As a result, springs within the Yellow Breeches Watershed that are influenced by the 

colluvium can display a more diffuse response to storm events. The colluvium represents a combination 

of weathered material ranging in size from silt to boulder, including undifferentiated deposits, residuum 

from rock weathering, talus, and other deposits of mass wasting (Becher and Root, 1981). This material 

can be traced along the entire flank of South Mountain and reaches thicknesses of over 120 meters in the 

southernmost portion. In addition, the colluvium material is mapped as far into the carbonate valley as 3 

kilometers (Becher and Root, 1981). Since the material being weathered off of South Mountain can easily 

fill fractures and conduits, many springs within the Yellow Breeches Basin do not rapidly respond to 

storms. 

The locations of many springs within the valley seem to be controlled by structure and bedding 

orientation.  Three of the largest mid-valley springs seem to have a relationship to their local structural 

setting (Becher and Root, 1981). Several springs are located on the axes of anticlines and synclines. In a 

regional groundwater flow map of the Cumberland Valley from Becher and Root (1981), the direction of 

groundwater flow seems to follow the northeast strike of the carbonate bedrock.  

Description of Springs 

 Five springs within the carbonate Cumberland Valley were selected for this study. Two of them 

(Alexander and Mount Rock Springs) are located in the Conodoguinet Watershed and the remaining three 

(Cedar Run, Trout and Spring Lake) are located in the Yellow Breeches Watershed (Figure 2-3). The 

springs were picked for their ease of access, hydrologic and geologic setting, and the likelihood of 

identifying a conduit spring.   

 Alexander Spring is located in the central Cumberland Valley and discharges to Alexander Spring 

Run, a tributary of the Conodoguinet Creek. There are several solutionally enlarged spring openings at the 

spring mouth (Figure 2-4) which provides evidence of subsurface conduit flowpaths. The spring 

discharges to the surface from the Ordovician-aged Stonehenge Formation, which is a micritic limestone 

with minor siliceous dolomite (Becher and Root, 1981). The median sustained yield calculated from 

seven pumping tests in the area of the spring and reported in Becher and Root (1981) is 215 L/min. 
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Figure 2-3. Geologic and spring location map of the northern Cumberland Valley. The Cumberland 
Valley is predominantly composed of carbonate bedrock and is divided into two major watersheds. Mount 
Rock and Alexander springs are located in the Conodoguinet Watershed, while Cedar Run, Trout and 
Spring Lake Springs are located in the Yellow Breeches Watershed. Map data from Pennsylvania 
Topographic and Geologic Survey (http://www.dcnr.state.pa.us/topogeo/map1/bedmap.aspx#entirestate). 
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Figure 2-4. Photographs of Alexander Spring. Alexander Spring rapidly flows out a large limestone 
outcrop (top photograph). The bottom picture displays the main opening at the spring mouth where the 
water creates ripples. 
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Alexander Spring’s recharge area has undulating topography. There are several surface 

depressions and sinkholes in the area of the spring on a map published by Kochanov (1990).  Land use in 

and around the spring is dominantly agricultural (Hippe et al., 1994). Becher and Root (1981) report 

fractures and faults within the Stonehenge Formation. 

Mount Rock Spring is located in the central Cumberland Valley and is less than 5 km southwest 

of Alexander Spring. The spring discharges to Mount Rock Spring Run, a tributary of the Conodoguinet 

Creek. Mount Rock Spring discharges to the surface from the Cambrian-aged Shadygrove Formation, 

which is a light gray to pink micritic limestone with abundant nodules of chert, minor beds of sandstone 

and few laminated dolomite beds (Lindsey, 2005). There are several lines of evidence that Mount Rock 

has conduits. First, the spring mouth is located on the axis of a large syncline (Becher and Root, 1981) 

that could have created a preferential flowpath in the form of a large master conduit over time. Second, 

Mount Rock Run disappears approximately 1 km away from the spring mouth through a sinking stream. 

The sinking stream provides evidence of large subsurface conduits in the spring area. Finally, cave divers 

have explored a large conduit (greater than 1 m in diameter) at the spring mouth (Personal 

communication, Tom Thruston, spring owner, September 2009) (Figure, 2-5). The median sustained yield 

calculated from eight pumping tests within the area of the spring and reported in Becher and Root (1981) 

is 98 L/min. Mount Rock Spring has undulating topography in the recharge area. There are several 

surface depressions and sinkholes in the area of the spring in a map published by Kochanov (1990). Land 

use in and around the spring is dominantly agricultural (Hippe et al., 1994).   

 Trout Spring is located in the southeastern portion of the Cumberland Valley. The spring is the 

largest of several seeps that form the headwaters of Trout Run a tributary to the Yellow Breeches Creek 

Figure 2-6). The spring discharges to the surface from the middle Cambrian-aged Elbrook Formation, 

which is interbedded calcareous shale, argillaceous limestone containing few local beds of calcareous 

sandstone and siltstone (Lindsey, 2005). The Elbrook Formation is over 3,500 feet thick and represents 

the thickest formation within the Cumberland Valley Carbonate Sequence. The median sustained yield 

calculated from four pumping tests within the area of the spring and reported in Becher and Root (1981)  
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Figure 2-5. Photographs of the spring mouth at Mount Rock Spring. The top photograph displays a 
bubbling effect because water discharges from depth. The bottom photograph is a large conduit that is 
several meters in diameter, where divers have explored. 
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Figure 2-6. Photograph of the spring pool at Trout Spring. Trout Spring represents the largest of 
several seeps that feed Trout Run.  

is 825 L/min. The spring is less than 3 km from a resistant ridge composed of the Antietam Formation, 

and its recharge area may fall within the colluvial fan from this ridge. There are several surface 

depressions and sinkholes in the area of the spring in a map published by Kochanov (1990). Landuse in 

and around the spring is a mixture of agricultural and residential. 

According to local geologic maps, Cedar Run Spring (Figure 2-7) discharges to the surface from 

the Rockdale Run Formation. The Rockdale Run Formation displays several karst features in the form of 

surface depressions and sinkholes (Figure 2-8) as evidenced from field descriptions and in a local 

geologic map (Figure 2-9). Moreover, there are fractured outcrops with conduits (Figure 2-10) in the area 

of Cedar Run Spring. The Rockdale Run Formation has conformable contacts with the Stonehenge 

Formation (a limestone) below and the Pinesburg Station Formation (a finely crystalline dolomite) above. 

The Hamburg (shale), Pinesburg Station, St. Paul, and Stonehenge Formations, are exposed at the surface 

within the spring’s recharge area. 

  The lower part of the Rockdale Run Formation is dominated by pure limestone, and the middle 

and upper parts are dominated by limestone commonly containing abundant fine carbonate grains and  
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Figure 2-7. Photograph of Cedar Run Spring. Cedar Run Spring discharges to the surface from the 
Rockdale Run formation and forms a small tributary to Cedar Run Stream. 

  
Figure 2-8. Photographs of sinkholes and surface depressions found near Cedar Run Spring. These 
karst features are less than 2 km upgradient from the spring and provides evidence that Cedar Run Spring 
has rapid point recharge zones. 
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Figure 2-9. Sinkholes and surface depression map of the area around Cedar Run and Spring Lake 
Springs. There are five sinkholes located within 1 km of Cedar Run Spring. All of the karst features in 
the area of Spring Lake Spring are classified as surface depressions. GIS data from Kochanov (1990). 
 
 

  
Figure 2-10. Photographs of solutionally widened flowpaths found in outcrops near Cedar Run 
Spring. The conduits and fractures were found in outcrops of the Rockdale Run Formation less than two 
kilometers from the spring Cedar Run Spring provide evidence for conduit and fracture flowpaths within 
the carbonate system.  
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fossil fragments. Collectively, the formation is 600 to 750 meters thick (Root, 1977). According to a 

geologic map of the Cumberland Valley from Becher and Root (1981), the formation strikes N30E and 

dips at an angle of 40 degrees in the area of the spring. The Rockdale Run Formation is one of the highest 

yielding formations in the Cumberland Valley, second only to the Tomstown Formation. Based on forty-

three pumping tests from the formation, the median sustained yield is 1,530 L/min (Becher and Root, 

1981).  

Spring Lake Spring discharges (Figure 2-11 a) to the surface through the St. Paul Group, which 

overlies the Pinesburg Station Formation. The Rockdale Run and Pinesburg Station Formations are 

exposed at the surface within the springs recharge area. The St. Paul Group is dominantly pure limestone 

with sparse dolomite and is 180 to 270 meters thick. The middle section of this formation is darker in 

color because of less pure limestone that contains interbanded dolomite (Root, 1977). The limestone rock 

of the St. Paul Group has a calculated median sustained yield of 310 L/min from twenty-two pumping 

tests (Becher and Root, 1981). There are several surface depressions and minor sinkholes in the area of 

the spring in a map published by Kochanov (1990).  In addition, the spring pool represents a surface 

depression (Figure 2-11 b) that could be influenced by overland flow water. Landuse in and around the 

spring is a mixture of agricultural and residential. 

Spring monitoring 

Background Monitoring 

 Continuous data loggers were installed at Alexander, Cedar Run, Mount Rock, Spring Lake, and 

Trout Springs to describe spring behavior for approximately one year. The loggers collected continuous 

data at fifteen-minute intervals for conductivity, temperature, and water level. Fluctuations of the 

parameters can give clues to the structure of the karst flow system. Global Water GL400 data loggers 

were used to measure continuous data on conductivity and water level, and Onset Tidbit temperature 

loggers were used to measure temperature. The conductivity and temperature loggers were placed directly 

in the spring’s mouth  to collect discharging spring water and reduce the risk of water mixing between 

spring pool and overland flow water. The water-level loggers were placed as close as possible to the  
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Figure 2-11. Photograph and Google Earth image of the pond at Spring Lake Spring. Spring Lake 
Spring forms a large seep that discharges from the St. Paul Group Limestone. Photograph (a) is looking 
across the spring pond form the springhouse, which is located upgradient from where the water flows in 
to Cedar Run Stream. (b) Displays the surface depression feature of the spring pond and why overland 
flow water could influence the spring pool. 
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mouth within the spring pool (Figure 2-12).  

A stilling well was used at some of the springs to reduce the effects of spring flow on water level 

measurements. The stilling wells were successful at Alexander and Mount Rock Springs. Stilling wells 

were not needed at Cedar Run, Spring Lake, and Trout Springs. During site visits, data from the loggers 

were uploaded to a portable laptop computer. After data were downloaded, the information was exported 

to Excel files and viewed for interpretation. In addition, routine maintenance was performed on the 

conductivity and water-level loggers including replacing the battery. The temperature loggers were low 

maintenance, requiring only replacing the logger directly within the spring mouth if the sensor was 

displaced.  

To obtain spring discharge data a Marsh-McBirney Flo-Tote flowmeter was installed at Cedar 

Run and Spring Lake Springs (Figure 2-13). The meter was set to record at Cedar Run Spring between 

December 1, 2009 and January 18, 2010 and at Spring Lake Spring between February 1st and April 11, 

2010. The meter was installed in a portion of the spring pool that represented all of the water discharging 

form the spring’s mouth. Flow rates were recorded through a measured cross-section. The meter was 

programmed to record flow measurements every fifteen-minutes. The flow data was related to spring 

stage so a relationship between the two hydrological parameters could be found. 

Field Visits 

 Field visits to Cedar Run, Mount Rock, and Trout Springs began in April 2009. Field 

visits to Alexander Spring began in May 2009, while regular field visits to Spring Lake Spring began in 

August 2009. Field visits were needed to maintain the field equipment; upload conductivity, temperature 

and water-level data; and collect water samples. Field visits were generally monthly until a conduit spring 

was indentified; however, more frequent trips were made when necessary, mainly in order to address 

equipment malfunction or to install new equipment. For example, after interpreting the hydrographs from 

Alexander and Mount Rock Springs it was apparent that stilling wells had to be installed. Prior to the 

collection of water samples, several field measurements were made using a Horiba U-10 multi-parameter 

meter. Conductivity, dissolved oxygen, pH, and temperature were recorded during each field visit. The  
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Figure 2-12. Photographs of continuous data loggers installed at the spring mouths. The picture 
above displays the installation of continuous data loggers at Cedar Run Spring, while the picture below is 
the set-up at Spring Lake Spring. The loggers at Alexander, Mount Rock and Trout Springs were installed 
in a similar manner. 
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Figure 2-13. Photograph looking down on the flowmeter installed at Spring Lake Spring. The green 
device is the flow sensor. The red arrow indicates the direction of flow from the spring house. 
 
pH probe was calibrated using pH 7 and pH 4 calibration buffers. The probe sensors were placed as close 

as possible to the spring mouth. In some cases, stage measurements were conducted from a defined 

marker at each spring using a tape measure. After the Horiba parameters were recorded, water samples 

were collected from the spring mouth. Samples were collected using a Nalgene hand vacuum pump. The 

vacuum pump was connected to polyethylene tubing which was connected to a disposable 0.45 micron 

filter with a versapore filter membrane. In addition to the hand vacuum pump, a peristaltic pump head 

was also used in sample collection. To prevent contamination from spring to spring, the sampling tubing 

and flask were rinsed with representative spring water prior to collection. In addition, fresh disposable 

filters were used at each field site. The filtered samples were collected in a 125-mL and a 60-mL Nalgene 

HDPE bottle and transferred to Temple University on ice. Each sample bottle was rinsed with filtered 

spring water to reduce the chance of contamination from bottleware. The samples were collected with 

minimal head space. Samples collected in the 125-mL bottles were used to measure bicarbonate 

concentrations, while the 60-mL bottles were used to measure major-ion concentrations. 

 

 



41 
 

Storm Sampling 

 In addition to monthly field visits, separate visits to Cedar Run Spring were made immediately 

following a precipitation event. Cedar Run Spring was picked for storm sampling based on results from 

the continuous data loggers. During these visits, samples from an ISCO 3700 (Figure 2-14) automatic 

sampler were collected. The ISCO sampling pump is connected to the sampler by a sampling tube. The 

pump intake was placed inside the spring mouth to collect discharging water. The ISCO sampler was set 

to start sampling at a preprogrammed interval based on hydrograph interpretation that describes the 

spring’s behavior during a precipitation event. The desired sample interval collected samples on the rising 

and falling limbs of the storm hydrograph although the timing for a particular storm could not be 

predicted in advance only estimated. Two storms at Cedar Run Spring were monitored using a sample 

interval of one hour, and the third and fourth at a sample interval of a half an hour. The sampling was 

initiated by an actuator (Figure 2-14) directly connected to the sampler that triggers sampling when water 

touches it. At Cedar Run Spring, the actuator was set approximately 2 cm above the water level at the 

time of installation prior to each precipitation event. The ISCO collected a total of twenty-four 900-mL 

samples into 1000-mL HDPE bottles. A sample volume of 900-mL was picked to avoid overflow and 

mixing of the individual stormwater samples. The unfiltered water samples were transferred from the 

ISCO bottles to a125-mL and a 60-mL Nalgene HDPE bottle and placed on ice in a cooler. The excess 

water was disposed of offsite. The used ISCO sample bottles were replaced with clean ones. In  

addition to sample collection, the ISCO was also reprogrammed if additional storm sampling was 

planned.  

A pH logger (Eureka model Manta 2 logger) at Cedar Run Spring was installed close to, but not 

directly in, the spring mouth from August 17 to September 13, 2009. After September 13th the logger was 

installed at Spring Lake Spring for the remainder of the year. The logger was programmed to collect pH 

measurements at a fifteen-minute interval.  Before installation of the pH logger, the instrument was 

calibrated to pH 7 and 4 buffers. The logger was recalibrated after each storm and field measurement of  
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Figure 2-14. Photograph of ISCO sampler and actuator installed at Cedar Run Spring. The ISCO 
sampler (top photograph) can collect 24 bottled samples. The sampling procedure is triggered by an 
actuator (red arrow) in the bottom photograph. The pH logger is the clear large instrument attached to the 
green stake. 
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pH during site visits provides an extra check on logger measurements. If the logger and field pH 

measurements were not identical the logger values were corrected to the field measurements by adding or     

subtracting the difference between the two pH values. Data was uploaded from the logger using a   

communication cable connecting the logger to a laptop computer. The data was exported as an Excel file 

and viewed for interpretation. Continuous pH measurements were needed during stormwater monitoring 

for geochemical modeling.  

