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Abstract 

 

Water chemistry evolution through the critical zone  

 

by 

 

Hyojin Kim 

 

Doctor of Philosophy in Earth and Planetary Science 

 

University of California, Berkeley 

 

Professor James K. B. Bishop, Chair 

  

  

Water as it passes through the critical zone – from top of the trees to the bottom of the 

groundwater table – plays a critical role in chemical weathering of rocks and in the global 

carbon cycle.  Although the chemistry of surface water (i.e. rivers and lakes) has been 

intensively monitored at high-frequency (<1 day), the temporal and spatial variability of 

groundwater chemistry in the critical zone, especially in the weathered bedrock zone, has 

been rarely observed.  In many catchments located at temperate regions, nearly all 

rainwater infiltrates into subsurface, thus identifying the processes and environmental 

controls for the groundwater chemistry will be fundamental to understand the stream 

chemistry dynamics.  

 Here, this dissertation directly monitored the groundwater chemistry flowing through a 

thick weathered argillite zone (5- 25m), underlain by a thin soil layer (<0.75m) in a 

hillslope in the Elder Creek catchment, located at Angelo Coast Range Reserve, Northern 

California.  Groundwater samples from three locations along the hillslope (i.e. upslope, 

midslope and downslope) and the creek samples from adjacent Elder Creek were collected 

at 1-3 days frequency from late 2008 to early 2013 using a novel autonomous sampling 

methodology developed for this study.  This study site has been intensively monitored (5- 

30 minute frequency) for microclimate, groundwater table/ temperature, soil moisture/ 

temperature, and tree sap flows since 2008.  

Observations of the dynamics of major cations (Na, Mg, K, and Ca), Si, and reactive trace 

metals, led to the identification of three key governing processes, each occurring at specific 

locations within the critical zone, that are responsible for water chemistry evolution in the 

critical zone.  During the rainy season, rain water and throughfall – rainwater that has 

penetrated through tree canopy – as it passes through the vadoze zone, rapidly gains major 



2 

 

cations through via cation exchange reactions enhanced by elevated subsurface pCO2.  At 

the same time, rainwater increases its Si concentration through dissolution of amorphous 

silica phases.  This new water recharges the groundwater and in upslope and midslope 

wells, raising their groundwater table by 4-6 m.  During this high flow regime, the 

connectivity between the groundwater and stream increases significantly.  Therefore, this 

groundwater rapidly flows into the stream and the groundwater and stream display the 

similar chemistry (fast-flowing groundwater).  During the dry season, the groundwater 

table and the stream discharge recede to their lowest levels and the cation concentrations of 

the groundwater become higher but its Si concentration decreases.  During this season, the 

chemistry of groundwater is governed by thermodynamic equilibrium with the argillite at 

high pCO2 (slow-flowing groundwater).  The groundwater may become fully equilibrated 

with reactive minerals such as calcite and clay minerals but may be far from equilibrium 

with primary minerals (e.g. albite).  Silicon in the groundwater may form secondary 

minerals, decreasing its concentration.  When this equilibrated groundwater enters the 

stream, its chemistry will be dramatically altered via degassing of CO2 leading to abiotic 

and biotic carbonate mineral precipitation at the hillslope-stream interface.  The biotic 

calcite precipitation appears to increase the partitioning of Mg in calcite, decreasing the 

groundwater‟s Mg concentration by 30%.  

