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ABSTRACT 
The goal of this research is to characterize concentration (C) – discharge (Q) relations for the 

species F-, Br-, Cl-, NO3
-, SO4

2-, Na+, Mg2+, Ca2+, K+, pH and Dissolved Organic Carbon (DOC). 

Understanding CQ relationships are important for estimating solute and contaminant loads to rivers and 

streams and ultimately to the ocean. It also enables understanding of two overarching concepts: Flow 

Paths and End Members of chemicals. This experiment was performed in a physical model catchment 

(approximately 40 X 80 cm in area) resembling the real watershed Susquehanna Shale Hills Critical Zone 

Observatory (SSHCZO, 0.08 km2). The model catchment was 3D printed using the elevation and 

topographical data, soil from the real catchment was packed, and sprinkling experiments were conducted 

to simulate large rainfall events. The discharge from the model watershed was collected and analyzed to 

quantify water quantity and chemical composition. The advantage of the approach is that although soils 

are from a real watershed, the processes are not affected by ecological and microbiological processes at 

the watershed. With a deep groundwater component, the stream discharge primarily comes from two end 

members: rain fall with new water composition Cnew and soil water Cold. Three patterns of end member 

contribution were characterized. F- fell into Type A species, where rainfall is the dominant end-member 

and soil buffers the discharge load by retaining these species. Br- and NO3
- fell into Type B species, where 

discharge load is similar to input load, therefore soil is neither dissolving nor retaining these species. Cl-, 

Ca2+, K+, Na+, Mg2+ and SO4
2- all fell into Type C species, where soil was the significant end member, and 

the soil gradually leached out these stored species during rainfall events with concentrations much larger 

than the rainfall input. Hysteresis patterns roughly show that F- mimicked chemodynamic behavior. Br-, 

Cl-, Ca2+, K+ show dilution behavior. Na+, Mg2+ and pH show chemostatic behavior. And NO3
-, SO4

2- and 

DOC show crisscross CQ patterns that are in essence, chemostatic. These patterns together suggest that 

Cold is larger than Cnew for the most part, meaning the discharge load synchronizes itself with soil water 

composition. Time along each Run has the influence of connecting pores so that old water contribution 

can increase over the course of a precipitation event. Insights gained here will facilitate grouping of 
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different behaviors of chemicals from different sources and predict solute loads and water quality in 

aquatic systems. 
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GLOSSARY 
Adsorption 

 A smaller molecule attaching onto the surface of soil. 

Catchment / Watershed 

Fundamental hydrogeological unit where a water balance can be applied 

Discharge 

Volumetric flow rate of water that is flowing out of a stream channel. 

Dissolution 

Molecules embedded in soil particle matrix or on its surface end their attachment with soil and 

dissolve into the bulk of the fluid (water) solution  

End-Member 

Source of chemical load to stream discharge  

First-Order Catchment  

Catchment of a first-order stream, which is a head-water tributary (no other streams to “feed” it) 

and ultimately connecting into larger streams. 

Hydrograph 

Discharge rate of stream over time, often showing the aftermath of a precipitation event. 

Hyetograph 

Volume or length of precipitation over time in a particular area. 

Hysteresis 

“the phenomenon in which the value of a physical property lags behind changes in the effect 

causing it, as for instance when magnetic induction lags behind the magnetizing force.” 

Hysteresis loop 

A positive trend between two variables turning negative over time, or vice-versa. 

Residence Time 

Length of time that a travelling water molecule stays in the system of study. 

Retention 

Soil keeps molecule by taking it out of solution and onto the soil matrix or surface (opposite of 

dissolution) 

Turbidity 

Measure of opaqueness of water. Lighter water is less turbid. 
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Chapter 1 : INTRODUCTION 

Studying how water routes through a watershed and how it carries nutrients are important in 

estimating nutrient load to natural water systems, and potentially to address problems such as 

eutrophication (presence of excess nutrients in surface waters) and fertilizer runoff from agricultural 

lands. Nutrient transport is important to city planners and environmental engineers as well, who may need 

to map floodplains, make infrastructure decisions, analyze or predict the impact of human activities or 

impact to humans etc. For instance, understanding the effects of acid rain on stream pH involves 

understanding soil-water interactions. As acidic rain falls on a catchment, the stream pH is expected to 

decrease. However, even as rain stops, the stream pH continues to decrease, which could be explained by 

water gaining more acidic chemical composition at the soil-water interface [Hornberger, 2014]. Besides 

pH, there are other chemicals whose concentrations need to be kept below a certain acceptable level in 

streams. Studying how rain and snow affect discharge rates of a river and the concentration of chemicals 

or components it carries is important to maintain river and ecosystem health.  

Also in the natural world, soil, rock and minerals slowly go through weathering and erosion 

processes. Weathering breaks down sediment both chemically and physically, and is an important process 

in forming soil. Erosion is responsible for transporting the soil and its constituents. In a watershed, these 

may be eroded into the river channel. These processes are influenced by several factors such as parent 

material, climate, organic matter, topography and time. A major driver of weathering and erosion is water, 

through the process of precipitation. Rainwater is naturally acidic and it mimics the chemical composition 

of its surroundings (i.e. rainwater near the sea has more chloride because it originates from evaporated sea 

water, which contains chloride ions). This acidic and concentrated concoction is useful in dissolving the 

soil which it falls on, and to leach out chemicals from its surface and layers. It is worthwhile to study how 

the intensity of precipitation can influence soil erosion and nutrient load transport. Many climate change 

models predict that some areas of the world may experience higher intensity rainfall events and more 
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mean precipitation as the earth warms [“Floods and Droughts”]. The question remains of whether these 

changes affect soil erosion and nutrient load transport. 

Catchment Hydrology 

Geochemical, hydrological, physical and biological processes in a catchment interact to make up 

the dissolved load to its stream.  The CQ (concentration-discharge rate) relations at the stream mouth 

reflect the characterization and coupling of some of those processes [Anderson, 1997]. One topic of 

importance within this realm is how precipitated water travels to the stream, characterized by flow 

components, summarized in Figure 1: Discharge Components in Real Watershed.  

 

Figure 1: Discharge Components in Real Watershed 

Stream discharge is the sum of two components: quickflow and baseflow flow. Quickflow is the 

contribution to discharge observed immediately after increased precipitation, and baseflow is the 

contribution to discharge that occurs after a time lag. The pathways of precipitated water can be one of 

four ways: direct precipitation, overland flow, shallow subsurface flow and groundwater flow. These 

pathways do not necessarily coincide to either the quick or subsurface flow category. However, direct 

precipitation and surface flow are often quickflow, and baseflow is often the saturated groundwater 

zone’s contribution to river discharge. Contribution of direct precipitation to discharge is often very small. 

Overland flow is a large factor, and its contribution can increase due to 1) impermeable surface (i.e. 



3 

 

concrete pavement) or 2) precipitation rate greatly exceeding infiltration rate, or soil is already fully-

saturated [Hornberger, 2014].   