 Precipitation data was downloaded from the United States Geological Survey’s 01570500 

Susquehanna River at Harrisburg gauging station’s website 

(http://waterdata.usgs.gov/usa/nwis/uv?site_no=01570500). The precipitation data recorded 

measurements every half hour for the duration of this study. The gauging station is located in Dauphin 

County, Pennsylvania, and is approximately 2 km east of Cedar Run and Spring Lake Springs, 30 km 

northeast of Alexander and Mount Rock Springs, and 12 km northeast of Trout Spring. 

On January 31, 2010 an Onset data logging rain gauge was installed less than one kilometer from Cedar 

Run and Spring Lake Springs. There was a difference of 34 mm of cumulative rain out of 240 mm from 

January 31 through May 7, 2010 (Figure 2-15), but the timing and relative size of events was the same at 

both stations. Precipitation data from the USGS gauging station was used for all storm events that 

occurred prior to January 31, while the Onset rain gauge data logger was used for all events after January 

31, 2010.  

Laboratory Analysis 

Samples were stored in a refrigerator until chemical analysis. Major-ion and alkalinity 

concentrations were measured in the laboratory of Temple University’s Department of Earth and 

Environmental Sciences. Alkalinity samples were titrated using a Hach digital titrator, with 0.160 N 

sulfuric acid and an IQ Scientific Instruments model IQ1050 ISFET solid-state pH probe within 48 hours 

of sample collection. The digital titrator was used to measure the volume of added sulfuric acid. The pH 

probe was calibrated prior to titration using pH 7 and 4 buffers. 50 mL of water was drawn from the 125-

mL samples, placed in a beaker with a stir-rod, and titrated until an abrupt change in pH was reached,  
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Figure 2-15. Photograph of rain gauge and comparison of USGS and field logger precipitation data. 
Note, by May 7, 2010 the USGS station recorded 34 mm more rain than the field logger. 
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usually between pH 4 and 5. This inflection point marks the end of the titration. The volume of acid used, 

measured directly from the titrator, and the corresponding pH values, measured directly from the pH 

probe, were entered into a USGS alkalinity calculator (http://or.water.usgs.gov/alk/). Alkalinity is the 

acid-neutralizing capacity and can include other species besides carbonate; however, in carbonate systems 

the carbonate species dominate and the other sources can be neglected. In the carbonate system alkalinity 

is predominantly the sum of various carbonate species: 

Alkalinity = [HCO3
-] + 2[CO3

2-] + [OH-] – [H+]  eq. 5 

However, considering the typical pH range of karst groundwaters alkalinity can be reported as 

bicarbonate concentration in mg/L. The 50-mL beaker and the stir-rod were decontaminated by triple- 

rinsing them with deionized water, then drying.  Similarly, the pH probe was cleaned with a squirt bottle 

containing deionized water and then dried. Bicarbonate concentrations were later used in an ion-balance 

equation with major-ion concentrations. 

 Major ions were measured in the Department of Earth and Environmental Sciences laboratory at 

Temple University. Major cations (Li, Na, NH4, K, Rb, Mg, and Ca) were measured on a Dionex 500 ion 

chromatography system. Four standards with different concentrations of Li, Na, K, Rb, Mg, and Ca were 

used for instrument calibration. After each standard was run through the instrument, the measured values 

were compared to the actual standard concentrations using a best-fit line, and calibration was accepted if 

the linear regression was better than 0.95. Once calibration was finished, the samples were manually 

injected into the instrument with a syringe. The instrument requires only a small volume of sample, 

approximately 1 mL.  Each sample took approximately fifteen minutes to run. Calcium, magnesium, 

sodium, potassium, and ammonia concentrations, ions found above the detection limit were tabulated into 

an Excel file and later used for ion-balance calculations. In addition to reporting the major-cation 

concentrations, magnesium and calcite were also reported and described as a ratio (Mg/Ca). 

 Major-anion (F, Cl, NO2, Br, NO3, and PO4) concentrations were measured on a Dionex ICS-

1000 using an AS40 automated sampler (Figure 2-16) in the department’s laboratory. Prior to sample 

analyses, the instrument was calibrated using three standards with different concentrations of F, Cl, NO2, 



46 
 

Br, NO3, and PO4. The same procedures as above were followed using the ICS-1000. After calibration 

was successful, the samples were loaded into an automated sampler and measured for the above anions. 

Fluoride, chloride, and nitrate were tabulated into an Excel file and used in an ion-balance calculation. 

To assure that samples were accurate, quality control procedures were followed in the form of 

duplicate samples and sample replicates. Duplicate analyses were performed on all of the alkalinity 

samples collected for the two storm events on August 20 and 21, 2009 and for approximately five percent 

of the other storm samples. In addition to alkalinity reruns, approximately ten percent of the samples were 

rerun on the ion chromatography system and compared to each other to assess instrument accuracy. In 

addition, instrument accuracy was also gauged by directly comparing the concentration of the standards to 

the actual reading of that standard. 

Six samples collected for the August 20 and 21 storm events had percent errors greater than five 

percent, but none exceeded six percent. Three samples from the September 11, 2009 storm event had 

percent errors of 5, 7 and 6 percent. Errors for all of the remaining samples were less than five percent. 

Three samples collected for the March 13, 2010 storm event had percent errors that exceeded 5, but not 6 

percent. All of the remaining samples were equal to or less than 5 percent. 

  Results of bicarbonate concentrations from titration and major ions from ion chromatography 

were used in an ion-balance equation. Samples with ion balances that exceeded 10 percent were rejected. 

Further investigation helped to explain some errors. For example, the samples collected from the 

5/27/2009 sampling event from Alexander, Cedar Run, Mount Rock, and Trout Springs all had over 25 

percent error. As a result, the bottles and samples were investigated for contamination. Calcite had 

precipitated on the bottom of all of the plastic sample bottles. An attempt to salvage the samples was 

made by adding hydrochloric acid to dissolve the calcite; however, after re-running the samples for 

alkalinity and major ions, they still did not balance. It was concluded that the bottleware used for the 

samples collected on that day were contaminated with calcium carbonate from a leaky filter and, as a 

result, added additional ions to solution. These samples were not used in data interpretation and were the 

only samples that exceeded a mass balance of 10 percent throughout this study. The contaminated 
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samples described above underscore the importance of bottle washing and rinsing while in the field in 

order to prevent contamination.  The filter system was replaced with a disposable filter after this 

contamination problem occurred. 

Data Analysis 

 Major-ion data collected from ion chromatography and titration was entered into the United 

States Geological Survey’s modeling program PHREEQC (Parkhurst, 1999) to calculate saturation 

indices (SI) of calcite and dolomite and the CO2 partial pressure (Pco2) of the carbonate groundwaters. 

Percent error of the geochemical parameters calculated in PHREEQC for the baseflow and stormwater 

samples did not exceed 6 percent (according to the model). pH data collected by the logger and used for 

geochemical modeling on stormwater samples had accuracy on the range of 0.02 pH units, according to 

the manufacturer. As a result the geochemical parameters included error from the pH logger and ion 

analyses. 

 CO2 partial pressure (Pco2) is the pressure of CO2 in a gaseous phase that is in equilibrium with 

the analyzed groundwater.  Pco2 is calculated from the following equation 
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21

3
2

]][[        eq.6 

where the numerator describes the product of bicarbonate and hydrogen ion activities, and in the 

denominator, K1 is the first dissociation of carbonic acid and Kco2 is the equilibrium constant for the 

dissolution of CO2 in water to form carbonic acid, as explained in the below reaction. 

CO2 + H2O = H2CO3                           eq. 7 

For the regular monthly samples, Pco2 was calculated using the concentrations of bicarbonate from 

titration and field pH measurements collected at the time of sample. Pco2 of the stormwater samples were 

calculated using the bicarbonate concentrations from titration and pH measurements recorded by the 

continuous pH logger. These data were used to interpret open versus closed system behavior along the 

flowpath. Conductivity data collected from the continuous data loggers and Mg/Ca molar ratios, collected 
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from the ISCO samplers were plotted against spring discharge for identification of hysteresis. Analytical 

error of the molar ratio was calculated by solving for ΔZ from the following equation: 
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where ΔZ = molar uncertainty of each sample, Mg/Ca = measured molar ratio, {Ca} = molar uncertainty 

of calcium (from duplicate samples), {Mg}= molar uncertainty of magnesium (from duplicate samples, 

(Ca) = molar concentration of calcium and (Mg) = Mg2+ molar concentration of magnesium. The average 

error for the samples was on the order of 0.002. Results of the hysteresis loops were used to explain the 

mixing of conduit and matrix waters during storm events. Finally, results from the hysteresis plots were 

examined in regards to the nature of the storm event (high intensity versus low intensity) and antecedent 

conditions (wet versus dry).  

The capture area of a spring can be calculated using the Rules of Thumb (RTs) guidelines 

published by the Environmental Protection Agency (Ginsberg and Palmer, 2002). Data on stream 

discharge within the basin of the spring, spring discharge, precipitation data and geologic data (strike and 

dip of the aquifers bedding planes) are required for this calculation. A USGS gauging station was used for 

stream discharge measurements from Cedar Run Stream and precipitation data, while spring discharge 

measurements were made using a flowmeter. Finally, local geologic information (strike and dip 

measurements) were obtained from local USGS geologic maps. The spring’s capture area is derived from 

the recharge rate, and this can be calculated by dividing the discharge of the stream by the drainage area. 

The drainage area for Cedar Run Stream is 32.63 km2 and the average stream discharge was 566.32 L/s 

(http://waterdata.usgs.gov/nwis/uv?01571500), April 2010). Finally, the capture area can be calculated by 

dividing the discharge of the spring by the recharge rate based on the stream discharge. Capture areas for 

Alexander and Mount Rock are reported by Hippe et al. (1994). On the other hand, Spring Lake and Trout 

did not have known capture areas. Furthermore, such a calculation could not be made because there was 
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no available spring discharge data. The RTs were applied to calculating the capture area of Cedar Run and 

is reported in a later chapter.  
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CHAPTER 3 

RESULTS FROM MONTHLY FIELD VISITS AND CONTINUOUS DATA LOGGERS  

Introduction 

  This chapter will examine monthly sampling and data logger results for Alexander, Cedar Run, 

Mount Rock, Spring Lake, and Trout Springs. The goal of the monthly field visits and continuous data 

loggers was to describe the matrix versus conduit charger of each spring and to identify a spring that had 

a flashy response to storm events. In addition to identifying storm response and subsurface flow networks, 

this chapter will also present data on the relationship between spring discharge and water level at Cedar 

Run and Spring Lake Springs. Only one full season of continuous logging data for Alexander, Mount 

Rock and Trout Springs will be reported here because these springs were not picked for storm sampling. 

Alexander and Mount Rock Springs were not chosen because of lack of storm response, while Trout 

Spring was not chosen because of possible anthropogenic influence. Spring Lake Spring was not picked 

because of backflow from the spring pond. All of the available continuous logger data will be reported for 

Cedar Run and Spring Lake. Finally, selected storms for each spring compare their response.  

Monthly Field Visits 

During monthly field visits filtered water samples were obtained and field measurements of pH, 

conductivity and temperature were made (Appendix A). Hydrochemical results of the monthly field 

samples were intended to give insight on the natural variation of water chemistry during baseflow, when 

stormwater was not a significant portion of spring discharge and to describe the matrix versus conduit 

character of each spring. Selected geochemical data (hardness, HCO3, pH, saturation states of calcite, 

dolomite and pCO2, Cl and NO3 concentrations) of the monthly samples provide information about 

recharge waters and flowpaths (Figures 3-1 to 3-3). All of the geochemical data from the monthly 

samples are tabulated in Appendix B. Below, each of the five springs is plotted on the same graph as a 

function of time relative to the parameter of interest for comparison between the springs. 

The hardness of spring water is calculated using the Ca+2 and  Mg+2 concentrations (in mg/L) and 

converted to equivalent concentrations of calcite (CaCO3) using the formula (Freeze and Cherry, 1979) 
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Hardness = 2.5 * Ca2+ + 4.1 * Mg2+ eq. 9 

The variation of hardness provides clues to the subsurface flow network, where greater variations can 

indicate larger (fracture and conduit) flowpaths. In addition to hardness, variations in bicarbonate can also 

describe the conduit versus matrix character of a spring because bicarbonate is a byproduct of limestone 

dissolution and the dominate anion of carbonate groundwater. Variation of these ions are expressed by 

using the coefficient of variation (CV), which is the average concentration in mg/L divided by the 

standard deviation of the data and expressed as a percentage. A higher CV may indicate larger/faster 

flowpaths, while a lower CV may indicate smaller/slower flowpaths (White, 2003). Collectively, hardness 

of the five springs ranged from 250 to 370 mg/L. Trout, Spring Lake and Mount Rock Springs displayed 

the smallest variations in hardness, and ranged from approximately 250 to 260, 363 to 370 and 280 to 305 

mg/L, respectively. On the other hand, Alexander and Cedar Run Springs displayed more variation and 

ranged from 295 to 330 and 290 to 340 mg/L, respectively. It is important to note that within the ranges 

described above that Cedar Run Spring displayed the most change between sampling events. Cedar Run 

Spring displayed the most variation in bicarbonate (Figure 3-1) and ranged from approximately 245 to 

310 mg/L. The CV of bicarbonate at Cedar Run Spring was 10 percent.  Trout, Mount Rock, Spring Lake 

and Alexander Springs all displayed little variation and ranged from 220 to 225, 270 to 307, 330 to 357 

and 280 to 307 mg/L, respectively. In addition, CV percentages were 1, 6, 3 and 4 respectively.   

Because the amount of variation in saturation state is related to flowpaths within karst systems, 

the saturation states of calcite, dolomite and pCO2 provide clues to matrix versus conduit character of the 

spring. Spring water moving through flowpaths with smaller apertures will be near saturation or 

oversaturated because of longer groundwater residence time. On the other hand, water moving through 

flowpaths with larger apertures will tend to be undersaturated because of shorter groundwater residence 

time and will display more variation. Cedar Run Spring had the largest variation in all of the geochemical 

parameters. At Cedar Run Spring pH ranged from 6.33 to 7.53. pH values at Alexander, Mount Rock, 

Spring Lake and Trout springs ranged from 6.68 to 7.47, 7.22 to 7.78, 6.63 to 7.49 and 7.24 to 7.77,  
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Figure 3-1. Variations in HCO3 for the monthly samples at the five spring locations. Cedar Run 
Spring displayed the most variation compared to the other springs and had a CV of 10 percent.  

respectively. Alexander, Mount Rock, Spring Lake and Trout were very close to calcite saturation for 

most of the samples, with little variation. On the other hand, the saturation state of calcite at Cedar Run 

Spring ranged from -0.84 to 0.29 and indicated that the spring experienced stages of undersaturation and 

oversaturation with respect to calcite through the monitoring period. 

  Cedar Run Spring displayed the most variation in pCO2 throughout the monitoring period and 

ranged from -2.22 to -0.96 (Figure 3-2). In general, pCO2 at Cedar Run Spring was considerably higher 

compared to the other springs for most of the samples. Mount Rock and Trout Springs displayed the 

smallest variation and lower overall pCO2 values throughout the monitoring period. 

 Dolomite was undersaturated for all of the samples during the monitoring period at Alexander, 

Cedar Run and Spring Lake (Figure 3-3). On the other hand, Mount Rock and Trout Springs remained 

very close to zero for the monitoring period. Cedar Run Spring displayed the most variation and ranged 

from -2.31 to -0.23.  