This fundamental hydrochemistry process framework explains the dynamics of reactive 

species, such as Fe and Mn.  The Mn concentrations in the subsurface paralleled the 

behavior of major cations but varied by as much as 3 orders of magnitude vs. factors of 2 to 

5 for major cations; the groundwater‟s Mn concentration rapidly decreased as the 

groundwater table rises and vice versa.  Multiple lines of evidence suggest that Mn is 

mostly in dissolved form, and like major cations and that the controlling processes for 

major cations govern the Mn‟s behavior.  However, even during the high flow regime, Mn 

in the fast-flowing groundwater is precipitated when it enters the stream, likely via Mn-

oxide precipitation at the hillslope-stream interface.  In contrast, Fe displayed no systematic 

correlation with the groundwater table dynamics or stream discharge.  The highest Fe 

concentrations in both groundwater and stream were expressed at the beginning of the rainy 

season.  In addition, the Fe concentration in the groundwater and stream display quite 

similar values.  This suggests that Fe may be in colloidal form, likely organic-ligand bound.  

This organic ligand Fe- colloid may be more stable and less bio-available that dissolved 

elements; hence, Fe precipitation at the hillslope-stream interface may be negligible.   

This dissertation demonstrated that the slow-flowing groundwater transported through the 

deepest weathered bedrock zone plays a significant role in fluxes of solute and solid to the 

adjacent creek.  The atmospheric inputs of major cations and Si were insignificant 

compared with the Elder Creek‟ solute fluxes while that of Mn was 1 -2 orders of 

magnitude higher than in Elder Creek‟s solute fluxes; rain and throughfall data for Fe are 

unreliable.  The first process in the vadose zone is responsible for 55% (12 t/km
2
/year) of 

the annual cation fluxes.  The slow-flowing component is responsible for the rest of 45% 

annual cation fluxes (9.4 t/km
2
/year).  The third process – water chemistry transition at the 

hillslope-stream interface - will precipitate 29 t/km
2
/year of Ca + Mg (mostly as calcite) 

from the slow-flowing groundwater.  This process is also responsible for precipitating 
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approximately 0.2 t/km
2
/year of Mn and 0.02 t/km

2
/year of Fe, which are greater than their 

atmospheric inputs.  These findings demonstrate that the loss by carbonate precipitation at 

the transition zone 1) is greater than the dissolved cation  fluxes estimated based on the 

Elder Creek chemistry observations (21.4 t/km2/year); and 2) Fe and Mn are not 

accumulating in the system, unlike previously considered.  The significant solute 

precipitation at the hillslope-stream interface suggests that the role of chemical weathering 

of rock may play a much greater role in sequestrating CO2 than the previously quantified. 

In addition, a large pool of chemical weathering solid fluxes has not been taken into 

account properly in the global element budgets.  
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Chapter 1.  Introduction  

 

 

 
1.1  Chemical weathering through the critical zone 

 

Chemical weathering of rocks through the critical zone – from the tree canopy to the 

bottom of the groundwater table 
1
 – plays a critical role in long-term climate variability by 

regulating atmospheric CO2: it consumes atmospheric carbon dioxide as a source of acid 

when water interacts with rocks 
e.g. 2,3

: 

 

CO2 + H2O + rocks = cations + HCO3
-
 + secondary minerals 

 

Weathering products, such as major cations (Ca, Mg, Na, K and Si) and anions (HCO3
-
) are 

transported by streams and rivers to oceans where they are precipitated, sequestrating 

carbon dioxide for geologic time scales.  Thus, better understanding of stream chemistry 

dynamics, particularly for its primary processes and control, will be critical to improve the 

quantification and prediction of chemical weathering‟s role in various climate change 

scenarios. 

 

Stream chemistry dynamics is strongly affected by how deep (flow-paths) and how 

fast (residence time) water moves in the subsurface.  This is governed by the hydraulic 

conductivity and the porosity of the matrix that is created by physical and chemical 

weathering processes 
e.g.4

.  In vegetated, soil-mantled terrains in humid climates, nearly all 

rainwater infiltrates into the subsurface, because rainfall intensities rarely exceed vertical 

infiltration rates 
e.g. 5, 6

.  Water moves slowly in the subsurface, yet storms trigger an almost 

instantaneous increase of stream discharge by a few orders of magnitude; paradoxically, the 

solute concentrations change by only a few factors 
e.g.7, 8

.  Thus, studies have hypothesized 

that processes in the highly permeable soil layer are mainly responsible for runoff 

generation and the dynamics of runoff chemistry.  This evokes a mechanism where 

rainwater infiltrates into the subsurface and perches on the effectively impermeable 
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weathered bedrock boundary, and then flows downslope, taking up solutes by mixing with 

and displacing the matrix water 
e.g. 9, 10, 11, 12, 13

. 