Hydrologists have found it a challenge to separate, quantify and analyze discharge components 

because these concepts initiated empirically. Another way to continue our understanding is through “end 

member mixing analysis”, or EMMA, which uses chemistry to identify the source of water contributed to 

discharge and the chemical interactions it has gone through in its path. To conduct such a study, another 

classification for stream discharge is new water versus old water. New water is the discharge load with 

chemical composition similar to precipitation or event water itself. Old water, or “pre-event” water, is the 

water already in the soil being flushed into the stream. In temperate, forested catchments such as Shale 

Hills in central Pennsylvania, the vast majority of discharge into a stream after a precipitation event is old 

water [Hornberger, 2014].  

Coupling Factors 

Major chemicals in streams [Berner and Berner, 1987; Allan, 1995] are ions including HCO3
-, 

Ca2+, SO4
2-, H4SiO4, Cl-, Na+, Mg2+, K+, nutrients (N and P), dissolved organic matter (DOC), dissolved 

gases such as N2, CO2, O2, and trace metals. Some of the following calculations [Anderson, 1997] help to 

characterize basic relations between chemical and kinetic characteristics of a species. 

Equation 1 

𝑄𝑑𝐶𝑑 = 𝑄𝑜𝑙𝑑𝐶𝑜𝑙𝑑 + 𝑄𝑛𝑒𝑤𝐶𝑛𝑒𝑤 

Equation 2 

𝑋𝑜𝑙𝑑 =  
𝐶𝑑 − 𝐶𝑛𝑒𝑤

𝐶𝑜𝑙𝑑 − 𝐶𝑛𝑒𝑤
 

Where, C and Q are concentration and discharge flow rate, respectively. Subscript d refers to the 

components of output discharge from the watershed, subscripts old and new refer to old and new water 
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components. Cnew and Qnew are the same as Cp and Qp, which are concentration and discharge rate 

respectively, of precipitation. Xold is the fraction of old water contributing to runoff. When Xold increases, 

concentration of species is generally higher because the water has had more time to interact with 

sediment. When subsurface flow dominates, more of the discharge is likely to be old water rather than 

new water [Wohl, 2014].  

 

Figure 2: CQ Hysteresis Patterns (Evans et al, 1998) 

C-Q relations can also follow hysteresis loops –when concentration differs along the rising and 

falling limbs of a hyetograph [Walling and Webb, 1986]. When Cd is higher on the rising limb than on the 

falling limb of Qd, a clockwise hysteresis loop is seen in a graph of concentration vs. discharge. When Cd 

is lower on the rising limb, a counterclockwise loop is seen. When the loop trend is positive concave 

(Pattern 1 and 3 in Figure 2), Cnew > Cold or Cp > Cold. When it is negative concave (Patterns 2 and 4), Cnew 

< Cold or Cp < Cold [Evans et al., 1998]. These 4 patterns are appropriate for watershed analysis with 2 end 

members of interest: rain water and soil water. 
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Species that have positive correlation between C and Q are termed chemodynamic, ones with 

negative correlation are termed dilution species, and ones with no correlation are termed chemostatic. It is 

also possible that some species exhibit crisscross patterns (both chemodynamic and dilution behavior at 

various parts of the rain event). Patterns 1 and 3 roughly yield chemodynamic behavior, and patterns 2 

and 4 roughly yield dilution behavior.   

Hydrogen ion concentration typically increases with discharge, showing chemodynamic behavior. 

Chloride, sulfate and other aerosol and rain-deposited anions are often not correlated with discharge, 

showing chemostatic behavior [Anderson 1997]. Mg2+, Na+ as well as Si and other base cations and 

alkalinity derive from mineral dissolution or soil weathering, could show a variety of behaviors. Species 

with high intrinsic weathering rates yield toward chemostatic concentration-discharge relations, but it 

depends on transit time (or how much time the water has had to interact with soil) [Ameli, 2017]. For 

instance, minerals containing sodium and potassium tend to dissolve slower than those containing 

calcium and magnesium [Sverdrup, 1993]. This means that CQ relations for mineral-dissolution derived 

species depends on many factors and requires further investigation. 

Biology heavily influences nitrogen and is taken up by roots and microbial matter, limiting the 

amount going into the river. While at the same time, fertilizer runoff increases nitrogen and phosphorus 

concentration in the water [Boyer et al., 2006]. Organic matter concentration is also influenced by 

biology, as well as climate, seasons and physical characteristics of the watershed [Thurman, 1985]. Such 

biologically important species show both chemodynamic and dilution behavior [Basu et al., 2010; Grimm 

et al., 2003; Sebestyen et al., 2008].  

Questions to Address 

Concentration-discharge and end-member relations for each major chemical species is 

extensively studied. However, these observations are often an outcome of multiple factors including 
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climate, biological conditions, land cover, and topography. It is important to separate the effects of 

geochemical factors from the influence of biological and ecological processes. In this thesis, the overall 

chemical signature of each major species will be identified in terms of 1) relationship to discharge 2) 

source or significant end-member of the chemical. The overarching question is: how does the watershed 

retain and release chemicals? And, what are the different categories of chemical signature that a species 

can be assigned to? 
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Chapter 2 : METHODOLOGY 

Model Catchment and Sprinkling Experiment 

The National Science Foundation (NSF) established the Critical Zone program to intricately study 

the zone of earth from the ground to bedrock, typically reaching the bottom of a groundwater zone. 

Through research, infrastructure, models and data, the program aims to study how components of the 

critical zone interact to ultimately support life on earth. Among the 10 sites across the United States set 

aside for this program, the Susquehanna Shale Hills Critical Zone Observatory (SSH CZO; Figure 3) is 

situated near Penn State -University Park. This CZO is a forested, first-order catchment over shale 

bedrock in temperate climate. There is a large database of quantified hydrological, geological and 

ecological processes, and the main emphasis is on “pathways and rates of water, solutes, and sediments”. 

 

Figure 3: Susquehanna Shale Hills Critical Zone Observatory 

This project involves quantifying nutrient transport and C-Q (concentration, C and discharge, Q) 

relations in a smaller, simplified and controlled physical model watershed in the laboratory, and using the 

CZO database for comparative analysis. A bedrock outline (about 80x40 cm) of this catchment was 3D 
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printed, soil representative of the real catchment was packed. Sprinkling experiments were conducted to 

represent large rainfall events. The discharge from the model watershed was collected and analyzed to 

quantify C-Q relationships relating to water path and EMMA concepts. 

Because a real watershed is dynamic and intricate the model does not represent the actual CZO in 

terms of realistic quantification of concentration and how it relates precipitation and discharge as it does 

not include the effects of vegetation, seasons, human influences on land etc. However, this 3D model was 

built to separate variables and to focus on the geochemical, but not biological or ecological aspects of 

solute transport and CQ relations. This is comparable to the purpose of a flow cell, which is typically 

meant for subsurface studies. In this miniature CZO model, a controlled experiment was conducted that 

singled out the factor of sedimentary composition to study CQ and EMMA. After understanding the 

mechanisms that precipitated water used to end up as discharge, the whole process was further analyzed. 