Alexander, Mount Rock and Trout Springs are located in agricultural areas, and as a result their 
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Figure 3-2. Geochemical variations of pH and log pCO2 for monthly samples from the five springs. 
Cedar Run Spring displayed the most variation for both parameters. An increase in pH correlated with a 
decrease in pCO2 at all spring locations. 
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Figure 3-3. Geochemical variations of the saturation states of calcite and dolomite for monthly 
samples from the five springs. Black dashed lines indicate equilibrium conditions, above the line 
precipitation occurs and below the line dissolution occurs. Cedar Run Spring displayed the most variation 
for both parameters. At Cedar Run Spring the conditions varied between undersaturated and oversaturated 
with respect to calcite throughout the monitoring period. 
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respective capture area delivers water to the subsurface through land rich in fertilizers and pesticides. On 

the other hand, Cedar Run and Spring Lake Springs are located in residential landuse areas. The 

concentration of NO3 (as N) and field conductivity measurements for the five springs and their respective 

monthly samples reflects this land use difference (Figure 3-4). Nitrate concentrations for Alexander, 

Mount Rock and Trout Springs ranged from 8 to 12, while concentrations at Cedar Run and Spring Lake 

Springs ranged from 3 to 6. Alexander and Mount Rock Springs displayed some variation between 

sampling events, while the other three springs did not display significant change. In general, the springs in 

agricultural locations had higher nitrate concentrations and lower overall conductivities, while springs 

located within residential areas had lower nitrate concentrations coupled with higher overall 

conductivities. The more conductive springs are likely a reflection of residential and commercial 

landuses. In these types of areas shallow groundwater is prone to contamination in the form of road salt, 

which would significantly increase the conductivity of spring water because of increased Cl 

concentrations (Figure 3-5).  

Continuous Data Loggers at Cedar Run Spring 

Continuous data loggers were installed on April 5, 2009. Data were collected for an entire year 

and are reported below by season. Over the monitoring period, water level ranged from 11 to 32 cm above 

the spring mouth (Figures 3-6 through 3-14). Water level was lowest in May 2009 of the spring season in 

response to five days of little rainfall. The highest water level (32 cm) was measured on January 17, 2010, 

in response to a rain event that occurred while several centimeters of snow were on the ground. Because 

the spring and summer seasons were very wet, it was difficult to establish a baseflow water level for these 

seasons, but it seems likely that during base conditions—that is, when stormwater is not a significant 

source of spring discharge—the water level of the spring would have ranged from 10 to 11 cm. 

Conductivity during non-storm conditions was consistent from season to season and ranged from 620 to 

625 μS/cm. Variations from baseflow conductivity occurred during the system’s response to precipitation 

events. The lowest conductivity measurement (500 μS/cm) occurred in response to a rain storm on May 

28, 2009. The highest conductivity measurement (675 μS/cm) was measured on January 17, 2010, in 
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Figure 3-4. Nitrate and conductivity values of springs located in different landuse areas. The black 
dashed line indicates the separation of agricultural (above the line) and residential (below the line) 
springs. Residential springs had higher overall conductivities with lower nitrate concentrations, while 
agricultural springs had higher nitrate concentrations with lower overall conductivities.  
 

 
Figure 3-5. Chloride and conductivity values of springs located in different landuse areas. The black 
dashed line indicates the separation of agricultural (below the line) and residential (above the line) 
springs. Residential springs had higher overall conductivities with higher chloride concentrations, while 
agricultural springs had lower chloride concentrations with lower overall conductivities. The increased 
concentration of chloride in the residential springs is likely the result of road salt contamination, as there 
are more roadways within the capture area of these springs. 
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response to a rain event that occurred while several centimeters of snow were on the ground.  

Temperature was fairly consistent from season to season and ranged from 13 to 14⁰C.  

Temperature varied during storms in the spring and summer seasons; however, the variation was less than 

0.10C much of the time. Nevertheless, temperature increased by approximately 1.2⁰C for a summer rain 

storm on August 21, 2009, where base temperature was 13.28⁰C. The temperature spike occurred 

precisely at the same time as the minimum in conductivity. 

Spring 2009 

 The monitoring period for Cedar Run Spring began on April 5, 2009. As expected, the spring 

season was wet, with the spring experiencing 37 cm of total rainfall. The spring displayed very rapid and 

pulsated water-level response to storms (Figure 3-6). A storm event on May 28, 2009, during which 5 cm 

of rain fell over a two-day period, caused spring water level to rise from 11 to 28 cm. This storm event 

included the minimum and maximum water-level measurements for the entire season. Conductivity 

measurements made during baseflow conditions had a narrow range for the spring season: 625 to 630 

μS/cm. However, conductivity fluctuated during storms and was similar between individual events 

(Figure 3-6). The spring responded to each storm with an initial decrease in overall conductivity from 

base conditions. The decrease was followed by a rise in conductivity that drifted above baseflow 

conditions. The largest variation occurred during a storm event on May 28, 2009, where conductivity 

ranged from 500 to 645 μS/cm. The season minimum occurred during the May 28 storm event. The 

season maximum occurred in response to a storm event on May 4, 2009. This storm event, the first major 

rainfall of the spring season, produced approximately 6 cm of rain over a three-day period. 

Summer 2009 

The summer season of 2009 was much like spring, with 37 cm of total rainfall. As a result, on 

August 20, 2009, spring water level reached 31 cm in response to three storm events during which more 

than 7.5 cm of rain fell in a three-day period. Because of the very wet conditions, water level never 

dropped below 16 cm between storm events from August 20 to September 30. However, the period from  
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Figure 3-6. Summaries of water level, conductivity, and daily rain at Cedar Run Spring for the 
spring 2009 season. Note the rapid response in water level and conductivity to storm events for the 
spring season.  Also note the fall then rise in conductivity for each storm event.  
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July 27 through August 2 saw 10 cm of rain, followed by four days of no rainfall (Figure 3-7).  

Conductivity values during baseflow conditions were fairly constant at 620 μS/cm during the 

entire summer, comparable to base conditions during the spring season (Figure 3-7). Moreover, the 

response of conductivity to individual storm events was comparable to the spring season, where there 

were initial rapid decreasess in conductivity followed by peaks that exceeded baseflow conditions. Two 

storm events on July 22 and July 23 caused the lowest and highest measurements of conductivity, 536 

μS/cm (more than 100 μS/cm lower than antecedent conductivity values) and 645 μS/cm (more than 25 

μS/cm higher than antecedent conductivity values), respectively, throughout the entire season.  

In Cedar Run Spring, conductivity and water level responded rapidly to individual storm events. Figure 3-

8 summarizes the response to two storm events that occurred on August 19 and 20, 2009. Both these 

storms were rapid events where approximately 4 cm of rain fell over a hour and a half time period and 

approximately 1.5 cm of rainfall over a time period of one hour, respectively. For the first storm event 

water level rose from 15 to 28 cm and for the second event 16 to 31 cm. Water level response was rapid 

to the two storm events. On the other hand, conductivity rapidly decreased during the storms. For the first 

event conductivity dropped from 618 to 538 μS/cm. This large decrease was followed by a distinct rise 

that peaked at 631 μS/cm (13 μS/cm higher than pre-storm conditions). The second storm occurred while 

the system was still in response to the first event, and thus conductivity did not decrease as much 

compared to the first storm. Conductivity for the second event decreased from 627 to 576 rapidly. Like 

the first storm event the increase in conductivity occurred after the initial decrease. 

Conductivity and water level responded differently for a diffuse rain event on September 11, 

2009 (Figure 3-9). During this event approximately 4 cm of rain fell over a 24 hour period. Water level 

initially increased after the most intense portion of the storm. Because the storm was diffuse, water level 

responded a second time approximately three hours after peak water level. Conductivity also reflected the 

diffuse storm with a series of smaller decreases and one large decrease.  

Fall 2009 

 There was equipment malfunction for most of the fall season in the form of battery outages.  
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Figure 3-7. Summaries of water level, conductivity and daily rain at Cedar Run Spring for the 
summer 2009 season. The Cumberland Valley of south-central Pennsylvania experienced a very wet 
summer during water year 2009. Note the rapid response in water level and conductivity to storm events. 
Also note the rise in conductivity for each storm event where overall conductivity exceeds baseflow 
values. Note the inverse relationship between conductivity and water level—much like the spring season.  
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Figure 3-8. Summaries of water level, temperature, conductivity and 30-minute rain at Cedar Run 
Spring for two summer storm events. The spring displayed rapid storm response in conductivity and 
water level to two high intensity storm events. Conductivity had a decrease followed by a rise that 
exceeded pre-storm conditions. Temperature increased by approximately 1.4 degrees C, where peak 
temperature correlated with the large conductivity dips. Peak temperature and conductivity dips occurred 
approximately half an hour prior to peak water level conditions. 
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Figure 3-9. Summaries of water level, temperature, conductivity and 30-minute at Cedar Run 
Spring for a diffuse summer storm event. The spring responded to a diffuse rain event with several 
distinct decreases in conductivity. Water level formed a plateau after peak storm conditions.  
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However, conductivity and water level for the month of October are reported here (Figure 3-10). The fall 

season received 27 cm of total rainfall (less rain than the previous two seasons). The spring continued 

rapidly respond to storms that occurred on October 23 and 24.  There was a rain event on October 7 that 

did not change the water level or conductivity at the spring. Interestingly, the spring responded on 

October 15, but did not correlate with any recent precipitation events. Field notes were investigated; 

however, there was no record of a time difference between the logger time and the real time. One 

explanation for this discrepancy might be a localized rain event that occurred, but was not recorded by the 

gauging station that was approximately 2 km away.  

Winter 2010 

The northern Cumberland Valley received record snow for the winter of 2010. A storm event 

starting on February 5 (Figure 3-11) dropped more than 50 cm of snow within the study area. There were 

also four large rain events during this season—on December 26, 2009, January 17, 2010, January 25, 

2010, and March 13, 2010.  The major rain storms for the winter season produced only 16 cm of rain. 

Water level to the first three rain events was complicated because there was snow on the ground. As a 

result, there was a mixture of rainwater and snowmelt that recharged the system. When the snow melted, 

it created a more diffuse recharge type where water slowly infiltrated through the soil and epikarst zones. 

When snowmelt was mixed with rain, water level increased. Water level at the spring reached a 

monitoring period high of 32 cm in response to the January 25 storm. Water level measurements for most 

of February gradually drifted upwards, and lacked rapid responses to several smaller rain events. 

Cedar Run had a more complicated response to the rain events during this season, compared to 

the other seasons’ conductivity variations (Figure 3-12). The response in conductivity showed an initial 

increase to some rain events but not all of them. For example, conductivity initially increased to the 

storms on December 26, January 17and March 13. On the other hand, a storm on January 25 decreased in 

conductivity that was followed by a sharp increase, much like the previous three seasons.  

The relationship between water level and conductivity for the winter season was not the same as 

previous seasons. There was no longer an inverse relationship between water level and conductivity.  



64 
 

 

 
Figure 3-10. Summaries of water level, conductivity and daily rain at Cedar Run Spring for 
October of the fall season. Water-level and conductivity response started to change on October 15; 
however there was not a recorded rain event for this time period. The gauging station was located 
approximately 2 km from the spring, and perhaps there was a local rain event that did not get recorded at 
the USGS gauging station. Variation in water level and conductivity did correlate with rain events that 
occurred on October 23 and 24. Field visits on October 10 and November 15 were made, but no record of 
a time lag with the logger was recorded There was equipment malfunction from October 26 to November 
15 and from November 15 to December 24. 
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Figure 3-11. Snowfall distribution map of southern Pennsylvania, Maryland, Delaware, New 
Jersey, Virginia, and West Virginia for the February 5-6, 2010, snowstorm event, modified from 
Grumm and LaCorte (2010). Numbers indicate snow amount in inches. The black arrow indicates the 
approximate location of Cedar Run Spring, where more than 20 inches of snow accumulated over a two-
day period. 
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Figure 3-12. Summaries of water level, conductivity and daily rain at Cedar Run Spring for the 
winter 2010 season. There were two storms, on January 17 and January 25, where water level and 
conductivity rapidly responded. Note the variation in conductivity but not water level from February 7 
through March 9, which was likely in response to snowmelt from the February 5 storm. Red circle 
indicates the snow event, black dashed lines indicate snowmelt conditions and black arrow the 
temperature trend. 
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Rather, the two parameters seemed to be varying in accord with each other, where an increase in water 

level corresponded to an increase in conductivity. The two rain events prior to the February 5 blizzard and 

a storm on March 13 displayed the previously mentioned relationships. For the time span from February 7 

through March 2, there were large fluctuations in conductivity but not water level, indicating a change in 

water chemistry but not water level. Snowmelt during this time span was the likely reason for this 

response (Figure 3-12).  

Figures 3-13 and 3-14 compare two storms during the winter season that responded differently. 

Two small storms occurred on December 25 and 26, where approximately 0.7 and 1.3 cm of rain 

accumulated, respectively. A closer look at the storm event on December 25 and 26 revealed several 

increases and decreases in conductivity during the rising limb; however, these variations were not 

reflected in the water level (Figure 3-13). Furthermore, during this event there was not an initial decrease 

in conductivity like the storms from the spring and summer seasons, but rather an initial increase. Water 

level gradually rose in response to the rain event.  

On March 13 a small storm produced approximately 1.5 cm of rain over a four-hour time period 

(Figure 3-14). Water level responded with two rapid but distinct increases. Prior to the storm conductivity 

was gradually rising. However, in response to the rain conductivity had a small decrease that was 

followed by a gradual increase. 

Summary 

Cedar Run Spring had similar patterns in conductivity and water level to storm events in the 

spring, summer, and fall seasons. During storm response, there were initial decreases in conductivity that 

were followed by an increase that drifted above base levels. There was a slight lag in peak water levels by 

approximately thirty minutes compared to the sharp conductivity decreases for storm events in the spring, 

summer, and fall seasons. Spring response also was dependent on the nature of the storm event. 

Conductivity and water level responded smoothly to high intensity storms, as indicated by the August 19 

and 20 storm events. Low intensity storms did not respond smoothly, as indicated by the September 11 

storm. 
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Figure 3-13. Summaries of water level, conductivity and 30-minute rain at Cedar Run Spring for a 
diffuse winter storm event. The spring gradually responded in water level. Conductivity increased and 
was followed by several sharp increases and decreases. 
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Figure 3-14. Summaries of water level, conductivity and 30-minute rain at Cedar Run Spring for a 
diffuse winter storm event on March 13, 2010. The spring rapidly responded in water level. 
Conductivity had a small decrease followed by a gradual rise that peaked above 670 μS/cm.  
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Response to storms in the winter season was different compared to the previous seasons. Instead 

of an initial decrease in conductivity there was an increase for most rain events. Some storms still had an 

initial decrease but the dip was not as large compared to storms in other seasons.  

Continuous Data Loggers at Spring Lake Spring 

 Continuous data loggers were installed at Spring Lake Spring for the summer season of 2009.  

There was a data logger installed from August, 2009 to May 2010. The water level sensor was not 

working for much of the monitoring period so data are not reported for water level in this summary.  

During the summer season of 2009 there was 37 cm of total rainfall. Conductivity values range 

from 800 to 853 μS/cm during this season (Figure 3-15). Conductivity seemed to have a repeatable 

response to storm events where there were gradual decreases in conductivity. Moreover, during the 

summer season there were three major storm events on August 20, September 11 and September 26 that 

created at stair-step pattern in conductivity throughout the entire summer season. Prior to the storm event 

on August 20 conductivity was 839 μS/cm and dropped to 804 μS/cm over a 3 day period in response to 

several centimeters of rain. After the initial decrease conductivity gradually rose ot 842 μS/cm over 17 

days of relatively dry conditions until the start of the September 11 storm event. In response to the 

September 11 storm event conductivity dropped to 817 μS/cm over a 2 day period (Figure 3-16). After 

response to this storm event conductivity gradually rose to 948 μS/cm over a 13 day time period and until 

the start of the September 26 storm event. 