 

However, increasing numbers of field observations have documented that the soil-

bedrock boundary is permeable, and these flows play a critical role in runoff generation and 

stream chemistry 
e.g. 14, 15, 16, 17, 18, 19, 20

.  Bedrock groundwater is hypothesized to be 

preferentially transported via fractures 
e.g. 15, 19, 21, 22

; thus, bedrock groundwater can be 

highly responsive to rainfall inputs.  The chemistry of bedrock groundwater will be 

governed by its reaction times 
e.g. 23, 24, 25, 26

 depths of flow-paths 
e.g. 27, 28, 29

 and interaction 

with matrix water 
e.g. 30, 31

.  However, direct observations of water chemistry dynamics in 

this zone have been rarely carried out.  All previous studies have inferred groundwater 

chemistry 1) by mass balance estimation according to soil water and stream (runoff) water 

chemistry 
e.g. 24, 25, 32

; 2) by springs/groundwater seeps samples 
e.g. 20, 25, 26, 33, 34

; and 3) 

limited groundwater samples (i.e. low-frequency) collected in wells near the riparian zone 
e.g. 21, 31, 34

.  To reveal the water chemistry dynamics through the critical zone, it is necessary 

to conduct direct observations on the temporal variability of bedrock groundwater 

chemistry, at adequate frequency, and on the long-term (at least for one water cycle).   

 

 

 

1.2  Definition of vertical profiles of the critical zone 
 

The critical zone encompasses Earth‟s outermost surface and is physically defined 

from “the top of the trees to the bottom of the groundwater” 
1
.  However, this critical zone 

is often characterized in different ways depending on the research fields, and their standard 

definition of terminology varies.  In this study, we will define the critical zone‟s vertical 

profile by four zones according to physical and chemical properties: namely, in order of 

increasing depth, soils, saprolite, weathered bedrock and fresh bedrock (Figure. 1.1).  Soils 

are unconsolidated and physically mobile weathered materials
35

, and are thus highly 

permeable.  Saprolite is a weathered rock that is soft enough to be friable but still retains its 

parent rock structure 
4, 36, 37 and references therein

.  Saprolite may display moderate porosity and 

hydraulic conductivity.  Compared with these two overlying zones, weathered bedrock is 

rock that has not been significantly altered; consequently, it displays low porosity and 

hydraulic conductivity.  Fresh bedrock is a parent material that has not been exposed to 

weathering processes.  The thicknesses of these zones vary significantly, depending on 

climates, topography, weathering history, and bedrock types.  Groundwater is hypothesized 

to be perched on this fresh bedrock boundary and to flow laterally through the weathered 

bedrock zone.  
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Figure 1.1 Vertical profile of the critical zone. This study defines the critical zone by 4 

subsections; soils, saprolite, weathered bedrock and fresh bedrock.  The fresh-bedrock 

boundary serves as a no-flow boundary.  

 

 

 

 

1.3  Unexpected Fe depletion on the West Coast of the United 

States   
 

Water chemistry evolution through the critical zone will significantly influence 

regional scale phenomenon.  For example, iron (Fe) is a key element in order to understand 

weathering profile development and soil production, and it is an essential nutrient for living 

organisms.  Particularly in marine ecosystems, Fe becomes a limiting factor for open ocean 

phytoplankton productivity 
38

.  Due to its low solubility in the oxidized-and high-pH 

conditions of the ocean surface, its availability is limited.  Identifying the sources of Fe and 

better understanding on transport mechanism of Fe to marine ecosystems will be critical to 

quantify and predict the primary productivity of phytoplankton on the ocean surface.  