This research project also analyzed the variable of precipitation composition, and how it relates to the 

concepts of solute transport. 

Building the 3D model 

The outline and rough topography of SSH CZO was utilized in building the bedrock container 

that held the watershed, along with a wall to contain the soil. Ideally, shale rock would have been used to 

chisel it to desired shape. We ultimately decided that Penn State’s 3D printing resources should be used to 

build a small scale box. The shape of the model was built in SolidWorks (Figure 4). The model CZO 

shape and relative dimensions (length, width and area) are to reflect the actual contour and profile of the 

real CZO. 
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The model was printed in 16 pieces (since the 3D printer has maximum dimensions much smaller 

than the real watershed size) and were glued together using strong non-reactive silicon adhesive (Figure 

5).  The final watershed measures 40 by 80 cm in area. Since the larger-model prints were more porous 

due to our large 3D material demand, the model needed to be made non-porous in order to reflect the 

purpose of a shale bedrock and to create a closed and controlled system. To achieve this, the model was 

covered with non-reactive yellow cellophane plastic using silicon adhesive below and above it to further 

seal it and make it water resistant. At the river channel, we used more silicon adhesive and no plastic 

because its curvature made it difficult to wrap plastic around (Figure 6).  

Figure 4: Solid Works Model Design 
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Figure 5: Building bedrock of model                              

 

Figure 6: Finished bedrock of model 

Model Setup 

To simulate rain fall on, a peristaltic pump was used to sprinkle rainwater on the catchment at 

specific rates. Artificially made rainwater was placed in a large glass beaker, from which 8 tubes were 

placed. These tubes went through the pump, and then manifolds were used to distribute the water from 

each tube into 2 or 4 smaller tubes, totaling 30 outlets for the rainwater. At the outlets, a screw was 

attached to the edge of the small tubes in order fix them all to the rain plate which contained 30 holes. 

This plate was chiseled and drilled by a workshop and was created in the shape of the 3D model in order 
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to be placed above it (Figure 7). The large number of rainfall outlets was used to even out the spatial 

distribution of the rain fall. 

 

Figure 7: Rain Simulation Setup 

The SSHCZO has a 6.35° angle from the valley floor to the ridge top (Bao et. al., 2016). A 

cardboard structure was created to make the ridge top sit 8.9 cm higher than the front edge (Since the 

length of model is 80 cm, tan-1 (8.9/80) to approximate the 6.35°. The cardboard structure was stuffed 

with paper to give it rigidity, and then covered up. The 3D printed model with packed soil was placed on 

top of this angled creation. Clamps were used to hold the rain plate in place, and this was also angled. 

Overall setup can be seen in Figure 8. Discharge was collected with the help of a (yellow) funnel, into 

tubes placed in an automatic tube collector at specified time intervals. 
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Figure 8: Overall Setup 

Soil Parameters and Packing 

Soil from the SSH CZO was collected to pack in the 3D model. Soil in the CZO has 4 layers, the 

0-5 cm layer, 5-15 cm layer, 15-30 cm layer, and 30-50 cm layer. Typically the organic matter decreases 

at deeper soils. Soil was collected from each layer, kept in plastic bags, taken to the lab and then laid out 

on newspapers to dry completely (Figure 9). After drying, particles larger than 2 mm were screened out 

due to our prediction that they may be inappropriately sized for the small model. Also, selecting a certain 

size range allowed for more precisely analysis. Full screening of the particles smaller than 1180 μm 

yielded the particle size distribution shown in Figure 10. Soils was difficult to pack when dry, because it 
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slipped into the river channel that needed to be kept relatively clean, in order to study the properties of the 

effluent water without suspended particles. Therefore, soil was packed wet. Particle range of 106 to 2000 

μm was used for the experiment. 

 

 

Figure 10: Particle Size Distribution 

 

 

Figure 9: Soil drying after field collection 
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By scaling down parameters, amount of soil needed was calculated as follows: 

Table 1: Scaling Parameters 

 
Actual Accurate 

Model 

Actual 

Model 

Soil Depth to bedrock (m) 0.95 0.001407 1 0.03 

Length CZO (m) 540 0.8 
 

Width CZO (m) 313 0.4 
 

Area, CZO (m2) 168,750 0.32 0.158 

Volume, Total (m3) 160,313 0.00045 0.00477 2 

1Calculation: Based on length ratio [0.8/540] times the average real depth 0.95 m 

This depth is unrealistic and needs to increase for two reasons. Soil cannot be packed this thin, and it 

would not be possible to conduct a reactive transport experiment on the material, as the soil will easily 

wash off. Rather, an average depth of 4 cm was chosen because it would be realistic and also appropriate 

for the 3D printed model which has a height of 4-5 cm at the ridge top. Only the average height was 

included, because at this scale and loose packing given the situation, accurate layers cannot be achieved. 

However, soil was packed more toward the channel and less toward the ridge top. 
2Calculation: Based on the soil depth used, times the area of CZO model, total soil volume (with pores) 

was found. 
Table 2: Soil Packing Parameters of the model watershed 

Parameter  Calculations 

Soil Volume (cm3) 2861 1 

Pore Volume (cm3) 1908  

Soil Weight (g) 7584 2 

Wt. Layers: 0-5   (10%) 758 3 

             5-15         (20%) 1517  

             15-30       (30%) 2275  

             30-50       (40%) 3034  

1Calculation: 0.00477 m3 * (1003 cm3/m3) * (1-0.4)         where 0.4 is porosity 

Since SSH CZO soil is generally of silty loam inceptisol category, porosity is approximated at 0.4 based 

on convention (“Swiss Standard”). 
2Calculation: Using average particle density of such soil: 2.65 g/cm3, multiplied density and volume to get 

mass of soil. 
3Calculation: Since particle density is assumed to be constant, percentage of each layer was used to 

calculate soil weight (in grams) needed to be measured and packed in the CZO model. Soil was weighed 

accordingly. 
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Precipitation –Rates and Composition 

 

Figure 11: Precipitation Trend 

To calculate appropriate rainfall rates for the experiment, hourly precipitation (m/day) on SSH CZO was 

scaled down to the model through the following calculations:  

Volumetric Precipitation in Model = 
𝑚

𝑑𝑎𝑦
∗

1𝑑

1440 𝑚𝑖𝑛𝑠
∗

168750 𝑚2

1
∗

106𝑚𝑙

𝑚3 ∗
0.00477

160313
 

where 
0.00477

160313
  is the soil volume ratio between the model and real watershed. Figure 11 shows the 2009 

precipitation rates scaled down to the CZO model. Figure 12 is the frequency graph for those rates. 
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Figure 12: Frequency of precipitation rate 

The rainfall rates vary up to 1.1 mL/min. The most frequent rate is rate is 0.1 mL/min. This rate 

however, is too small for the peristaltic pump to pump up water. A slightly higher set of flow rates 

ranging up to 1.5 mL/min were selected for rain simulation (discussed in next section). 