In response to the storm event on September 11, 2009 the spring showed an initial decrease in 

conductivity that fell to 823 μS/cm over a 16 hour time period from the most intense part of the storm 

event. The small conductivity dip was followed by a 20 hour increase that formed a conductivity rise that 

peaked at 833 μS/cm. The small conductivity rise was followed by a gradual decrease to 817 μS/cm 

(lowest recorded conductivity value for the storm event) that lasted for approximately 24 hours, after 

which the conductivity rose gradually until the September 26 storm event. 

Throughout the monitoring period conductivity ranged between 800 and 895 μS/cm. Conductivity 

for the winter season observed in the logger data and in monthly visits was higher than the summer and    
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Figure 3-15 . Summary of conductivity and daily rain at Spring Lake Spring for summer season of 
2009. The spring had a gradual response in conductivity that formed a stair-stepped pattern throughout the 
summer season. This pattern was characterized as showing a gradual decrease in conductivity to rain 
events. Note, single point spikes or dips in conductivity are assumed to be instrument error. 
 

 
Figure 3-16. Summary of conductivity and 30-minute rain at Spring Lake Spring for a diffuse 
summer storm event on September 11, 2009. The spring displayed a lagged response in conductivity 
where there was an initial decrease followed by a small increase. After the small increase the spring 
continued to decrease. 
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fall. Measurements from monthly field visits ranged from 520 to 970 μS/cm (Appendix A), while logger 

measurements ranged from 835 to 900 μS/cm. The field measurements had a gradual increase with time 

and peaked at the end of the winter season on March 13th. Both Spring Lake and Cedar Run had a 

different conductivity response during the winter season while the other springs did not have a significant 

difference between seasons. 

The gradual conductivity response to storm events during the summer and fall seasons could have 

indicated matrix flowpaths, or the lack of conduits within the internal flow network. Also, the response in 

conductivity could also indicate a large recharge area. The larger conductivity response at Spring Lake 

than Cedar Run in the winter also suggests a larger recharge area. In addition to recharge, Spring Lake 

Spring may receive overland flow because the large pond forms a topographic low. As a result the 

response to storm events could have been a combination of groundwater and surface water effects rather 

than groundwater alone. Further evidence for surface water influence is presented in the discharge 

measurement section below, but this factor reduced the suitability of the spring for storm sampling. 

Continuous Data Loggers at Trout Spring 

Continuous data on water level and conductivity are reported here for the summer season of 2009 (Figure 

3-17). During this time period, more than 35 cm of rain fell for the season, and a large flood occurred on 

July 23 where overland flow from a nearby street and field flooded the spring pool (personal 

communication, Edward LaFond, spring owner, August 2009). Spring pool water level ranged from 40 to 

50 cm for the summer season. Water levels of 40 and 50 cm represented lows and highs for the entire 

monitoring period. However, a water level of 97 cm was measured on July 23 in response to the flood 

event. After the flood and a series of heavy storms, a gradual increase in water level occurred for twenty-

five days. The gradual increase in water level was followed by a gradual decrease from August 22 to 

September 20, 2009. The spring had a small response in water level to most of the storms. Water levels 

tended to peak in response to storms rapidly with gradual recession to the individual storms. There was a 

water level spike on July 7 that did not correlate with a rain event. Since the gauging station was 

approximately 30 km from the spring, it is possible that there was a local rain event that was not recorded. 
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Figure 3-17. Summaries of water level, conductivity and daily rain at Trout Spring for the summer 
season of 2009. Water level had a response to individual storms with rapid increases followed by gradual 
recession. Conductivity slowly decreased in response to the storms. Single point dips in conductivity are 
assumed to be instrument noise. The noisy conductivity stopped after July 13, 2009. 
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Conductivity response at Trout Spring was interesting in that there was evidence of 

anthropogenic and natural fluctuations. It is important to note that the inferred anthropogenic signal may 

have just been instrument noise, because the signal was not observed after July 11, 2009. If the signal 

prior to July 13 was anthropogenic the likely source was a discharge pipe located in the spring pool that 

was connected to the homeowner’s house, and if this pipe was active, it could have influenced the natural 

chemistry of the spring water. There was evidence that the outlet pipe was used from July 1 to 13, 2009, 

because conductivity had a daily drop about the same time and when there were no storms. Conductivity 

reached a monitoring period low (200 μS/cm) on July 23, 2009, in response to a flash flood. After the 

flash flood, conductivity responded in a more natural manner to storms. Conductivity started to gradually 

drop with the onset of storms and reached minima approximately two to four days after the storms, 

however with the exception of the flash flood event the conductivity variations were small and in the 

range of only 10 μS/cm. Besides the flash flood, Trout Spring had small responses in conductivity, 

temperature and water level to several storm events throughout the monitoring period. Figure 3-18 

summarizes the response to several high intensity storm events that occurred from August 19 – 21. The 

rain event on August 19 produced approximately 4 cm of rain over an hour and a half time period, while 

the event on August 20and 21 produced approximately 1.5 cm of rain. Water level response for the first 

storm slightly increased. On the other hand, water level did not respond to the rain event on August 20 

and 21. Conductivity throughout the time-scale of the three storms remained between fairly constant and 

did not show a rapid response to the individual storms. Conductivity had a lagged response two days after 

the storm event on August 21. 

The rain event on September 11, 2009 was a diffuse rain event that lasted for approximately 24 

hours and precipitated 4 cm of rain. The spring had a small response in water level (Figure 3-19). Though 

a slight water level response is noted for this storm the behavior is different compared to the storm that 

occurred on August 19. Water level for this more diffuse storm was gradual and formed a plateau shape, 

where peak water levels held steady for approximately 15 hours. There was no observable response in 

conductivity during this storm. The spring response at Trout likely indicates a system that is well mixed  
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Figure 3-18. Summaries of water level, conductivity and 30-minute rain at Trout Spring for two 
summer storm events. Water level had obvious response to the storm event on August 19.A lagged 
response in conductivity and water level started after the August 21 storm event. 
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Figure 3-19. Summaries of water level, conductivity and 30-minute rain at Trout Spring for a 
diffuse summer storm event. Water level had a small response, while conductivity did not rapidly 
response to the storm. Conductivity decreased approximately two days after the storm. Note the time 
difference on the x-axes. 

 

 



77 
 

and dominated by the matrix component within the internal flow network and recharge area.  

The recharge area of Trout Spring is located within the Yellow Breeches Basin less than 2 km from the 

Antietam Formation (Figure 2-4) which is composed of quartzite and quartz schist and forms a ridge. This 

mountain front weathers into a colluvium material that is able to enter the carbonate valley and fill in 

allogenic recharge features and likely follows the colluvium-mantled model from Lindsey (2005) which is 

described in chapter 2. In addition, this material can also erode into the carbonate bedrock and clog 

flowpaths. The colluvium material that gathers within the basin acts like a sponge and is able to store and 

transmit water to the carbonate aquifers of the valley floor in a diffuse manner. As a result, this material 

could create a recharge area that is dominated by diffuse infiltration. Trout Spring discharges from the 

Elbrook Formation, which is characterized as an argillaceous limestone with beds of calcareous shale 

(Chapter 2). Together, the argillaceous limestone and calcareous shale contain appreciable percentages of 

clay material. As these rocks are exposed to chemical weathering from the groundwater, they can weather 

into clay residuum that is able to clog internal flowpaths. As these flowpaths become clogged, they are 

not able to rapidly transmit water, and as a result, rapid hydrological and geochemical variations in 

response to rain events are unlikely. 

Continuous Data Logging at Mount Rock Spring 

 Conductivity and water level data collected from continuous data loggers for the summer season 

are presented here (Figure 3-20). Over the entire monitoring period the water level ranged from 

approximately 20 to 32 cm. Water levels had rapid increases in response to rain events during the summer 

season. In response to six rain events (more than 12 cm of rain) from August 18 to 29, 2009, water level 

gradually rose. During the water level rise the spring level changed rapidly during each individual storm. 

There was a sharp decrease in water level between August 29 and 31, followed by a gradual decrease that 

occurred in response to eleven days of no rain. Water level reached a season high of 28 cm on July 22, 

2009, in response to two consecutive rain events. 

Conductivity at Mount Rock during the summer season ranged from 523 to 531 μS/cm.There was 

little response in conductivity to storms. However, there was a minor response on August 21 to a storm  
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Figure 3-20. Summaries of water level, conductivity and daily rain at Mount Rock Spring for the 
summer season of 2009. Water level responded to rain events with rapid spikes, while conductivity did 
not vary. Prior to the installation of a stilling well the water level data was noisy. The stilling well seemed 
to fail by the end of September. Water level data was noisy throughout the monitoring period. Single 
point spikes or dips are assumed to be instrument noise.  
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from the previous day, during which more than 3 cm of rain fell. There was also a 5 μS/cm decrease in 

conductivity for this event. Water level slightly responded to the diffuse rain event on September 11 

(Figure 3-21). The response on the rising limb was very gradual and lasted approximately seven hours. 

On the other hand, conductivity remained flat, with no observable fluctuation during the storm. The 

results for Mount Rock Spring indicate either a matrix-dominated internal flow network or a diffuse 

recharge area because of little response to storms. The results presented are in agreement with Hippe et al. 

(1994), who found small variation in water level, conductivity, temperature, and alkalinity. In their report, 

they classified the spring as matrix dominated based on two years of monthly data. The small variation in 

water level and the flat response in conductivity suggested that Mount Rock Spring does not undergo 

significant change in hydrologic and geochemical parameters during individual storms. Because there is 

evidence of established conduits in the internal flow network (described in chapter 2), these phenomena 

are likely driven by the physical characteristics of the recharge area. A large and diffuse feeder system 

could smear-out rapid storm response because water has more time to recharge and mix within the 

system. Furthermore, the recharge area as reported in Hippe et al. (1994) is 1.49 square kilometers.   

Continuous Data Logging at Alexander Spring 

Continuous data on water level and conductivity are reported here for the summer season of 2009 

(Figure 3-22). Spring pool water levels ranged from 27 to 35 cm, while conductivity ranged from 619 to 

628 μS/cm. The spring did not have significant response in conductivity, temperature and water level to 

storms throughout the monitoring period and between seasons.  

Alexander Spring had slight variation to three storm events on July 31, August 1 and August 2, 

2009 (Figure 3-23). Water level for the first event increased slightly approximately two hours after the 

start of the storm. There seemed to be a response to the other two events, however this response was less 

than 1 cm, which is barely above the noise level. Conductivity did not change significantly change for 

these storms.  

Alexander Spring did not significantly respond to storms during a very wet summer and for all of 

the seasons. These results match conclusions made by Hippe, et al. (1994) who classified Alexander 
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Figure 3-21. Summaries of water level, conductivity and 30-minute rain at Mount Rock Spring for 
a diffuse summer storm event. Water level had a small and gradual response, while conductivity did not 
change in response to the storm. 
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Figure 3-22. Summaries of water level, conductivity and daily rain at Alexander Spring during the 
summer season. Note the lack of response in water level and conductivity to rain events. A stilling well 
was installed on July 13 and seemed to smooth-out the water level data. The water level logger and 
stilling well was moved on August 17 and created noisy data. Water level data was noisy for most of the 
monitoring period. Single point spike or dips are assumed to be noise. 
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Figure 3-23. Summaries of water level, conductivity and 30-minute rain at Alexander Spring for 
three summer storm events. Water level had a small response to the rain events, while conductivity did 
change. 
 

 

 



83 
 

Spring as a matrix-dominated system because of little variation in conductivity, temperature, and 

alkalinity. Their study included monthly measurements over a two-year period.  

Little variation in conductivity to storm events could indicate a well-mixed system or the absence 

of conduit flowpaths. However, based on high discharge measurements (as high as 9 cubic feet per 

second) reported by Hippe, et al. (1994), and evidence of several large openings at the spring mouth (as 

large as 30 cm in diameter) it seems likely that there are well-developed conduit flowpaths within the 

system. A large capture area and diffuse recharge can also influence the spring’s response to storms. The 

large discharge values could indicate a large recharge area for Alexander Spring. Hippe et al. (1994) 

reported a recharge area of 3.10 square kilometer. In conclusion, a likely explanation for this type of 

storm response is a combination of diffuse recharge and a large recharge area. 

Discharge Analysis 

Introduction 

A rating curve is the relationship of spring stage to the associated discharge. Knowing spring 

discharge is essential in quantifying the amount of water discharging from the system and is useful in 

spring capture area, mass balance and chemical flux calculations. A Marsh-McBirney Flo-Tote flowmeter 

was installed at Cedar Run Spring to measure flow rates from December 24, 2009 to January 6, 2010. A 

rain storm occurred on December 25 and 26, 2009 that produced over 3 cm of rain, while the flowmeter 

was installed at the spring. The flowmeter was also installed at Spring Lake Spring from February 1 

through April 12, 2010, during which time two large storms occurred, one on February 11 and the other 

on March 13, 2010. The meter collected flow data through a measured cross-section at 15-minute 

intervals at both field locations. Data collected from the flowmeter were compared to water level data that 

were collected by the Global Water Level Logger and was used in spring capture area calculations.  

Cedar Run Spring Rating Curve 

The water level ranged from 15 to 20 cm, while the flow ranged from 7 to 12 L/s (Figure 3-24). 

Cedar Run Spring had a linear relationship between water level and flow (Figure 3-25) for the December 

25 storm event. For a given discharge (X), the water level (Y) could be calculated based on the linear  
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Figure 3-24. Water Level discharge and daily rain for Cedar Run Spring. Water level and discharge 
from Cedar Run Spring had similar response to a storm event on December 24, 2009. The small storm 
event on January 1 was not large enough to induce a significant change in water level and discharge. The 
large sharp decrease in discharge on January 2 is likely the result of equipment malfunction. During a 
field visit on January 3 several leaves were removed from the flow sensor, which likely muted the  flow 
signal.  
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Figure 3-25. Rating curve for Cedar Run Spring. The curve was produced from a storm event on 
December 25, 2009. The blue diamond’s represent measurements made on the rising limb of the storm 
hydrograph, while the red squares mark measurements made on the falling limb of storm response. Note 
the linear relationship between the two parameters for water levels ranging from 15 – 20 cm. The red 
dashed line indicates flood conditions and where this relationship would not hold true. The equation of 
the regression line was used to calculate spring discharge during stormwater monitoring. 
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regression from Excel: 

Y = (1.098 * X) – 9.8099 eq. 10 

where Y is spring discharge in liters per second and X is the water level of the spring pool in centimeters. 

The R2 for this equation was 0.9855. The spring pool at Cedar Run is surrounded by a concrete wall that      

forms a square with a soil covered limestone outcrop. The total height of the concrete square from the 

bottom of the spring pool is 35 cm. This indicates that flooding of the spring pool would not occur unless 

water levels exceeded 35 cm. As a result the water level- discharge relationship reported here should be 

accurate for storms that do not cause the water level to rise above 35 cm. When water levels rise above 35 

cm the relationship of water level and discharge would not follow the same line, therefore further analysis 

would be needed to identify relationship during flood conditions.  

Spring Lake Spring Discharge Measurements 

 Spring Lake Spring forms a large spring pool and identification of a single discharge point was 

difficult. However, a spring house was located at the upgradient end of the spring pool, and several field 

visits suggested this was a discharge point. The flowmeter was installed at the spring house opening from 

February 2 to April 12, 2010. Negative flow occurred at Spring Lake (Figure 3-26), and as a result there 

was no relationship between water level and flow (Figure 3-27). The negative flow direction indicates that 

water from outside of the spring house was able to flow into the spring house where all of the monitoring 

equipment was installed. In other words, water from the large spring pool was able to reverse flow during 

particular conditions, probably related to overland flow into the spring pool. 