 

In open oceans, the primary source of Fe has been hypothesized to be terrestrial dust 

input 
39, 40

.  Rivers carry significantly amount of both dissolved (nM ~ μM) and particulate 

(1~8 wt% of sediment) 
41

 Fe than the sea surface water (~pM).  However, at estuaries – 

where freshwater mixes with high-pH, salty sea water – nearly all of Fe will be precipitated 

out via coagulation and flocculation and is thought to be trapped in the estuary
42

; thus, 
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riverine Fe input to marine ecosystems is considered to be only limited to the coastal areas.  

However, Lam et al (2006) observed a winter phytoplankton bloom in open subarctic North 

Pacific Ocean that could only be explained by Fe input from the continental margin
43

.  

They observed that the vertical profiles of particulate Fe and Mn spiked at around 100 to 

200 m depths – the depth of continental shelf in this region− during the study period.  The 

authors proposed that reductive dissolution of Fe within continental shelf sediments is a 

source of Fe to the open oceans.   

 

Lithogenic Fe of the continental shelf could be considered as its primary source.  If 

so, coastal upwelling regions should not be Fe-limited because iron is the fourth most 

abundant element in the Earth‟s crust, which means the source of Fe is virtually unlimited.  

Most coastal marine sediments are anoxic, which means reductive Fe-dissolution is 

favorable; therefore, upwelled waters should contain high levels of available Fe.  However, 

observations of the primary productivity in the West Coast of the United States directly 

contradict to this assumption.  The West Coast of the US is one of the upwelling regions, 

where Fe is primarily delivered by upwelled water.  Off the Central Coast of California, 

Hutchins and Bruland (1998) documented that the uptake ratio of Si:N decreased by adding 

Fe during the upwelling season, suggesting Fe-limitation in this region
44

.  Later, Chase et al. 

(2007) found a correlation between the continental shelf width and the winter storm 

discharge to the summer productivity of these regions
45

.  They proposed that winter storms 

deliver Fe-rich riverine sediments to the coastal area and the continental shelf captures this 

fluvial sediment.  This indicates that the wider shelf will store more riverine Fe than the 

narrower shelf, increasing the iron availability of the region.  These observations highlight 

the importance of interplay between the terrestrial hydro-geo-chemical processes and the 

coastal biological processes.  

 

Iron is mobilized from rocks by chemical weathering processes in the critical zone 

and is mostly transported as particle phases via rivers to coastal areas 
e.g. 41

.  However, the 

questions about how, when, and where in the critical zone, Fe becomes mobilized and 

transported to the ocean are not yet well understood.   In order to identify the mobilization 

processes and quantify the Fe flux, first, the hydrologic dynamics and water chemistry 

evolution through the critical zone must be well defined.  How deep and how fast water 

moves through the critical zone will govern where and how Fe becomes mobilized and 

transported out of the critical zone.  To address these questions, long-term (over a 

hydrologic cycle) high-frequency observations of the hydrochemistry of both groundwater 

in the critical zone and the adjacent creek will be critical.  However, the temporal 

variability of groundwater chemistry has been received little study, mainly due to limited 

accessibility to deeper groundwater in upland regions and lack of proper sampling 

techniques for long-term high-frequency observations for Fe.  Iron is highly reactive, thus it 

is easily precipitated in an oxidized condition and undergoes adsorption onto sample bottles.  

Particularly, capturing the Fe dynamics in the groundwater, which is often disequilibrium 

with the surface atmosphere, is extremely challenging.  In order to investigate the dynamics 

of Fe and Mn, this dissertation has overcome these limitations by 1) installing wells to 



8 

 

penetrate below the fresh bedrock in a hillslope located at a headwater and 2) developing a 

new sampling method to preserve sample integrity for Fe for a long deployment period (1-2 

months) 

 

 

 

 

 

 
 

Figure 1.2 Chlorophyll a concentrations in the Cape Mendocino area during June 2005. 