A rate of 1.5 mL/min translates to ~9.5 μm/min over the area of the model watershed. However, 

this is misleadingly small because the soil packing height is much larger than a realistic scaled down 

height. Since the soil volume ratio was used to calculate this rain simulation flow rate, this rate is 

appropriate for the amount of soil packed (although larger). 

Artificial rain was created using the rainfall composition data of 2009 from SSH CZO online 

database. It was made to contain the composition summarized in Table 3 and an average pH of 4.98. The 

right side of Table 3 shows chemical compounds and acids that were used to achieve that chemical 

composition. One liter of 400 times concentrated solution was made by adding required weight of 

compound and acid to pure de-ionized (DI) water, since it was easier to weigh the constituents this way. 

After using a magnetic stirrer to mix (Figure 13), this concentrated solution was then diluted to 1X rain 

water and also to 20X rain water in a different beaker. Their pH was measured and recorded periodically. 
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The actual concentration of the rain water was measured later and those values were used for analysis 

instead of intended concentration shown in Table 3. 

 

Figure 13: Preparing rainwater 

 

Table 3: Rainwater Composition 

Ions ppm  Chemical ppm 400 times 

(mg/L) 

Ca2+ 0.109 Ca(Cl)2 6.05E-02 24.2 

Mg2+ 0.017 Ca(NO3)2 3.58E-01 143.0 

K1+ 0.021 MgCl2 6.73E-02 26.9 

Na1+ 0.046 KCl 4.01E-02 16.0 

NH4
1+ 0.258 Na2SO4 1.42E-01 56.8 

NO3
1- 0.967 (NH4)2SO4 9.46E-01 378.4 

Cl1- 0.108 HNO3 7.08E-01 283.2 

SO4
2- 1.242 H2SO4 4.67E-01 187.0 
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Experimental Design 

The overall experimental schedule is shown in Figure 14. First, the experiment started off with an 

“initial flush”, where small particles were expected to wash out, and soil parameters would began to 

stabilize. Wash load is the finest of sediment particles flushing out of a watershed land and into a stream, 

because the force of precipitation overcomes their low settling velocity [Wohl, 2014]. The Initial Flush 

was done at Qp of 1.5 mL/min for 17 hours.  

After observing the effluent turbidity and color stabilizing during the initial flush, the 

“background phase” was started. This was to prevent the model catchment from drying to a point where 

pore spaces collapsed and messed with the equilibrium that soil had reached. This was done at the rate of 

0.1 mL/min for 26 hours between Initial Flush and Run 1, and 170 hours between Run 1 and 2. Run 1 and 

2 were the main “Rain Event Simulations”, hereon referred to as R1 and R2.  

 

Figure 14: Precipitation Schedule 

In R1 and R2, Qp was incrementally increased from 0.1 to 0.5 to 1.0 to 1.3 to 1.5 mL/min, as 

shown in Figure 15, which contains magnified parts of Figure 14. In R2 of each experiment, 20 times 
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concentrated rain water was used for the peak rate of 1.5 instead, but the same rate pattern was kept. This 

was to see the effects of concentration-discharge and end members at a magnified scale. 

 

Figure 15: Precipitation Pattern in Run 1 and 2 

As rain fell on the model, the river mouth discharged water, and these effluent samples were 

collected at interval of 3 minutes using an automatic sample collector. These samples were measured for 

pH immediately, and later for their anion, cation and DOC concentrations. Anions were measured using 

the Ion Chromatography machine and cations using the Mass Spectrometry machine. Batch experiments 

were also conducted to see how soil leached out chemicals. 

Water and Chemical Balance Calculations  

For this experiment, discharge components have been simplified into two parts, as shown in 

Figure 16. We have the rainfall and soil water components however not deeper groundwater. Direct 

precipitation into stream is insignificant, both in the real watershed and especially in the model for this 

experiment. Therefore, the components of overland and subsurface flow remain. New and old water are 

two parallel component classification of discharge load. However, they do not always coincide 

respectively with the components of overland and subsurface flow. 
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Figure 16: Discharge Components in Experiment 

To analyze the end-members and concentration, following calculations were made: 

Equation 3: Volume Ratio 

𝑅𝑉 =
𝑉𝑑

𝑉𝑝
 

Equation 4: Total Volume Ratio 

𝑅𝑇𝑉 =
𝑉𝑑−𝑡𝑜𝑡𝑎𝑙

𝑉𝑝−𝑡𝑜𝑡𝑎𝑙
 

Equation 5: Concentration Ratio 

𝑅𝐶 =
|𝐶𝑑 − 𝐶𝑝|

𝐶𝑑
 

Equation 6: Volumetric Balance 

𝑉𝑝 = 𝑉𝐸𝑇 + 𝑉𝑑 + 𝑉𝑠 

Where, Vp, VET, Vd, Vs is volume of precipitation (input), evapotranspiration, discharge (output) 

and water storage in soil, respectively. Vv, not mentioned, is the total pore volume. Vd-total and Vp-total in 

Equation 4 is the total volume collected and inserted in one run, respectively. Cd is concentration of a 

particular chemical in discharge (output) and Cp is concentration in precipitation (input). Cp is assumed to 

be the same as Cnew. 

RV reflects the volume of water that comes out of the watershed with respect to what is input. If 

the ratio is small, there is potentially more water retained in the soil, which could later yield old-water 

contribution. A high ratio means that discharge is dominated by overland flow, and the water has spent 

less time with the soil. Since there is a time lag for Qd to respond to Qp, it is also necessary to look at the 

overall volume ratio, RTV. It quantifies how much water the catchment can hold in an event and leads to 
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further understanding of its relationship to concentration. RC helps identify the source of chemical load 

coming out of the watershed and corresponds to old water contribution. 

For RC =1, there is no contribution from Cp and the load is coming from soil-water interface, 

possibly with help of old water contribution 

For RC >1, Cd is much lower than Cp, meaning retention /buffering is involved. 

For RC < 1 or close to 0, Cd is similar to Cp, rain water is the main source of loading. 

Mass Balance calculations were also made: 

Equation 7: Volume Ratio 

𝑀 = ∑ 𝐶𝑖𝑄𝑖𝑡𝑖 

Where Ci, Qi and ti refer to concentration, discharge and time of each measurement interval 

respectively, and M (mass of a chemical in a Run) is the sum of all intervals. Min and Mout, the total mass 

input and output for each Run for each chemical were calculated. ΔM (= Mout –Min) was also calculated. 

ΔM/Min (ratio) and ΔM/Δt (where Δt is the overall time of the Run) were also calculated. 