Negative flow at Spring Lake Spring created conditions that were not ideal, and as a result this 

spring could not be included in stormwater monitoring. The spring is located within a topographic low 

and is surrounded by areas of higher elevation on three sides. As a result the spring likely receives 

overland flow that is able to cause water levels to fluctuate. The water level variation would not be 

directly related to a change in groundwater elevation. In addition, the reverse flow would have added a 

source of water from the land surface that was not of interest for an investigation involving the 

interactions of groundwater and stormwater. 
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 Figure 3-26. Discharge and daily rain at Spring Lake Spring.  Negative flow occurred at the spring 
for a good portion of the time that the flowmeter was installed. Note, on February 29, 2010 the spring 
reached a negative flow rate of greater than 8 L/s. 
 

 
Figure 3-27. Water level discharge relationship at Spring lake Spring. The spring did not display a 
relationship between water level and discharge because of negative flow conditions. 
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Capture Area 

 Capture areas for the springs were calculated based on discharge measurements (Table 3-1).  

However, the capture area at Spring Lake Spring was not calculated because of negative flow. The 

capture areas at Alexander and Mount Rock Springs were calculated using spring discharge 

measurements made by a weir that was installed less than 500 feet downstream from the spring mouths, 

groundwater elevation contours and a 7.5 USGS quadrangle map with 10 foot contour intervals and  were 

reported in work by Hippe et al. (1993). The calculated capture areas were not large enough to support 

measured discharge values because there was a regional groundwater addition (Hippe et al., 1993). 

Unfortunately, because of lack of spring discharge data, a capture area for Trout Spring could not be 

determined. The capture area at Cedar Run Spring was calculated using the RTs, described in Chapter 2. 

A spring discharge measurement of 5 and 8 L/s were used at Cedar Run Spring because these discharge 

measurements seemed to represent normal flow conditions during the wet and dry seasons (Figure 3-28).  

Spring Spring Discharge 
(L/s) Spring Capture Area (sq. km) Data Source 

        

Alexander Spring 140 3.10 Hippe et al. 
(1993) 

Cedar Run Spring 5 / 8 0.29 / 0.46 -  

Mount Rock Spring 115 1.49 Hippe et al. 
(1993) 

Spring Lake Spring Not recorded Not calculated -  
Trout Spring Not recorded Not calculated  - 

Table 3-1. Spring discharges and capture areas. 

Alexander and Mount Rock Springs have large capture areas compared to Cedar Run. In addition 

to a small capture area at Cedar Run, the capture area likely has been reduced because of residential and 

urban development. On the other hand, Alexander and Mount Rock Springs are located in an agricultural 

setting, and thus likely have not experienced a significant reduction of their capture areas.  It is important 

to note that several major roadways that receive road salt are located near all of the springs which could 

reduce the groundwater quality discharging at each of the springs. 
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Figure 3-28. Discharge from April 2009 to April 2010 for Cedar Run Spring. Discharge calculated 
from rating curve.  Red dashed lines indicate the discharge values that were used for calculation of the 
capture area. Discharge values of 5 and 8 L/s were used in the calculation to represent wet and dry 
seasons. 
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CHAPTER 4 

GEOCHEMICAL MONITORING OF STORM EVENTS 

Introduction 

An automated ISCO sampler collected stormwater sampled at preprogrammed time intervals for 

four storm events (August 20 and 21, 2009, September 11, 2009 and March 13, 2010) at Cedar Run 

Spring. Each storm event was described in terms of antecedent conditions and storm intensity. Zoomed-in 

views of conductivity and water level for these particular storm events at Cedar Run Spring are displayed 

in chapter 3 for comparison among the storm events. The geochemical variations during storm discharge 

indicated the contribution of different flowpaths and the mixing of different source waters during storms. 

Analytical results for storm samples from the four storms are tabulated in Appendix C. 

Results for Storm Events 1 and 2 

 The storms on August 20 and 21, 2009 (called storms 1 and 2) were both collected from a single 

round of samples in the ISCO. Samples for storms1 and 2 were collected at one hour intervals. In addition 

to the storm samples, a sample was collected on August 2, 2009 that represented the chemistry of the 

spring water prior to the storms. It is important to note that Storm 2 occurred while the spring was still 

recovering from the first event. The last significant rainfall prior to the storms occurred on August 11, 

2009. Approximately 25 mm of rain fell during this event. A small amount of rain (5 mm of rain) also fell 

on August 18, 2009.  For Storm 1 37 mm of rain was measured and 13 mm for Storm 2. The storms were 

high intensity events: 25 mm/hr and 26 mm/hr for storms 1 and 2, respectively.  

Major Ion Storm Events 1 and 2 

 Figure 4-1 summarizes the distribution of samples collected for the storms in regards to where 

they were captured on the hydro-chemograph during storm response. There was a baseflow sample 

collected on August 2 that is not included on the plot. All of the major ions are reported as a function of 

time. 

           The major anions (HCO3
-, Cl-, SO4

2- and NO3
-) all behaved in a similar manner for both storms. 

The individual anion concentrations decreased in concentration between baseflow and the first ISCO  
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Figure 4-1. Conductivity and discharge values for samples collected for storm events 1 and 2. A 
total of 25 samples were collected for storm events 1 and 2. The baseflow sample from August 2nd is not 
shown on this plot. Rain data are reported at 30-minute intervals. 
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samples (sample numbers 0 and 1, respectively), except HCO3
- which increased. Anion concentrations 

decreased sharply and correlated with peak discharge conditions, approximately two hours after the onset 

of the precipitation events (Figure 4-2). The initial decreases in anion concentrations for Storm 1were 

followed by gradual increases that exceeded pre-storm conditions and generally remained above pre-

storm conditions for approximately fifteen hours, until the start of Storm 2. HCO3
- and Cl- were more 

variable between the two events, compared to NO3
-
 and SO4

2-. In general, all of the anions seemed to 

exceed pre-storm conditions; however, SO4
2- seemed to follow the conductivity variation more closely 

compared to the other anions. HCO3
-, Cl- and NO3

- reached minima in response to Storm 1, however 

SO4
2- concentrations reached a minimum in response to Storm 2 and occurred approximately two hours 

prior to peak discharge for that storm.   

The major cations (Ca2+, Mg2+,K+ and Na+) varied in response to Storms 1 and 2 (Figure 4-2). 

Ca2+ and Na+ decreased in concentration between the baseflow and first ISCO samples. On the other 

hand, Mg2+ and K+ increased between the two samples. Following this initial response, the four cations 

decreased in concentration that correlated with an increase in discharge for both storms. Ca2+, K+ and Na+ 

reached their lowest concentrations in response to storm event 1, while Mg2+ reached its lowest 

concentration in response to storm event 2. Mg2+ and K+ did not increase prior to Storm 2. The cations 

increased smoothly between the two storm-events, with concentrations that exceeded pre-storm 

concentrations and closely resembled the variation in conductivity. 

 Although the concentrations decreased at the peak of discharge, the mass flux of all the ions 

peaked during storms because the volume of water increased For example, the peaks of discharge in 

storms 1 and 2 show a peak in mass flux (Figure 4-3). Between storms 1 and 2 all of the ions except SO4
2- 

followed the discharge trend. SO4
2- gradually increased because the concentrations were increasing while 

the discharge was gradually declining. 

Hysteresis for Storm Events 1 and 2  

When conductivity and the molar Mg/Ca ratio (analytical uncertainty is 0.002) were plotted 

against spring discharge, the data points did not fall on the same line for the rising and falling limbs, but 
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Figure 4-2. Major ion variations for storm events 1 and 2. Sample number 0 on the x-axis represents a 
baseflow sample that was collected on August 2, 2009. Every sample collected after the baseflow sample 
represents an hour’s time. With the exception of HCO3

-, K+ and Mg2+, the concentrations initially 
decreased with the onset of storm event 1. All ion concentrations decreased for storm event 2. Between 
the two storms ion concentrations exceeded pre-storm conditions. 
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Figure 4-3. Mass flux of ions for storms 1 and 2. The mass flux of all ions peak during the two storms. 
Between the storms all the ions except SO4

2- follow the discharge trend. 
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rather hysteresis occurred for storm event 1 (Figure 4-4). The conductivity loop rotated in a counter-

clockwise direction while Mg/Ca rotated in a clockwise direction. The rotational pattern of conductivity 

for the collected samples displayed an initial decrease of approximately 45 μS/cm, dropping from 618 to 

576, and where lowest conductivity correlated with peak discharge. It is important to note that 

conductivity reached a low of 538 μS/cm as recorded by the continuous data logger. Unfortunately, a 

sample was not collected during these conditions. The response on the rising limb of storm event 1 

occurred rapidly (approximately 3 hours). Response on the falling limb displayed a rapid increase in 

conductivity, after which the spring responded much slower and where conductivity drifted above pre-

storm conditions. Mg/Ca increased from 0.175 to 0.198, followed by a decrease to 0.172 that correlated 

with peak discharge. The lowest recorded Mg/Ca ratio (0.171) occurred approximately one hour after 

peak storm conditions at a discharge of 10 L/s. The system did not completely make it back to pre-storm 

conditions because storm event 2 occurred while the system was still in response to the first event. 

 There was little separation (less than analytical uncertainty) in molar Mg/Ca ratio for Storm 2 

(Figure 4-5) and thus no observable hysteresis. On the other hand, conductivity data collected from the 

continuous data logger displayed hysteresis. The conductivity rotated in a counter-clockwise direction 

like storm event 1. There was an initial decrease from 627 to 576 μS/cm. This happened in a rapid manner 

like storm event 1and rotated in a counter-clockwise rotation until approximately 2.5 hours after the start 

of the systems response to the event. After the rapid response, the conductivity peaked at 632 μS/cm, after 

which the spring returned to pre-storm conditions.  

Saturation Ratios for Calcite, Dolomite and pCO2 for Storm Event 3 

Prior to the storm event 1 the pH of the spring water was 7.08 as indicated from the baseflow 

sample and fell to 6.36, on the rising limb (Figure 4-6). The small pH decrease was followed by a rapid 

spike that reached a pH of 6.45. The spike was followed by a gradual decrease back to 6.40 and until the 

start of Storm 2. With the onset of the second storm pH increased from 6.40 to 6.47, and lacked an initial 

decrease. Based on PHREEQC calculations (Figure 4-7), calcite and dolomite were undersaturated in all  
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Figure 4-4. Mg/Ca and conductivity hysteresis for storm event 1. The first sample represents baseflow 
conditions. Note the opposite direction of rotation for conductivity and Mg/Ca. Mg/Ca increased because 
Mg2+ increased, while conductivity decreased. Analytical uncertainty of the molar ratio is on the order of 
0.002. 
 

 
Figure 4-5. Mg/Ca and conductivity versus discharge for storm event 2. Storm event 2 occurred while 
the spring was still in response to event 1. Note the little variation and lack of Mg/Ca hysteresis for this 
event. Conductivity rotated counter-clockwise but with less separation compared to Storm 1.Conductivity 
data is every 15 minutes and from the data logger. Analytical uncertainty of the molar ratio is on the order 
of 0.002. 
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Figure 4-6. pH variation for samples collected during storm events 1 and 2. Logger pH was corrected 
by field measurements prior to the storm event (described in chapter 2). Note the small initial decrease in 
pH for storm event 1 followed by a sharp increase. Storm event 2 displayed only an initial increase. Rain 
is reported every half-hour.  
 

 
Figure 4-7. Geochemical variation for samples collected during storm events 1 and 2. Note the large 
decreases in the saturation states of calcite and dolomite to Storm 1 and the large increase in CO2 
pressure. There were dips in the three parameters that correlated with peak discharges for the second 
storm but the variations were close to analytical uncertainty.  
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samples and the degree of undersaturation remained nearly constant during the sampling interval. 

However, a baseflow sample collected in early August was closer to saturation with respect to calcite (-

0.13) and dolomite (-1.1) compared to the storm samples. The CO2 pressure (Figure 4-7) remained nearly 

constant at ca. 300 times atmospheric values during the storms, but there was a large initial increase on 

the rising limb for Storm 1 and a small decrease for Storm 2. The variations in the geochemical 

parameters for some samples, especially between the two storms are close to analytical uncertainty, 

because of expected precision in the pH logger (0.02 pH units), bicarbonate titrations (5-10 %) and major 

ion analyses (up to 6%). Furthermore, a pH change of 0.02 would change the saturation states of calcite 

and dolomite by the same magnitude. The CO2 pressure could possibly have an uncertainty of 

approximately 0.1 log units. 

Results for Storm Event 3 

Samples for Storm 3 were collected at half-hour intervals. In addition to the storm samples, a 

sample was collected on September 7, 2009 that represented the chemistry of the spring water prior to the 

storm. Storm 3 occurred after approximately eleven days of no rain, in fact, the last significant rainfall 

prior to Storm 3 occurred on August 29, 2009, approximately 10 mm of rain occurred during this event. 

There was a total of approximately 43 mm of rain for the storm. This storm was a low intensity event (2 

mm/hr) and was approximately 24 hours long.  

Discharge and conductivity varied greatly during Storm 3 (Figure 4-8). The overall conductivity 

displayed an initial decrease of 44 μS/cm between the September 7, 2009 and first ICSO sample. By the 

third ISCO sample, or approximately one hour after the spring started responding to the storm event, 

conductivity dropped to 553 μS/cm. This sample represented the least conductive sample collected for the 

storm. Unfortunately, a sample was not collected when the spring water was most dilute (533 μS/cm).  

After the decrease in conductivity there was an increase that drifted above pre-storm conditions, and 

reached 639 μS/cm by sample number 24. 
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Figure 4-8. Conductivity and discharge characteristics for samples collected during storm event 3. 
There was a baseflow sample collected on September 7, 2009. There is a half hour time delay between 
each sample. The recession had gradual recovery for storm event 3. 
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Major Ions Storm Event 3 

The major anions (HCO3
-, Cl-, SO4

2
 
- and NO3

-) displayed variation throughout in response to 

Storm 3, a diffuse event (Figure 4-9). HCO3
-
 displayed the most variation to the storm. The four anions 

displayed initial decreases between the baseflow sample and the first ISCO sample. The initial sharp 

decrease in anion concentrations for Storm 3 were followed by gradual increases for all of the species. 

SO4
2- concentrations exceeded pre-storm conditions (by 25 mg/L) approximately five hours after the start 

of the storm and reached 45 mg/L by sample number 24. HCO3
- and Cl- were more variable for this event 

with several sharp increases and decreases during gradual change in spring discharge. In fact, HCO3
- 

reached a maximum concentration ten and a half hours after the start of the storm event. Cl- reached a 

maximum concentration by the last ISCO sample, approximately 12 hours after the start of the storm 

event. 

Ca2+ and Na+ decreased between the baseflow and first ISCO samples, while Mg2+ and K+ 

increased between the two samples. Ca2+ and Na+ ions decreased and correlated with peak discharge for 

the storm. Moreover, Ca2+ and Na+ reached their lowest concentrations approximately one hour after the 

start of the storm. Ca2+ and Na+ displayed great variability after peak storm conditions, where several 

sharp increases and decreases occurred. Between sample numbers 10 and 12 Ca2+ concentrations dropped 

from 115 to 100 mg/L and between sample numbers 10 and 12 the concentration dropped from 115 to 

102 mg/L. In addition, Na+ concentration increased through the sampling interval. Interestingly, Mg2+ 

concentration reached a minimum approximately five hours after peak discharge conditions (sample 

number 13). In addition, Mg2+ reached a storm maximum approximately three and a half hours after peak 

discharge conditions (sample number 11).  

Hysteresis for Storm Event 3 

 When conductivity and Mg/Ca were plotted against spring discharge hysteresis occurred for 

Storm 3 (Figure 4-10). The conductivity loop rotated in a counter-clockwise direction (same path as 

storms 1 and 2) while Mg/Ca rotated in a clockwise direction, but was more complicated at a refined  
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Figure 4-9. Major ion variation for samples collected during storm event 3. Sample 0 represents a 
baseflow sample collected on September 7, 2009. There is a half hour between each sample. There is a 
general upward trend in ion concentration starting immediately after peak discharge conditions. Note, the 
variations in Ca2+, Na+, K+ and Mg2+ concentrations between sample numbers 10 and 16. Also note the 
variations in HCO3

- concentrations between sample numbers 17 and 23. 
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Figure 4-10. Mg/Ca and conductivity hysteresis for storm event 3. The first sample represents 
baseflow conditions. Note the opposite direction of rotation for conductivity and Mg/Ca. Mg/Ca initially 
increased, while conductivity decreased. Note how smoothness of the conductivity rotation compared to 
Mg/Ca. Analytical uncertainty of the molar ratio is on the order of 0.002.  
 

 
Figure 4-11. Zoomed-in view of Mg/Ca hysteresis for storm event 3. There were two distinct 
clockwise loops between 11 and 12 L/s that could not be observed in Figure 4-9 because the x-axis scale 
was too large. Analytical uncertainty of the molar ratio is on the order of 0.002  
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discharge (Figure 4-11). The rotational pattern of conductivity displayed an initial decrease. By sample 

number 4 conductivity reached approximately 553 μS/cm, where lowest conductivity correlated with peak 

discharge. The response on the rising limb of Storm 3 occurred rapidly (approximately 3 hours). 

Response on the falling limb rapidly increased in conductivity, after which there was a much slower 

response where conductivity drifted above pre-storm conditions. Mg/Ca had a less smooth response, with 

several sharp increases and decreases throughout storm response compared to conductivity. The ratio 

increased from 0.175 to 0.193, followed by several small increases and decrease on the rising limb of 

storm response. During spring response on the falling limb there was a sharp decrease to 0.162 that 

gradually increased to 0.196, before the spring started to approach pre-storm conditions. There were two 

small hysteresis loops that rotated in a counter-clockwise direction (Figure 4-11) that occurred between 

discharge values of 11 and 12 L/s. 

Saturation Ratios for Calcite, Dolomite and pCO2 for Storm Event 3 

Figure 4-12 displays 15-minute pH data for Storm 3 and where the ISCO samples were collected 

in regards to the pH value at the time of sample collection. Prior to the start of Storm 3 the pH of the 

spring water was 7.10 and increased to 7.16, approximately one hour after the most intense portion of the 

storm event. After the pH spike the spring water gradually declined to pre-storm conditions. Storm event 

3 did not initially decrease in pH compared to Storm 1.  

Based on PHREEQC calculations (Figure 4-13), calcite and dolomite were undersaturated in all 

samples and the degree of undersaturation remained nearly constant during the sampling interval. An 

initial decease in the saturation states of calcite and dolomite occurred between the baseflow and the first 

ISCO samples, where the spring water became more undersaturated. The initial decreases in the saturation 

states of calcite and dolomite gradually dropped while discharge increased. The CO2 pressure initially 

increased and then decreased the rising and falling limbs of storm response before it remained constant at 

ca. 65 times atmospheric values.  
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Figure 4-12. pH variation for storm event 3. Logger pH was corrected for by field measurements prior 
to the storm event (described in chapter 2). pH increased for this storm. Rain is reported every half-hour.  
 

 
Figure 4-13. Geochemical variation for storm event 3. Saturation states of calcite and dolomite 
increased between the baseflow and first ISCO sample. Sample number 19 the saturation states of calcite 
and dolomite became most undersaturated during the storm monitoring and were more understaturated 
compared to pre-storm conditions. 
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Figure 4-14. Conductivity, discharge and 30-minute rain characteristics for samples collected 
before, during and after storm event 4. There was a baseflow sample collected on March 9th and 21, 
2010. There is a half hour time delay between each sample. Conductivity displayed two peaks, both 
during discharge recession. Samples inside the ellipse indicate the samples collected on the rising and 
falling limbs and are displayed in Figure 4-15. 
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Results for Storm Event 4 

 Samples for Storm event 4 were collocated at a half-hour interval (figure 4-14). Unfortunately, 

continuous pH data for this event was not collected because the logger was installed at Spring Lake 

Spring and as a result geochemical modeling could not be performed. In addition to the storm samples, a  

sample was collected on March 9, 2010 that represented the chemistry of the spring water prior to the 

storm event and on March 21st that represented the chemistry of spring water after storm response. In 

addition to the two baseflow samples, a water sample was collected on March 14th at 8:30 AM 

(approximately four hours after the last ISCO sample) when before the spring returned to baseflow. This 

storm occurred during relatively dry conditions and after a period of heavy snowmelt. In fact the last 

significant rainfall prior to storm event 4 occurred on February 11, 2010, approximately 5 mm of rain 

occurred during this event. There was a total of approximately 17 mm of rain from March 12th to 13th.  

This storm event was a low intensity event (0.7 mm/hr) and was approximately 23 hours long. 

The distribution of ISCO samples and the sample collected on March 14th at 8:30 AM only (not 

including the two baseflow samples) summarizes where the samples were collected during the rise and 

fall of discharge and conductivity as the precipitation varied (Figure 4-15). Storm 4 had a different pattern 

compared to the summer storms, in that there was not an initial decrease in conductivity. Prior to the 

storm conductivity was approximately 615 μS/cm and reached a peak of 675 μS/cm. In addition, 

conductivity responded with another small peak during spring recession that was likely a reflection of the 

diffuse rain event. Spring discharge was approximately 11 L/s prior to the storm event and reached a peak 

of approximately 17 L/s during storm response.  

the discharge conditions at the time of sample collection.  

Major Ions Storm Event 4 

 The major anions (HCO3
-, Cl-, SO4

2- and NO3
-) varied in response to Storm 4, a diffuse event 

(Figure 4-16). HCO3
-
 varied the most (specifically between sample numbers 0 and 9) to the storm. Cl- 

concentrations never exceeded 63 mg/L for the previous three storms, however for this event Cl- exceeded 

100 mg/L, suggesting that the spring was able to recharge water that was affected by road salt. Cl- 
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displayed a gradual increase throughout storm response, but dropped from 100 to 77 mg/L between the 

last storm sample and the March 21st baseflow sample.  

 Like the major anions, the cations (Ca2+, Mg2+, K+ and Na+) varied in response to Storm 4 (Figure 

4-16). Na+ and K+ were the only two ions to initially increase. Ca2+ varied the most (specifically between  

 

 
Figure 4-15. Discharge and 30-minute rain characteristics for ISCO samples collected during storm 
event 4. There were two baseflow samples collected on March 9th and 21, 2010 that are not included on 
this figure. A zoomed-in picture of the ISCO samples and the sample collected on March 14th at 8:30 AM 
gives a better description in regards to  
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Figure 4-16. Major ion variation for samples collected during storm event 4. Samples 0 and 26 
represent a baseflow samples collected on March 9 and 21, 2010; sample 25 is the manual sample 
collected on March 14. There is a half hour time delay between each sample. There is a general upward 
trend in ion concentrations for Cl- and Na+. HCO3

-, Ca2+ and Mg2+ were more variable during storm 
response. 
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sample numbers 0 and 12) to the storm. Prior to the storm Ca2+
 was 96 and dropped to 74 mg/L by sample 

number 3. Between sample numbers 3 and 13 Ca2+
, varied before leveling out for the remainder of the 

samples. Mg2+ behaved similar to Ca2+, while Na+ displayed a gradual increase (much like Cl-) during 

storm response. 

Hysteresis for Storm Event 4 

When conductivity and Mg/Ca were plotted against spring discharge the data could not be fit with 

a line and instead hysteresis occurred for Storm 4 (Figure 4-17). The conductivity loop rotated in a 

counter-clockwise direction (same path as storms 1, 2 and 3) while Mg/Ca rotated in a clock-wise 

direction. Both Mg/Ca and conductivity created complex pathways there were not smooth, where there 

were several smaller loops within the overall storm response. The pattern of conductivity initially 

increased rather than a decrease as observed in the other storms. The baseflow samples that were 

collected on March 9th and 21st had similar conductivity. Mg/Ca displayed a less smooth response that had 

several increases and decreases throughout storm response compared to the conductivity. A closer look at 

Mg/Ca revealed several smaller hysteresis loops that could be seen at a finer discharge interval (Figure 4-

18).  

 

. 
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Figure 4-17. Mg/Ca and conductivity hysteresis for storm event 4. The first sample represents 
baseflow conditions. Mg/Ca and conductivity initially increased and rotated in opposite directions. 
Analytical uncertainty of the molar ratio is on the order of 0.002. 
 

 
Figure 4-18. Mg/Ca hysteresis for storm event 4, zoomed-in. The Mg/Ca path for storm event 4 (a 
diffuse storm event) had several smaller loops, much like storm event 3. Analytical uncertainty of the 
molar ratio is on the order of 0.002.   
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

Matrix and conduit character of springs 

Conductivity and water level data collected from continuous data loggers at Alexander, Mount 

Rock, Spring Lake, and Trout Spring did not vary greatly following individual storm events (Chapter 3). 

The minimal response in conductivity and water level to storm events indicates that either the recharge 

area or the flow network is matrix, or that the recharge area for these springs is large (or some 

combination of these factors). On the other hand, the conductivity and water level at Cedar Run Spring 

responded within a few hours of individual storms (Chapter 3).  

Monthly samples indicated that Alexander, Mount Rock and Trout had higher NO3
- 

concentrations because the landuse in the area of the springs was agricultural. Cl- was higher at Cedar 

Run and Spring Lake because the landuse in the area of these springs was residential. The saturation 

states of calcite and dolomite were very close to saturation, or even oversaturated for the majority of the 

monthly samples at Alexander, Mount Rock, Trout and Spring Lake. The results suggested that these 

springs had some combination of the following: matrix dominated flowpaths, diffuse dominated capture 

areas (a low density of sinkholes) or large capture areas. On the other hand, the saturation states of calcite 

and dolomite at Cedar Run varied between undersaturation and oversaturation and suggested that the 

spring had a combination of matrix and conduit flowpaths. 

 The mouth of Alexander Spring had several large conduit discharge points. However, the 

conductivity and water level did not change greatly during storm events, a characteristic of diffuse or 

matrix flow. In addition, during site visits water flowing out of the conduit discharge points seemed to be 

turbulent, which is a physical characteristic of water flowing through conduits. The combination of 

conduit openings and turbulent flow suggested that Alexander Spring indeed has conduit flowpaths within 

the overall flow network. The lack of storm response indicated the spring had a more diffuse dominated 

and large recharge area. At Mount Rock Spring, a single large conduit opening (>1 m in diameter) at the 

spring mouth allowed water to bubble rapidly to the surface. In addition to the large conduit discharge 
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point, Mount Rock Spring disappears (sinking stream) approximately 1 km from the spring mouth 

through a large sinkhole. The previous two physical characteristics at Mount Rock Spring suggested that 

there were conduit flowpaths within the subsurface flow network. The water level in the spring did not 

respond significantly to individual storm events, and the conductivity remained flat during storms. The 

lack of chemical response to storm events and the physical characteristics of Mount Rock Spring 

suggested that the spring had a large capture area and a diffuse dominated recharge area. 

 A single conduit discharge point at Trout Spring was not apparent; instead the spring formed a 

large seep feature that was the discharge area. The seep feature and lack of a single conduit discharge 

point suggested that water was moving through matrix flowpaths. The spring displayed a lagged response 

in conductivity and water level to storm events; however the variation was quite small. Nonetheless, a 

drop in conductivity in response to individual storm events could be an indication of conduit flowpaths. 

The large seep discharge point and lagged/small response to storm events suggested that Trout Spring was 

dominated by matrix flow. It is important to note that the spring discharges from the Elbrook Formation 

which contains layers of calcareous shale that is able to weather into a very fine-grained residuum. The 

weathered material would be able to fill larger flowpaths (if there were any), creating a lagged response to 

storm events. Further data from continuous data loggers and monthly samples would be useful in better 

characterizing the flow network at Trout Spring. The recharge area of Trout Spring is likely diffuse, 

because it is in close proximity to a resistant ridge forming formation. The ridge is weathered into a 

colluvium material that is able to clog conduit recharge points.  

 Much like Trout Spring, Spring Lake displayed a large seep discharge feature. The seep formed a 

topographic low that seemed to be affected by overland flow. As a result, the natural variation of 

conductivity and water level at Spring Lake was hard to characterize. The spring did however have a 

gradual conductivity response to individual storm events, but again it was hard to determine whether the 

response was related to groundwater or overland flow.  

 Cedar Run Spring displayed a single conduit discharge point at the spring mouth. In addition, the 

spring displayed rapid conductivity and water level response to storm events. There were several conduit 
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features found within 2 km of the spring mouth. These features included sinkholes and fracture and 

conduit flowpaths that were observed in outcrops. The rapid response in conductivity and water level 

coupled with the field observations indicated that the spring had conduit features in the subsurface flow 

network and in the recharge area. Cedar Run Spring had a small recharge area, as determined by 

relatively small discharge rate, and this too could create rapid storm response.  

Geochemical Monitoring During Storm Events 

The purpose of this investigation was to test the hypothesis that variations in Mg/Ca ratios of 

spring water during storm response can be used to describe the variation of matrix and conduit flowpaths 

in karst flow systems during storm events in more detail than conductivity. To characterize flowpath 

variation, hysteresis in conductivity and Mg/Ca versus spring discharge were examined at Cedar Run 

Spring. Mg/Ca variations are informative with regards to water rock interactions, where a higher Mg/Ca 

indicates diffuse water and a lower ratio indicates conduit water. Overall ion content (measured by 

conductivity) can also vary during storms, but conductivity is less sensitive to flow path because it 

represents a mixture of ions.  If matrix and conduit water mix, the dilution that occurs masks the matrix 

contribution.  The rotation and overall pattern of the hysteresis loop would be controlled by the variations 

in flowpaths during storm events and also storm intensity and antecedent conditions. As a result, this 

section will be organized by storm type for each the four storm events. 

Temporal Variation for High Intensity Storm Events 

Storms 1 and 2 were high intensity (25 and 26 mm/ hr, respectively) and short duration (1.5 and 

0.5 hours, respectively) events that occurred during the summer season, and as a result created a single 

slug of dilute precipitation water that recharged the karst system. When Mg/Ca and spring discharge were 

plotted as a function of time there seemed to be a relationship between the behavior of Mg/Ca and spring 

discharge on the rising/falling limbs and recession portions of the hydrograph (Figure 5-1). Most of the 

hydrochemical change occurred on the rising limb of the hydrograph, while there was little variation in 

Mg/Ca during the falling limb and the gradual recession. With the onset of response to storm event 1 

there was an initial increase in Mg/Ca on the rising limb of the hydrograph. This rapid rise represented a  
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Figure 5-1. Geochemical and hydrological variation through time for storm events 1 and 2 with 
matrix and conduit components. There was greatest variation in matrix and conduit flow during 
rising/falling limb conditions for storm events 1 and 2. During spring recession after event 1 Mg/Ca 
remained very close to baseline conditions. Red dashed line indicates baseline Mg/Ca, yellow = baseline 
conditions, gray = matrix component and blue = conduit component.  

 

 

 

 

 

 

 

 

 

 



115 
 

quick flush of older matrix water that was mobilized out of storage because of displacement by younger 

precipitation water that quickly entered the system. Following the matrix flush there was a sharp decrease 

in Mg/Ca that slightly fell below baseline conditions. This indicated that younger water was flowing 

through larger/conduit flowpaths. During recession Mg/Ca remained slightly below baseline conditions as 

the influence of conduit water was diminished.  

When the spring responded to storm event 2 there was a slight drop in Mg/Ca that was the result 

of more dilute rainwater filling the conduit flowpaths. It is important to note that there was not an initial 

increase in Mg/Ca as was the case for storm event 1 because the matrix had already been flushed by the 

prior storm. This phenomenon is also linked to the small, but noticeable decrease in Mg/Ca on the rising 

limb of storm event 2. 