To understand how and to what extent each species dissolves from soil, batch experiments were 

conducted. In 2 vials, 1 gram of soil was placed in 10 mL (gram) of DI water. These samples were shaken 

and kept for 2 hours each and 18 hours, after which they were filtered so the soil cannot dissolve more 

chemicals. The same process was repeated for prepared rain water, for a total of 4 batch experiment 

results, summarized in Results Section.  
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Chapter 3 : RESULTS & DISCUSSION 

Water and Chemical Balance 

Table 4: Volume Balance Totals 

[cm3] Whole Exp.* Whole Exp.* Run 1 Run 2 

Vp-total 3800  310 305 

Vd-total 1100  170 260 

Vs
* 1908** 50%**   

VET
** 792*** 20%***   

Vd-total/Vp-total  30% 55% 85% 

Vp-total/Vv-total   16% 

*Whole Experiment is both runs and background phases. 

**This is the potential maximum Vs value, which is equal to the total pore volume, Vv at full saturation. 

However, the catchment is not always fully saturated. 

**Minimum VET calculated using Equation 6.  

 

For comparison, Vp-total/Vv-total in real CZO watershed was calculated.  

𝑉𝑝−𝑡𝑜𝑡𝑎𝑙,𝑟𝑒𝑎𝑙

𝑉𝑣−𝑡𝑜𝑡𝑎𝑙,𝑟𝑒𝑎𝑙
=

1.75 m/365𝑑𝑎𝑦𝑠∗

160313 𝑚3 𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡
×

168750 𝑚2 𝑎𝑟𝑒𝑎

0.4 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦
= 4.6 % 

* Mean annual precipitation (MAP) is approximately 100 cm (“Annual Precipitation”). 

Vp-total/Vv-total ratio for the model watershed was 16% (from Table 4) which is much higher than 

4.6% for the real watershed (calculated above). A model ratio of 16% is an overestimation because it 

accounts for only the event itself, and skews the Vp input volume toward higher values. The real MAP 

accounts for all precipitation events, including small ones. Nevertheless, these ratios indicate that this 

model and sprinkling experiments simulate a precipitation event with increased intensity. Vd-total/Vp-total 

(RatioTV) increased from 55% is R1 to 85% in R2. This increases is because Run 2 was performed several 

days after Run 1, which allowed excess saturation to accumulate over time and possibly contribute to 

more overland flow and less old-water dominance. In this experiment, Vs for each Run cannot be 

calculated accurately because the water content in the soil was not measured. Run 2 probably has a lower 
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Vs out of the water that comes from its Vp. However, water stored in the model catchment prior to Run 2 

is higher than that stored prior to Run 1. 

Chemical Mass Balance 

Table 5: Mass Calculations R1 

[μg] F- Br- Cl- N03
2- SO4

2- Mg2+ Na+ Ca2+ K+ 

Min 96.30 21.18 45.25 478.83 301.38 5.14 62.80 63.01 29.16 

Mout 8.00 20.87 457.29 425.39 1431.10 131.03 275.76 317.69 549.58 

ΔM -88.30 -0.31 412.04 -53.44 1129.72 125.88 212.96 254.67 520.41 

ΔM/Min 

(ratio) -0.917 -0.015 9.106 -0.112 3.748 24.470 3.391 4.042 17.846 

ΔM/Δt 

(μg/min) -0.225 -0.001 1.051 -0.136 2.882 0.321 0.543 0.650 1.328 

 

Table 6: Mass Calculations R2 

[μg] F- Br- Cl- N03
2- SO4

2- Mg2+ Na+ Ca2+ K+ 

Min 58.01 19.62 240.10 2286.78 2965.30 25.21 1100.71 246.03 135.09 

Mout 9.95 26.98 651.78 1262.68 2731.74 177.04 576.71 440.84 708.32 

ΔM 

-

48.07 7.36 411.68 

-

1024.10 -233.56 151.83 -524.01 194.81 573.23 

ΔM/Min 

(ratio) 

-

0.829 0.375 1.715 -0.448 -0.079 6.022 -0.476 0.792 4.243 

ΔM/Δt 

(μg/min) 

-

0.167 0.026 1.429 -3.556 -0.811 0.527 -1.819 0.676 1.990 

Run 1 Observations 

Positive ΔM indicates that soil releases that species significantly, which was the case for most 

species Cl-, SO4
2-, Mg2+, Na+, Ca2+ and K+. Negative ΔM indicates that the soil retains these species so 

that not all precipitation mass is released out of the watershed, which is the case for F- and N03
2-. ΔM 

close to zero means that input matches output and mass is almost balanced. This is the case for Br-, where 

ΔM is slightly negative but close to zero.  
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A high ΔM/Min ratio (well above 1) indicates that soil dissolution potential for that chemical is 

high, because the output significantly exceeds the input. In Run 1, this rate is highest for Mg2+. It is also 

high for K+, followed by Cl-, followed by SO4
2-, Na+ and Ca2+ that have similar ΔM/Min ratios of around 4. 

A ΔM/Min ratio of around 1 indicates that Mout is significantly low and that the vast majority of input 

precipitation was retained in the soil. This is the case only for F-. A ΔM/Min ratio close to zero means that 

the mass either retained or released by soil is insignificant compared to the amount input by precipitation. 

Br- and N03
2- have a ΔM/Min close to zero. 

ΔM/Δt is the mass rate of release (if positive) or retention (if negative) of a species in units of 

μg/min. Higher positive number indicates faster rate of release and higher negative number indicates 

faster rate of retention. SO4
2- had the faster rate of release and F- had the fastest rate of retention. 

Run 2 Observations 

Largely positive ΔM values were yielded for Mg2+, K+, Cl-, and Ca2+, because of a combination of 

2 factors: First, actual 20X concentrated input measured to be lower than intended, making overall Min not 

significantly large, and secondly, these species were able to dissolve out significantly like they did in Run 

1, making a large Mout. For Br-, Min for Run 2 was close to Run 1, because 20X concentration was not 

successfully achieved. Mout for Br- in Run 2 increased and yielded a positive ΔM, which is higher than the 

ΔM value from Run 1, which was near zero for Br-. In Run 2, F- and N03
2-, as well as SO4

2- and Na+, 

maintained highly negative ΔM values. This difference from the previous Run was due to highly 

concentrated 20X input, making Min very high. In Run 1, dissolved soil was the major source of SO4
2- and 

Na+, but in Run 2, soil was not able to reach a level of dissolution to exceed the highly concentrated 

rainwater input. This indicates that there is an equilibrium value that soil dissolution reaches.  

The same species that had highly positive ΔM/Min ratios for Run 1 were the ones that stayed 

positive, because these are the species where soil dissolution rates are high, and output mass significantly 
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exceeds the input. In Run 1, SO4
2- and Na+ had the lowest positive ΔM/Min ratios, and in Run 2, they 

became slightly negative for same above mentioned reasons. 