Temporal Variation for Low Intensity Storm Events  

Storms 3 and 4 were low intensity, longer lasting storm events compared to the first two storms. 

Storm 3 lasted twice as long as Storm 4. The diffuse nature of events 3 and 4 created multiple slugs of 

conduit water during storm response as evidenced by Mg/Ca and hydrological variations.  

Storm event 3 lasted for approximately 24 hours and occurred after a prolonged period of dry conditions 

during a summer season. As a result there was an initial increase in Mg/Ca that occurred on the rising 

limb of storm response (Figure 5-2).  The initial spike in Mg/Ca indicated a flush of older matrix water. 

After the flush there were several smaller sharp increases and decreases and one large decrease that 

continued during a gradual increase, and eventual decrease in spring discharge. The variability in Mg/Ca 

indicated variations in matrix and conduit flowpaths in response to this storm event contrasts with the 

smooth response in discharge. Apparently, the diffuse storm event was able to sporadically activate 

conduit flowpaths and thus created a mixed signal in Mg/Ca. This response differs from the intense storm, 

which had little variation during recession. The Mg/Ca did not return to baseline conditions because the 

long lasting storm event exceeded the sampling frequency.  

Storm 4 occurred during the winter season shortly after the last melting of approximately 50 cm 

of snow. The storm event was low intensity and lasted for approximately 12 hours. This event displayed  



116 
 

 
Figure 5-2. Geochemical and hydrological variation through time for storm event 3 with matrix and 
conduit components. Storm event 3, a diffuse event displayed a matrix – conduit – matrix – conduit 
pattern during storm response. Note, Mg/Ca never returned to base during the monitoring period. Red 
dashed line indicates baseline Mg/Ca, yellow = baseline, gray = matrix component and blue = conduit 
component.  
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significant variation in Mg/Ca and an interesting hydrograph that displayed two distinct peaks  (Figure 5-

3). The rising limb of the first (smaller) peak displayed an increase in Mg/Ca that was caused by a flush 

of older matrix water. The Mg/Ca displayed several sharp increases and decreases between the 

rising/falling limbs but never dropped below baseline conditions. This suggested that there was a greater 

volume of matrix water compared to conduit water for this event. After the variation on the falling limb 

there was an abrupt decrease to baseline conditions, where the Mg/Ca remained constant throughout 

recession. Mg/Ca reached baseline approximately three hours after the rain had stopped. The sharp 

decrease indicated the last pulse of conduit water for this event.  

Rotational Variation for High and Low Intensity Storm Events 

Conductivity and Mg/Ca displayed differing responses. For example, the conductivity versus 

discharge relationship is almost identical for storm events 1 and 3; however, the Mg/Ca versus discharge 

relationships were quite different (Figure 5-4). Conductivity for these two events had a smooth counter-

clockwise hysteresis loop, but for Mg/Ca versus spring discharge only storm event 1 rotated smoothly. 

The different Mg/Ca patterns for these two events is related to the storm intensity conditions, as a rapid 

storm event produced a single slug of conduit water, compared to a diffuse storm that created multiple 

pulses of conduit water. Mg/Ca for storm event 3 displayed several spikes and dips, with smaller loop 

patterns caused by variations in flowpaths during storm response. Apparently, Mg/Ca was more sensitive 

at indicating the variation in flowpaths, compared to overall conductivity, because these cations are 

related to the limestone rock. 

Conductivity for Storms 2 and 4 also rotated counter-clockwise, although with a different 

appearance than Storms 1 and 3. Conductivity for Storm 2 did not vary much, because this event occurred 

while the system was still in response to Storm 1. Conductivity for Storm 4 rotated in a counter-clockwise 

direction; however there was a steady increase during storm response. The increase in conductivity during 

the winter event can be attributed to Cl- and Na+ increases and is evidence of road salt.  

Conductivity for Storms 2 and 4 also rotated counter-clockwise, although with a different 

appearance than Storms 1 and 3. Conductivity for Storm 2 did not vary much, because this event occurred  
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Figure 5-3. Geochemical and hydrological variation through time for storm event 4 with matrix and 
conduit components. Like storm event 3, event 4 displayed a matrix – conduit – matrix – conduit pattern 
during storm response. Mg/Ca returned to baseline conditions during slow discharge recession. Red 
dashed line indicates baseline Mg/Ca, yellow = baseline conditions, gray = matrix component and blue = 
conduit component. 
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A  

B  
Figure 5-4. Geochemical hysteresis for all storm events (A) Conductivity and (B) Mg/Ca. 
Conductivity hysteresis for events 1 and 3 had similar conductivity patterns, but quite different Mg/Ca 
patterns. Arrows are color coordinated to event number and indicate the start and direction of rotation for 
each storm event.  
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while the system was still in response to Storm 1. Conductivity for Storm 4 rotated in a counter-clockwise 

direction; however there was a steady increase during storm response. The increase in conductivity during 

the winter event can be attributed to Cl- and Na+ increases and is evidence of road salt.  

The initial rotational pattern of the Mg/Ca hysteresis was in a clockwise direction (Figure 5-4) 

except for storm event 2 which shows little hysteresis. The direction contrasts with the counter-clockwise 

hysteresis of conductivity, which is a result of variations in Ca2+ and Mg2+. The decrease in Ca2+ causes a 

decrease in conductivity, but an increase in the Mg/Ca ratio. Increases in Mg2+ can also increase the 

Mg/Ca ratio; however, such an increase is not enough to change the overall conductivity because Mg2+ is 

not the major cation in solution. The pattern is generally clockwise for storm events 3 and 4, but has some 

small counterclockwise loops associated with storm pulses. The Mg/Ca pattern suggested that there was a 

mix of matrix and conduit water, as expected, but the initial Mg/Ca spike, or matrix flush started the 

clockwise rotation, which was continued by dilute storm water from conduits on the rising limb (Figure 5-

5). The dilute conduit water continued during recession then matrix water returned the system to baseflow 

concentrations.  The initial matrix water flush was only indicated by the ion ratio, not the total 

conductivity.  Even during the winter storm event the increase in conductivity was not related to the 

limestone rock, but probably due to road salt.   

Future Work 

 Further study at Cedar Run Spring could aid in the characterization of the variations of flowpaths 

during storm events. First, a more sophisticated sampling scheme could be implemented that could better 

describe the chemical variations during the rising/falling limbs of the storm hydrograph. This could be 

achieved by using two ISCO samplers, where one sampler could be programmed with the intention of 

collecting samples on the rising/falling limbs, and the other focused on collecting samples on the 

recession. Using two samplers would better describe the variations during long lasting diffuse storm 

events compared to only a single sampler.  

A second element of further investigation would be storm sampling of a more matrix dominated 

karst system. Cedar Run Spring had characteristics of conduit flowpaths and could be compared to a  
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Figure 5-5. Hydrograph and corresponding hysteresis model for Mg/Ca for three storm events that 
show hysteresis at Cedar Run Spring. Three storm events at Cedar Run Spring indicated an initial push 
of matrix water (1) on the rising limb of storm response, followed by the mixing of conduit water (2) that 
started on the rising limb of storm response. During the falling limb (3) conditions start return to base (4). 
As a result, when Mg/Ca was plotted versus spring discharge clockwise hysteresis occurred. 
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spring that had less developed flowpaths. A comparison of how the two end-member flow systems differ 

would be beneficial in water quality and contaminant investigations.  

 Further geochemical analyses in the form of isotopes could be done on storm samples. Variations 

in isotopes of hydrogen and oxygen could quantify the proportions of pre-event (matrix) and storm event 

(conduit) waters because more variability is expected in conduit waters. Oxygen isotopes will shift due to 

changes in temperature; however, the amplitude of change is much greater in precipitation compared to 

groundwater and creates distinction between the two end-members In addition to isotopes of hydrogenand 

oxygen, carbon could also be utilized. Carbon isotopes could be useful in determining whether the water 

evolved through a soil zone, or was derived from phreatic or storm event waters.  Although mixing in the 

flow path has been identified in this study, these additional analyses would help specify the flow paths 

from the recharge area through the flow system. 

Conclusions 

Samples collected during the four storm events at Cedar Run Spring provided clues to the 

variations in matrix and conduit flowpaths during storm response. In addition to geochemical variation, 

hydrograph recession analysis also aided in flowpath characterization during storm events. Three of the 

four storm events displayed an initial flush of matrix water followed by conduit water and was evidenced 

by the rapid Mg/Ca spike followed by a sharp decrease. Furthermore, the changes in flowpath occurred on 

the rising limb of the spring hydrograph for storms 1-3. Upon comparing the geochemical and 

hydrological variations during storm response it can be concluded that Mg/Ca ratios better track the 

variation in matrix and conduit flowpaths during storms as Cedar Run compared to overall conductivity. 

Storm intensity affected geochemical and hydrological variation during storm response. A more 

intense storm event seemed to produce a smoother hysteresis pattern for Mg/Ca, compared to diffuse 

events which created a less smooth Mg/Ca pattern (Table 5-1). Diffuse storm events created more 

complicated hydrographs where multiple discharge peaks were noted. Also, a discharge plateau was noted 

for storm event 3 and correlated with a sharp decrease in Mg/Ca several hours after the rain had stopped. 

Geochemical and hydrological variations during storm events at Cedar Run Spring suggested that water 
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was able to rapidly enter the karst system through sinkholes (as noted in the timing of storm response) 

and flush older matrix water. Once in the saturated zone (karst aquifer) the water was diverted into both 

matrix (slow) and conduit (quick) flowpaths (Figure 5-6).  Different flowpaths carry different 

geochemical and hydrological signatures. At Cedar Run the rapid hydrograph response was able to track 

the recharge flowpath and the Mg/Ca ratio was able to identify whether the aquifer flowpaths were 

influenced more by matrix or conduit compartments. 

Storm Description Storm 1 Storm 2 Storm 3 Storm 4 

Storm Date 8/19/2009 8/20/2009 9/11/2009 3/13/2010 

Antecedent Conditions Moist Wet Dry Dry 

Storm Duration, hrs 1.5 0.5 24 11 

Total Rain, mm 37 13 43 17 

Storm Intensity, mm/hr 25 26 2 1.5 

Mg/Ca hysteresis  

Smooth 
clockwise 
rotation 

Smooth, but little 
hysteresis 

Less smooth 
clockwise 
rotation, 
multiple loops 

Less smooth 
clockwise 
rotation, multiple 
loops 

Conductivity hysteresis 
(counter-clockwise) 

Smooth 
rotation, initial 
decrease 

Smooth rotation, 
little separation 

Smooth 
rotation, initial 
decrease 

Less smooth 
rotation, initial 
increase 

Table 5-1. Description of storm events. 
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Figure 5-6. Recharge and flow model for storm events at Cedar Run spring. Evidence from four 
storm events suggested that water is able to rapidly recharge the flow system and able take different paths 
before discharging from the spring. Blue arrows in recharge photograph indicate where water is able to 
rapidly enter the subsurface.  
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APPENDIX A 

FIELD DATA 

Cedar Run Spring - Field Data 

Date pH Conductivity ( mS/cm) Temperature oC 

4/5/09 7.41 0.753 12.9 

5/12/09 7.02 0.741 12.6 

6/7/09 6.63 0.716 12.2 

7/13/09 7.15 0.712 12.3 

8/2/09 7.08 0.698 12.6 

8/17/09 6.35 0.718 12.1 

8/20/09 7.2 0.615 14.2 

9/7/09 7.25 0.714 12.3 

10/5/09 7.53 0.709 11.6 

11/15/09 7.44 0.753 11.2 

12/12/09 7.21 0.709 10.4 

1/31/10 7.18 0.689 10.3 

2/8/10 7.21 0.698 10.1 

3/9/10 7.05 0.651 13.0 

    

    

    

Spring Lake Spring - Field Data 

Date pH Conductivity( mS/cm) Temperature oC 

8/17/09 6.91 0.520 14.5 

8/24/09 7.03 0.753 14.8 

9/8/09 7.21 0.821 13.7 

9/14/09 6.88 0.859 12.8 

10/5/09 7.03 0.789 12.8 

10/30/09 6.63 0.844 14.3 

11/15/09 7.49 0.821 14.1 

12/14/09 6.81 0.838 14 

1/31/10 6.85 0.899 12.3 

3/12/10 6.88 0.970 13.9 

4/14/10 7.01 0.918 12.9 
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Trout Spring - Field Data 

Date pH Conductivity( mS/cm) Temperature oC 

4/5/2009 7.63 0.580 11.5 

5/12/2009 7.24 0.571 12.1 

6/7/2009 7.71 0.561 15.3 

7/13/2009 7.58 0.537 13.5 

10/5/2009 7.42 0.501 13.8 

    

    

    

Alexander Spring - Field Data 

Date pH Conductivity( mS/cm) Temperature oC 

5/11/2009 7.02 0.664 13.1 

6/7/2009 7.47 0.628 14.5 

7/13/2009 7.35 0.660 12.9 

8/2/2009 7.31 0.663 13.2 

8/17/2009 6.68 0.365 11.5 

10/4/2009 7.18 0.599 11.9 

11/15/2009 7.15 0.629 11.7 

    

    

    

Mount Rock Spring - Field Data 

Date pH Conductivity( mS/cm) Temperature oC 

4/5/2009 7.51 0.624 11 

5/12/2009 7.22 0.632 11.6 

6/7/2009 7.70 0.612 14.8 

7/13/2009 7.47 0.637 13.1 

10/4/2009 7.29 0.555 11.5 

11/15/2009 7.59 0.611 11.1 
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APPENDIX B 

GEOCHEMISTRY DATA FOR MONTHLY FIELD SAMPLES 

Ion concentrations in mg/L, temperature in degrees C, field conductivity in mS/cm    

Spring Name date HCO3 Cl SO4 F NO3 K Na Mg Ca pH Temp Cond 
Alexander 5/11/09 271 25.9 20.9 0.2 7.4 * * * * 7.02 13.1 0.664 
Alexander 6/7/2009 283 30.1 15.3 0.1 7.2 1.7 12.6 12.4 103.9 7.47 14.5 0.628 
Alexander 7/13/09 271 22.9 20.9 0.2 7.9 1.7 8.9 14.0 102.5 7.35 12.9 0.66 
Alexander 8/2/09 308 25.7 20.9 0.2 8.2 1.7 9.4 14.9 107.8 7.31 13.2 0.663 
Alexander 8/17/09 281 19.8 20.3 0.2 8.3 1.2 10.3 14.2 95.9 6.68 11.5 0.365 
Alexander 10/4/09 283 * * * * * * * * 7.18 11.9 0.599 
Alexander 11/15/09 283 * * * * 2.2 9.2 15.1 94.7 7.15 11.7 0.629 
Mt Rock 4/5/09 308 27.0 24.2 0.3 8.0 1.9 10.6 17.7 83.0 7.51 11 0.624 
Mt Rock 5/11/09 271 25.9 23.7 0.2 8.0 1.7 10.4 17.2 83.9 7.22 11.6 0.632 
Mt Rock 6/7/09 270 31.5 19.0 0.1 4.8 1.7 10.0 16.2 88.0 7.7 14.8 0.612 
Mt Rock 7/13/09 271 26.0 23.6 0.2 8.3 2.0 11.2 18.4 91.6 7.47 13.1 0.637 
Mt Rock 10/4/09 279 * * * * 2.1 11.7 19.7 79.6 7.29 11.5 0.555 
Mt Rock 11/15/09 283 * * * * 2.1 11.7 19.8 80.2 7.59 11.1 0.611 

Trout 4/5/09 224 19.9 24.2 0.2 9.8 2.4 7.7 17.6 72.8 7.63 11.5 0.58 
Trout 5/11/09 221 20.4 24.9 0.2 9.6 2.5 7.4 * * 7.24 12.1 0.571 
Trout 6/7/09 221 20.1 26.2 0.0 9.3 2.5 8.4 17.9 74.6 7.71 15.3 0.561 
Trout 7/13/09 222 19.9 25.0 0.5 9.9 2.8 8.5 17.8 70.5 7.58 13.5 0.537 
Trout 10/5/09 239 * * * * * * * * 7.42 13.8 0.501 

Cedar Run 4/5/09 261 62.4 30.9 0.2 5.7 2.5 25.2 10.8 102.6 7.41 12.9 0.753 
Cedar Run 5/11/09 222 60.7 29.8 0.1 5.5 * * * * 7.02 12.6 0.741 
Cedar Run 6/7/09 271 57.1 31.6 0.1 5.7 2.7 24.3 11.1 100.9 6.63 12.2 0.716 
Cedar Run 7/13/09 271 56.0 30.0 0.1 5.7 2.5 25.5 11.6 106.9 7.15 12.3 0.712 
Cedar Run 8/2/09 259 56.5 36.9 0.1 5.7 2.7 27.8 12.1 113.6 7.08 12.6 0.698 
Cedar Run 8/17/09 320 55.4 28.8 0.2 5.7 2.5 26.4 11.6 108.8 6.35 12.1 0.718 
Cedar Run 9/7/09 308 53.6 32.7 0.1 5.5 2.5 25.8 11.7 110.3 7.25 12.3 0.714 
Cedar Run 10/4/09 259 52.1 20.3 0.1 5.3 2.5 21.5 11.4 94.7 7.53 11.6 0.709 
Cedar Run 11/15/09 283 52.5 20.4 0.1 5.6 2.4 21.6 11.6 98.4 7.44 11.2 0.753 
Cedar Run 1/31/10 246 * * * * 2.6 22.6 11.7 98.4 7.18 10.3 0.709 
Cedar Run 2/8/10 283 * * * * 2.8 24.9 12.7 107.6 7.21 10.1 0.689 
Cedar Run 3/9/10 259 70.7 29.0 0.2 5.4 2.4 25.3 11.6 96.8 7.05 13 0.698 
Cedar Run 3/21/10 271 76.8 29.7 0.0 5.5 2.8 25.6 11.7 98.0 7.01 13.3 0.651 
Cedar Run 4/12/10 271 * * * * 2.4 23.8 11.2 95.9 * * * 

Spring Lake 8/17/09 357 98.8 34.0 0.2 3.5 2.2 49.6 17.0 119.5 6.91 14.5 0.52 
Spring Lake 8/24/09 333 92.6 34.6 0.2 3.3 2.4 47.5 16.9 117.6 7.03 14.8 0.753 
Spring Lake 9/14/09 348 91.9 34.6 0.2 3.3 2.3 48.2 17.0 118.8 6.88 12.8 0.859 
Spring Lake 12/14/2009 345 * * * * 2.4 40.9 17.0 106.6 6.81 14 0.838 
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Spring Lake 1/31/2010 296 * * * * 3.3 57.3 23.7 109.6 6.85 12.3 0.899 
Spring Lake 3/12/2010 320 * * * * 2.4 49.6 17.7 109.6 6.88 13.9 0.97 
Spring Lake 4/14/2010 308 * * * * 3.6 42.5 18.0 103.6 7.01 12.9 0.918 

* Not analyzed              
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APPENDIX C 

GEOCHEMISTRY DATA FOR STORM SAMPLES AT CEDAR RUN SPRING 

Cedar Run Spring Storm events 1 and 2, ions in mg/L, 
conductivity in uS/cm, temperature in degrees C and Q 
in L/s           

date HCO3 Cl SO4 F NO3 K Na Mg Ca Cond pH Temp Q 

8/17/09 320 55.4 28.8 0.2 5.7 2.5 26.4 11.6 108.8 618 6.38 13.3 4.9 

8/19/2009 19:29 308 53.7 27.5 0.3 5.1 2.8 26.0 12.8 106.7 589 6.36 13.6 7.8 

8/19/2009 20:29 271 44.5 26.2 0.1 5.0 2.5 23.8 10.8 103.8 576 6.45 14.0 20.9 

8/19/2009 21:29 308 51.4 28.2 0.1 5.6 2.3 24.6 11.1 107.1 614 6.43 13.5 9.6 

8/19/2009 22:29 308 64.7 30.0 0.2 5.8 2.6 26.3 11.6 110.3 618 6.43 13.4 9.1 

8/19/2009 23:29 332 52.6 25.5 0.1 5.7 2.8 26.8 11.8 113.2 614 6.43 13.4 9.2 

8/20/2009 0:29 332 54.6 32.5 0.1 5.7 2.7 26.9 11.8 113.4 622 6.43 13.3 9.1 

8/20/2009  12:29:05 AM dup 320 * * * * 2.7 27.2 12.0 114.6 622 6.43 13.3 9.1 

8/20/2009 1:29 332 54.5 35.1 0.1 5.8 2.7 27.3 12.0 114.7 627 6.43 13.3 8.9 

8/20/2009 2:29 332 58.1 37.1 0.1 5.8 2.7 27.5 12.0 114.5 630 6.43 13.3 8.9 

8/20/2009 3:29 283 62.2 38.2 0.1 5.9 2.8 27.7 12.1 115.7 631 6.42 13.3 8.9 

8/20/2009 4:29 283 56.4 38.6 0.1 5.8 2.7 27.9 12.2 115.8 631 6.42 13.3 8.7 

8/20/2009 5:29 283 57.3 38.9 0.1 6.0 2.8 27.6 12.2 116.5 631 6.42 13.3 8.6 

8/20/2009  5:29:05 AM dup 271 * * * * 2.8 28.1 12.3 116.5 631 6.42 13.3 8.6 

8/20/2009 6:29 283 61.5 40.3 0.1 6.0 2.6 28.0 12.2 114.0 631 6.42 13.3 8.5 

8/20/2009 7:29 283 57.7 38.7 0.2 6.0 2.8 28.0 12.2 116.1 631 6.41 13.3 8.4 

8/20/2009 8:29 283 58.3 38.5 0.2 6.0 2.8 28.0 12.2 117.0 630 6.41 13.3 8.4 

8/20/2009 9:29 283 58.2 38.3 0.1 6.1 2.7 27.6 12.0 113.9 629 6.41 13.3 8.3 

8/20/2009 10:29 283 63.2 38.7 0.2 6.1 2.8 28.0 12.2 116.4 629 6.41 13.3 8.2 

8/20/2009 11:29 283 59.1 37.8 0.1 6.2 2.8 28.0 12.2 115.5 629 6.41 13.3 8.1 

8/20/2009 12:29 283 59.4 37.7 0.1 6.2 2.8 27.7 12.1 115.4 628 6.41 13.3 8.1 

8/20/2009 13:29 320 56.6 23.4 0.1 5.5 2.6 26.5 11.6 110.8 627 6.40 13.3 8.0 

8/20/2009 14:29 271 51.8 30.4 0.1 5.1 2.5 23.9 10.7 104.9 614 6.41 13.8 14.4 

8/20/2009 15:29 271 50.3 31.9 0.1 5.3 2.3 25.0 11.0 104.8 585 6.45 13.6 17.7 

8/20/2009 16:29 320 57.9 33.1 0.2 5.6 2.6 26.8 11.8 112.7 623 6.43 13.4 11.3 

8/20/2009 17:29 332 53.7 33.0 0.1 5.6 2.6 27.1 11.9 113.3 625 6.43 13.3 10.1 

8/20/2009 18:29 332 59.2 34.5 0.1 5.6 2.6 27.3 12.0 113.5 627 6.43 13.3 9.7 
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Cedar Run Spring Storm event 3, ions in mg/L, conductivity in uS/cm, 
temperature in degrees C and Q in L/s 

date HCO3 Cl SO4 F NO3 K Na Mg Ca Cond pH Temp Q 

9/7/09 308 53.6 32.7 0.1 5.5 2.5 25.8 11.7 110.3 615 6.46 13.3 7.9 

9/11/09 12:32 220 42.9 25.3 0.1 4.4 3.2 20.7 12.4 106.3 571 6.52 13.7 10.9 

9/11/09 13:02 233 39.7 23.9 0.1 4.7 2.8 19.4 11.3 100.6 562 6.53 13.8 16.4 

9/11/09 13:32 222 41.3 27.0 0.1 4.8 2.9 19.4 10.8 92.4 553 6.58 13.8 23.1 

9/12/2009  1:32:00 PM dup 258 * * * * 2.5 21.2 10.9 92.2 553 6.58 13.8 23.1 

9/11/09 14:02 257 46.3 26.3 0.1 5.0 2.4 20.4 11.3 101.1 582 6.54 13.7 16.9 

9/11/09 14:32 233 46.6 27.5 0.1 5.1 1.9 20.5 11.5 102.1 601 6.52 13.6 13.0 

9/11/09 15:02 257 47.6 28.1 0.1 5.1 2.2 20.1 11.8 101.9 604 6.52 13.5 12.1 

9/11/09 15:32 257 53.0 29.6 0.1 5.3 2.3 19.8 11.9 101.9 607 6.52 13.5 12.0 

9/11/09 16:02 257 49.5 30.4 0.1 5.3 2.5 19.7 12.0 101.5 612 6.52 13.4 11.9 

9/11/09 16:32 257 50.3 32.2 0.1 5.4 2.0 21.1 11.9 102.9 616 6.52 13.4 11.8 

9/11/09 17:02 257 50.5 33.9 0.1 5.4 2.9 25.3 12.9 114.6 619 6.52 13.4 11.8 

9/11/09 17:32 257 50.1 35.0 0.1 5.3 2.8 22.1 12.5 108.0 613 6.52 13.4 11.9 

9/11/09 18:02 257 50.7 35.0 0.1 4.8 2.4 20.4 12.0 100.9 616 6.52 13.4 11.9 

9/11/09 18:32 257 48.9 35.1 0.1 4.6 3.3 20.9 10.4 105.7 615 6.52 13.5 11.9 

9/11/09 19:02 257 52.7 36.3 0.2 4.8 2.7 21.5 11.4 114.4 618 6.51 13.5 12.0 

9/11/2009  7:02:00 PM dup 271 * * * * 2.8 25.5 12.0 114.5 618 6.51 13.5 12.0 

9/11/09 19:32 257 50.2 38.3 0.1 4.9 2.3 21.1 11.0 101.9 622 6.51 13.4 11.9 

9/11/09 20:02 308 49.9 37.7 0.1 4.9 2.4 22.2 11.7 104.8 619 6.51 13.5 12.0 

9/11/09 20:32 222 50.8 38.7 0.2 4.9 2.5 23.0 11.9 106.0 623 6.51 13.5 11.9 

9/11/09 21:02 308 51.8 39.9 0.2 5.0 2.6 23.7 12.3 107.9 626 6.51 13.4 11.9 

9/11/09 21:32 258 52.9 40.7 0.2 5.1 2.6 24.2 12.5 110.1 628 6.51 13.4 11.8 

9/11/09 22:02 332 52.4 43.0 0.1 5.1 2.6 24.5 12.7 111.3 629 6.51 13.4 11.8 

9/11/09 22:32 357 53.1 42.6 0.1 5.1 2.6 24.2 12.5 109.4 630 6.51 13.4 11.8 

9/11/09 23:02 271 53.7 41.8 0.1 5.2 2.7 25.1 12.9 113.3 631 6.51 13.4 11.7 

9/11/09 23:32 259 53.7 43.3 0.1 5.2 2.8 25.4 13.1 114.9 631 6.51 13.4 11.6 

9/12/09 0:02 308 54.1 45.1 0.1 5.2 2.8 25.6 13.1 116.7 631 6.51 13.4 11.6 
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Cedar Run Spring Storm event 4, ions in mg/L, temperature in degrees C and Q in L/s       

date HCO3 Cl SO4 F NO3 K Na Mg Ca Cond pH Temp Q 

3/9/10 8:30 259 70.7 29.0 0.2 5.4 2.4 25.3 11.6 96.8 619 7.05 13 10.7 

3/13/10 16:30 234 81.0 27.5 0.0 4.2 2.8 29.3 11.1 93.5 625 * * 13.5 

3/13/10 17:00 234 81.9 27.6 0.0 4.9 2.9 30.2 11.2 74.8 623 * * 14.6 

3/13/2010  17:00 dup 259 * * * * 2.5 29.8 11.1 74.4 623     14.6 

3/13/10 17:30 209 83.4 27.7 0.0 5.0 2.6 30.4 11.1 74.3 628 * * 15.3 

3/13/10 18:00 160 84.2 27.9 0.0 4.9 2.6 30.5 11.2 75.3 632 * * 15.3 

3/13/10 18:30 209 84.9 28.3 0.0 5.0 2.6 30.5 11.2 82.6 633 * * 14.8 

3/13/10 19:00 209 84.9 27.9 0.0 5.0 2.6 30.6 11.2 89.3 631 * * 15.6 

3/13/2010  19:00 dup * 87.1 30.3 0.0 5.1 * * * * 631 * * 15.6 

3/13/10 19:30 234 86.2 28.2 0.0 5.0 2.6 30.8 11.2 81.8 631 * * 16.3 

3/13/10 20:00 234 88.1 28.6 0.0 5.1 2.6 31.3 11.4 84.8 639 * * 16.0 

3/13/10 20:30 271 89.0 28.8 0.0 5.0 2.6 31.4 11.4 90.6 643 * * 15.7 

3/13/10 21:00 234 88.6 28.6 0.0 4.9 2.6 31.8 11.5 84.3 649 * * 15.4 

3/13/10 21:30 209 91.3 29.4 0.0 4.9 2.6 31.6 11.4 78.6 653 * * 15.3 

3/13/2010  21:30 dup 222 * * * * * 31.5 11.4 77.9 653 * * 15.3 

3/13/10 22:00 234 94.1 30.2 0.0 5.2 2.6 32.1 11.6 92.4 656 * * 15.3 

3/13/10 22:30 259 95.0 30.6 0.0 5.3 2.5 32.3 11.7 98.1 659 * * 15.2 

3/13/10 23:00 259 90.7 29.3 0.0 5.1 2.5 32.6 11.8 98.2 661 * * 15.0 

3/13/10 23:30 259 92.4 29.7 0.0 5.1 2.5 32.9 11.8 98.3 664 * * 14.9 

3/14/10 0:00 259 93.4 30.0 0.0 5.1 2.5 33.1 11.8 98.3 666 * * 15.0 

3/14/10 0:30 259 94.7 30.2 0.0 5.2 2.5 33.6 11.7 98.7 667 * * 15.0 

3/14/10 1:00 234 95.8 30.7 0.0 5.2 2.5 33.5 11.8 98.6 669 * * 15.0 

3/14/10 1:30 259 98.2 31.3 0.0 5.3 2.5 33.6 11.8 98.6 670 * * 14.6 

3/14/10 2:00 259 98.2 31.4 0.0 5.3 2.4 33.7 11.8 98.6 671 * * 14.6 

3/14/10 2:30 271 98.3 31.2 0.0 5.2 2.5 33.8 11.8 98.7 672 * * 14.6 

3/14/10 3:00 259 100.9 32.0 0.0 5.3 2.5 34.0 11.9 98.7 672 * * 14.5 

3/14/10 3:30 259 102.8 32.3 0.0 5.4 2.5 34.2 11.9 98.8 673 * * 14.5 

3/14/10 4:00 259 101.3 31.9 0.0 5.4 2.5 34.0 11.9 98.7 673 * * 14.4 

3/14/10 8:30 234 100.1 31.7 0.0 5.3 2.4 33.7 11.7 98.1 671 * * 14.4 

3/14/2010  8:30 dup * * * * * 2.7 32.4 11.7 98.5 671 * * 14.4 

3/21/10 8:30 271 76.8 29.7 0.0 5.5 2.8 25.6 11.7 98.0 620 7.01 13.3 13.1 

Rain 13 3.9 2.3 0.0 0.4 0.8 2.7 0.0 1.2 * * * * 

* Not analyzed 
 