Rates of dissolution (indicated by ΔM/Δt in μg/min) for species Cl- , Mg2+, Ca2+ and K+ have not 

changed much from R1 to R2. ΔM/Δt decreased to slightly negative rate values for SO4
2- and Na+, since 

they have switched from dissolving to retained species in Run 2, whereas it increased to slightly positive 

value for Br- since it switched from a retaining to dissolving species. ΔM/Δt rate became significantly 

more negative in Run 2 for N03
2-, indicating faster rate of retention, whereas it became less negative for F-

, indicating slower rate of retention. 

Soil Leaching Batch Experiments 

Table 7 summarizes batch experiment results. Rain water yielded a higher load of species than DI 

water. In general, 18 hour samples and 2 hours samples leached out similar load of each species, except 

for SO4
2-, which dissolved significantly more in 18 hour samples.  

Table 7: Batch Experiment Results 

  

  F- Br- Cl- N03
2- SO4

2- Mg2+ Na+ Ca2+ K+ 

DI_2hour 0.07 0.06 0.91 0.81 3.44 0.28 0.72 0.37 1.69 

DI_18hour 0.04 0.05 1.03 0.74 4.88 0.29 0.75 0.84 1.75 

RW_2hour  n/a 0.11 1.15 1.50 4.33 0.35 0.86 0.41 2.09 

RW_18hour  n/a 0.08 0.97 1.20 4.75 0.37 1.03 0.43 1.90 

(RW18hr) - 

Cp 

 n/a 0.04 0.59 0.27 3.82 0.33 0.83 0.31 1.85 

Dissolved/        

MassSoil* 

-8.3E-

07 

4.4E-

07 

5.9E-

06 

2.7E-

06 

3.8E-

05 

3.3E-

06 

8.3E-

06 

3.1E-

06 

1.9E-

05 

*
𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑀𝑎𝑠𝑠𝑆𝑜𝑖𝑙
=

𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑

𝑔 𝑠𝑜𝑖𝑙
=  

(𝑹𝑾𝟏𝟖𝒉𝒓∗∗ −𝑪𝒑)
𝑚𝑔

𝐿
×10 𝑚𝑙×

1

106

1 𝑔 𝑠𝑜𝑖𝑙
 

**Output concentration of 18 hour RW batch results were used (in 5th row of Table 7) as they seemed 

most appropriate to the experiment that lasted for days, where the soil was able to interact with soil for 

that long.  
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Msoil : Mwater Ratio 

Batch Experiment- 1:10 

Model Experiment- 40:10  

7584 𝑔

1908 𝑚𝐿 𝑝𝑜𝑟𝑒
×

1 𝑚𝐿 𝑝𝑜𝑟𝑒

1 𝑚𝐿 𝑤𝑎𝑡𝑒𝑟
×

1 𝑚𝐿 𝑤𝑎𝑡𝑒𝑟

1 𝑔 𝑤𝑎𝑡𝑒𝑟
= 4: 1 𝑟𝑎𝑡𝑖𝑜 = 40: 10 𝑟𝑎𝑡𝑖𝑜 

These values from are from Table 2, and making the assumption that 1 mL pore volume interacts 

with 1 mL water, or assuming full saturation (for rough estimate only). 

 

From this calculation, it is assumed that model experiment load is expected to be 40 times 

concentrated than batch load. From Table 7, it can be seen that dissolved load per mass unit of soil is 

highest for SO4
2-, followed by K-. The species Cl-, Mg+, Ca2+, Na+ as well as NO3

2- all have one order of 

magnitude smaller dissolved/soil ratio. Br- has one more order of magnitude smaller dissolved/soil ratio, 

and F- has a negative ratio. For species SO4
2-, K-, Cl-, Mg+, Ca2+ and Na+, these values make sense 

because positive values indicate that soil dissolves these chemicals. For NO3
2- and Br-, these values were 

expected to be negative or low, because soil in the experiment typically retained these species. Retention 

of these species did not occur in the batch experiments, probably because the soil mass concentration is 

approximated to be 40 times higher in the experiment than in the batch experiments. If batch experiment 

were done with an appropriate and higher Msoil:Mwater ratio, soil would have better and more opportunities 

to retain NO3
2- and Br-. Dissolved per mass soil ratio was negative for F- as expected. Due to the soil’s 

high retention capacity for F-, retention was able to take place regardless of lower Msoil:Mwater ratio in the 

batch experiments. 

Discharge Data 

Figure 17 and Figure 20 are the graphs of actual flow rate and concentration of each species in 

both precipitation and in output, all against time. In Figure 20, note that for both Runs, there was no DOC 

present in input rainwater, and pH was around 5. Figure 18 gives all the graphs of aforementioned ratios 

Vd/Vp (RatioV), RatioTV and RatioC, for each species over time. 
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 Figure 17: C and Q (horizontal gridlines are for Conc. right axis) 
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Figure 18: Ratios and Q (horizontal gridlines are for Conc. right axis) 
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RatioV (Volume Ratio) increases slightly over time for both runs partly because at the initial 

stage, pores in the catchment are still being filled and discharge is still starting to form. With time, more 

of the input becomes output. On the other hand, RatioC (Concentration Ratio) characterizes the old water 

contribution to discharge load. In these graphs, the response of Qd curve to Qp can be contrasted from Run 

1 to Run 2. For R1, there was a larger time lag between the appearances of Qd after Qp starts, as pores 

were less saturated and incoming water infiltrated to fill pore space before forming saturated lateral flow. 

For R2, there was a shorter time lag because saturation increased, and discharge became easier to form. 

For R2, Qd more easily and more prominently exceeded Qp during the falling limb, because of loss of 

infiltration due to oversaturation. 

Run 1 Observations 

Fluoride 

As seen in Figure 17, Cd of F- decreased with time. Cd of F- started slightly lower than Cp in the 

beginning, and decreased more significantly along the rising limb of Qd, discharge. In Figure 18, RatioC is 

below 1 at first, then jumps toward high value of 15, which is where Cd also decreases suddenly. In the 

beginning when RatioC is slightly higher than 1, Cp contributes largely to Cd. The sudden decrease in Cd 

when RatioC increases to well above 1 maybe because, as Run 1 continues, old water contribution 

increases as pore spaces get connected and increase the overall buffering capacity of old water, which 

ultimately lowers [F-] in the discharge. The buffering capacity may be due to sorption of F- onto the soil 

matrix. 
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Bromide and Nitrate 

In Run 1, Both RatioC and Cd of Br- and NO3
2- slightly follow the Vd/Vp curve. Cd starts off closer 

to Cp at the rising limb, which explains RatioC close to 0. Over time, RatioC increases but stays well below 

1, meaning soil leachate containing Br and NO3 are contributing to the discharge along with the input 

rain, and that mixing is involved. Gradual increase in RatioC means that, with time, overland flow 

contribution becomes less significant as old-water and soil-interface contribution becomes more 

important. This verifies the claim made above in the Fluoride discussion that old water channels form 

with time as more and more pore spaces get connected. Once difference is that Cd of Br- increases and 

diverts from Cp more than NO3
2- does. 

Again with 20X rain water in Run 2, there was no [Br-] in the recipe, and the 20X measured 

concentration turned out to be very close to the 1X concentration, rendering the 20X observations not 

very useful. Again in Run 2, more chaotic behavior is seen, perhaps due to excess saturation of pores 

compared to Run 1. 

Chloride, Sulfate, Magnesium, Calcium, Sodium and Potassium 

For all of these species in Run 1, RatioC is consistently close to 1, and Cd is well above Cp, 

meaning soil is the main source of the chemical load. All these species (except Na+ and Mg2+ only 

slightly), Cd increases along both the rising and falling limbs, without change in RatioC. Cd of SO4
2-, Mg+, 

Ca2+ started higher than Cp, and increased with time. Cd of Na+ and K+ also started higher than Cp, but 

only increased slightly over time. For Cl-, Cd close to Cp and increased only slightly over time.  

Sulfate Cd has a prominent shape resembling y=x3 function along Qd. This could again indicate 

that over the course of Run 1, channels for old water to potentially travel through became more connected 

and ready to release higher load of these chemicals overall. This trend and the fact that sulfate maintained 
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highly negative ΔM values also indicate that the watershed may be maximizing its dissolution load by 

releasing the stored mass first, and then taking in more sulfate later.  

Run 2 Observations 

In R2, Cd of each species’ during 1X concentrated Cp parts, were similar to Cd values of R1. 

Actual 20X rain water turned out to not have 20 times 1X concentration rain water as intended. For the 

species NO3
2-, SO4

2-, Na+, Mg+, Ca2+ and K+ for which higher Cp was achieved, Cd increased in response 

to 20X Cp. For species that 20X Cp value did not actually change much from 1X Cp (F- and Br-), Cd did 

not increase in response to 20X Cp as expected. 

For the 20X injection, there was no [F-] in the rain water. Cd along the rising limb of Run 2 is 

slightly chaotic. Before 20X RW is injected, Cd is low around 0, then hovers around Cp, and comes back 

down to near 0. Old water contributes when Cd is low, but when Ratio C is close to 0, overland flow 

dominates for some time, but is transient in this case. When the 20X Cp is reduced to near 0, Cd is 

consistantly near 0. Because RatioC is also near 0, it is safe to say that overland flow, not old-water, has a 

large contribution in this stage. However, when Rc increases again after the injection is switched to 1X Cp, 

it means that old water should be having a large contribution again. However, in Figure 17, it is observed 

that Cd still stays consistantly near 0 till the end of Run 2. This means that there is a high mixing and 

buffering capacity in the old water which retains a low [F-] despite Cp being as high as 0.3 ppm when the 

injection is switched back to 1X concentration. It also implies that old water channels take time to form to 

create pathways that start from rainfall going into the discharge stream. 

For Run 1 in Figure 18, most species had RatioC of around 1 except, F- whose RatioC is higher 

than 1, and Bromide and Nitrate, whose RatioC is lower than 1. In Run 2, the RatioC levels stay at the 

same levels. However, when 20X rainwater is injected, RatioC spikes up and down before it stabilizes 

again at a certain level after input is switched back to 1X. The different responses to 20X Cp seem to fit 
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into three patterns with RatioC vs time. During the 20X injection, Rc behaved in one of three ways, as 

indicated in Figure 19: 

Pattern A (green): spiked up to >1 and gradually decreased back to 1 

Pattern B (red): gradually decreased to zero before spiking up 

Pattern C (blue): spiked to <1 level before gradually decreasing  

 

Figure 19: 20X Ratio-C Patterns 

Pattern A: Sulfate, Sodium (and Nitrate) 

20X concentration was significantly higher than Cd at 1X injection. Therefore, Cp started gaining 

more influence and spiked Rc. But even as 20X injection continued steadily, Rc started to approach 1 

while Cd approached a higher level. This means soil water composition quickly synchronized itself to 20X 

input, and was able to release higher Cd. When the input was changed to 1X, Rc =1 and Cp had little 

influence. However, Cd managed to stay at the previous high levels for 50 minutes after this switch, 

before decreasing to its normal levels. This indicates that although Cp influence stopped when 20X input 

was stopped, there was significant amounts of 20X RW stored as old water and slowly released through 

connected subsurface pathways. 

Pattern B: Calcium 

Calcium 20X concentration resembled Cd at 1X input, and therefore Rc approaches to 0, before 

spiking back to soil influence only after 1X injection is used. 
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Pattern C: Magnesium, Potassium 

20X concentration was only increased slightly, and therefore Cd only increased slightly. Cp gained more 

influence because it was close to Cd in this case. As 20X influence continued, Rc approached 1 before 

stabilizing at 1 immediately after switching to 1X input. This again means that soil water gained the 

composition of 20X Cp and started influencing Cd more and more. 

DOC and pH 

These species are analyzed separately from the rest of the species because of the differing 

amounts of samples and range of values. DOC somewhat followed discharge curve –increased on rising 

and decreased on falling limb. pH also slightly increased on rising and decreased on falling limb. pH of 

Figure 20: C and Q –part 2 (horizontal gridlines are for Conc. right axis). 
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rainfall is ~5, so therefore soil leached out some acidic load. DOC was significantly lower in Run 2 than 

in Run 1, meaning it washed out over time. pH was also slightly lower overall in Run 2 than in Run 1 

without the rainfall pH changing. Lower pH indicates higher dissolution of H+ ions. This could have 

happened as 20X Cp in R2 released many species that attached to soil colloids, pushing more H+ into 

solution. 

End Member Mixing Analysis 

Table 8: Calculations/Values for Mixing Diagram 

Graph in 

Figure 

21 

[ppm] x y 

I)  SO4
2- F- 

 Cp 0.93 0.32 

 SoilW 152.90 0.00 

II)  Ca2+               NO3
2-      

 Cp 0.20 0.93 

 SoilW 33.00 10.80 

III)  Na+       Br-         

 Cp 0.12 0.03 

 SoilW 12.40 1.70 

 

Table 8 gives the x and y coordinate values used to plot the straight lines in Figure 21. Cp is the 

concentration in one end-member, rainwater, and SoilW is the predicted load of the species coming from 

soil leachate. SoilW were calculated from 18 hour RW batch experiment, by taking the batch experiment 

results and subtracting rainwater concentration from it. A line from end member 1 (Cp) to end member 2 

(soil water) indicates that the overall load shifts from one to the other over time. The plotted dots (Cd 

agree with the direction of the line. As Run 1 continues, outlet concentration of each chemical yields to 

the soil water, or old water composition. This indicates that old water contribution to discharge increases 

over time. 
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Figure 21: 1-dimensional EMMA for Run 1 
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Hysteresis Patterns 

Figure 22 gives the graphs of Cd against Qd for Run 1 only. These hysteresis loops can roughly 

reveal properties of how chemical load responds in a stream, also summarized in Table 9. 

 
Figure 22: C-Q Graphs -Hysteresis Loops 
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Table 9: Hysteresis Summary 

 F- Br- Cl- NO3
2- SO4

2- Mg2+ 

Pattern 2 or 1 4 
1, 2  

Crisscross 
3 or 4 

Meaning 

Cd ↓ t 

Chemodynami

c 
 

Cd ↑ t 

Cp<Cold 

Dilution 

Cd ↓↑ t 

Both dilution and 

chemodynamic 

behavior 

Cd ↑ t 

Chemostatic 

 

 Na+ Ca2+ K+ pH-R1 pH-R2 DOC 

Pattern 4 or 3 4 

Inconclusive 

1, 2 

Meaning 
Cd ↑ t 

Chemostatic 

Cd ↑ t 

Cp<Cold 

Dilution 

Cd ↓ t 

Both dilution 

and 

chemodynamic 

 

Br-, Cl-, Ca2+ and K+ exhibit counter-clockwise pattern 4, meaning their Cd increase with time, 

and Cold is more significant than Cp. This is proven to be true from Figure 17 and above discussions 

concluding that these species get dissolved into solution when contacted with rain water. Although, the 

dissolution of Br- was not significant in magnitude. Br-, Cl-, Ca2+ and K+ in general decrease with 

increased discharge and exhibit rough dilution behavior. NO3
2- and SO4

2- exhibit a crisscross CQ pattern 

resembling both Patterns 1 and 2. However, in Figure 17 it can be observed that these species increase 

slightly with time. Nevertheless, the crisscross pattern indicates that these is both chemodynamic and 

dilution behavior present, which is typically the case with species related to organic matter. DOC and F- 

exhibit clockwise patterns indicating that Cd decreased over time, which can be seen clearly in Figure 17 

and Figure 20. F- falls into the chemodynamic category while DOC is variant. Mg2+ and Na+ on the other 

hand, are roughly the shape of Pattern 3 or 4, but it is uncertain. Clearly, there are significant amounts of 

these species leaching out from the soil, and soil water was analyzed to be the major end-member before 

for this species, leading to the conclusion that Cp<Cold. Mg2+ and Na+ can be categorized as chemostatic 

species, possibly because of high intrinsic weathering rates that are not affected by discharge rate. For the 
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most part, Cp<Cold which verifies our previous claims that old water contribution in the experiment was 

significant, especially as time went on. 

Classification 

Characteristics discussed above allow the species to be categorized. Type A is species where 

discharge load is smaller than the input rainfall load. This means that rain water has significant influence 

on discharge load but soil does not significantly leach out this chemical, and therefore buffers (lowers) the 

dissolved discharge load. Type B is species where discharge load is similar to input load, therefore soil is 

not leaching out much of this. Type C is species that derives mainly from soil because rain water 

composition is not significant. In Table 5, ΔM/Min ratio is close to 1 for Type A, close to 0 for Type B, 

and negative for Type C.  

Table 10: Experiment Observations Summary 

 
F- Br- Cl- 

NO3
2

- 

SO4
2

- 
Mg2+ Na+ 

Ca2

+ 
K+ DOC 

pH 

Retention(R)/ 

Dissolution(D)

/ 

Neutral(N) 

R N D R D D D D D D N 

R/D capacity* high non

e 

high low low high low hig

h 

high high  

R/D rate* high non

e 

med

. 

high high low low low med

. 

high**  

Qp effect chemo 

dynami

c 

dilution crisscross chemostati

c 

dilution crisscros

s 

chem

o 

static 

Rc >>1 < 1 ~1 < 1 ~1 <=1 

Type A B C B C  

*observations from Tables 5 and 6 

**DOC decreased significantly over time 

 

As seen in Table 10, there are a multitude of varying behaviors for each chemical species, in 

terms of method of travel from precipitation to discharge from stream mouth, how soil retains or dissolves 

this species, and in terms of how end members interact to influence its CQ relations, if they do. Species 
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with high rates of either retention or dissolution (such as NO3
2-, SO4

2- and DOC) showed crisscross CQ 

patterns. It was noted in the introduction section that species derived primarily from fast weathering, are 

affected less by discharge changes [Ameli, 2017], and therefore, it makes sense that there is no distinctive 

CQ relationship. However, Mg2+ and Na+ had lower rates of dissolution, comparatively, and also showed 

little correlation with discharge. 

Species with high R/D potential but low to medium R/D rates (Cl-, Ca2+, K+) showed dilution 

behavior, which may be because although high flow rate would potentially drive excessive dissolved load 

from soil to stream, the chemical rate of species release is not able to keep up with the physical push by 

increased discharge. Br- shows interesting behaviors, as it typically did not release or retain a large load 

into the discharge stream and rain water passed through. Typically, conservative tracers tends to be a 

chemical such as Cl- instead, which was not the case here.  

  



40 

 

Chapter 4 : CONCLUSION 

Nine major species measured here are characterized into one of three categories in terms of how 

the species is transported into the stream. Fluoride belongs to Type A where rain water is the major 

source and soil acts to retain it from entering the stream discharge. Bromide and nitrate exhibit Type B 

behavior where both end members of soil and rain contribute to the stream water and the magnitude of the 

contribution is compatible. All other species (Chloride, Sulfate, Magnesium, Calcium, Sodium and 

Potassium) are Type C where soil water is so dominant that it is the significant end member. Most of 

these species exhibit Type C behavior, which leads to further analysis. In this experiment, the rain 

simulations replicated heavy intensity and large-volume rain fall events of real life, and could lead to 

future research on whether such events lead to predominantly type C behavior in chemical load. It was 

also found that species that have a high dissolution rate do not fit into a CQ relation pattern, but those of 

the Type C species that have slower dissolution rates tend to exhibit rough CQ patterns (dilution or 

chemodynamic). 

Due to constraints on time and scope of the undergrad research thesis, there are several missing 

pieces that further characterize end members and nutrient transport. Certain values such as saturation, 

water content in the soil and measurement of soil water composition would have made this analysis both 

more accurate and broader. One question is whether the Type 1 species, such as fluoride that are lower in 

concentration in the output than the input, are behaving so due to soil-interfacial phenomenon such as 

adsorption? How does CEC (cation exchange capacity) help explain the large amount of cation 

dissolution observed in the experiment? 
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APPENDIX 

Below is the C vs Q plots for Run 1 and 2 for each chemical. Since Run 2 had 20X concentrated 

input for only the middle part of the Run, it was anticipated to yield higher C levels at higher Q levels, 

skewing only the right part of each graph. This seems to be true for the species where 20X Cp was 

actually significantly higher than 1X. It was concluded that the partial skew of the graph would limit the 

understanding on CQ hysteresis, and therefore was not used in the experimental analysis.  
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