The source of data is SeaWiFS ocean color data obtained from Giovanni 

(http://disc.sci.gsfc.nasa.gov/giovanni/). The pink pin represents the Elder Creek 

catchment which is the study site of this dissertation, and the yellow pin (Fernbridge) 

represents the mouth of the Eel River watershed.  

 

 

 

Off the coast of the Cape Mendocino region is an excellent system to evaluate the 

hypothesis by Chase et al. (2007)
45

.  The chlorophyll a concentration in the North of the 

Cape, where the mouth of Eel River is located (Fernbridge in Figure 1.2), is much higher 

than that in the South, and the continental shelf extended around 20 km off the coast.  The 

Eel River watershed, because of its steep terrain and easily weathered bedrock type (i.e. 

mudstone and sandstone), yields one of the highest sediment loads per drainage in the 

United States 
46

.  Elder Creek (pink pin in Figure 1.2), which is located approximately 100 

km upstream from the mouth of the Eel River, is one of the headwaters in South Fork of 

Eel River.   
 

 

 

http://disc.sci.gsfc.nasa.gov/giovanni/
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Figure 1.3a.  Overview of the study site, “Rivendell”.  Rivendell is a zero order basin in 

the Elder Creek catchment, one of the headwaters of the Eel River watershed.  Figure 

1.3b. The cross-section of W10-W6-W3- and W1.  Groundwater samples were collected 

at W10, W3 and W1 and Elder Creek samples were collected right next to Rivendell.  

This figure is part of Chapter 4, which is submitted to Geochimica et Cosmochimica 

Acta and currently accepted.   

 
 

 

In a small hillslope in the Elder Creek catchment, dubbed “Rivendell”, a total 11 

wells were drilled to depths below the fresh-bedrock boundary, allowing direct 

hydrochemistry observations in the critical zone of the site (Figure 1.3).  The study 

hillslope is heavily instrumented and has been monitored for groundwater table levels/ 

temperatures, soil moisture/ temperatures, tree sap flow, and microclimate variables at high 

frequency (5-30 minute intervals) since Oct 2008.  Four automated water-samplers were 

installed in the study site − three along the hillslope (upslope, midslope and downslope) and 

one in Elder Creek to monitor the chemistry of groundwater and stream at 1 -3 days 

frequency (Figure 1.3).  The sample bottles of the automated samplers were modified to 

preserve sample integrity for reactive species.  This dissertation will include the discussion 

of Mn along with Fe.  Like Fe, Mn is an essential nutrient and redox-sensitve.  On the other 
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hand, Mn is placed slightly above Fe on the redox larder, thus a Mn-reductive dissolution 

environment will be developed prior to the Fe-reductive dissolution condition 
51

.  In 

addition, in natural environments, Mn is mostly in truly dissolved form while Fe is often 

found to be colloidal form 
e.g. 47, 48, 49, 50

.  By contrasting and comparing the dynamics of Fe 

and Mn in the critical zone to the adjacent creek, the controlling processes for their fate and 

transport will be more clearly identified.   
 

 

 

1.4   Thesis overview  
 

This dissertation investigates water chemistry evolution through the critical zone, 

focusing on the dynamics of Fe and Mn, based on high-frequency multi-year observations 

of bedrock groundwater chemistry.  To understand the Fe and Mn fate and transport 

through the critical zone to rivers, eventually to the coastal area, I will identify the 

processes and locations where water chemistry evolution occurs through the critical zone.  

To address these, I will investigate the dynamics of major cations (Ca, Mg, Na, K and Si) in 

groundwater (Chapter 4) and stream water (Chapter 5).  The dynamics of major cations will 

provide a hydrochemistry platform to interpret the dynamics of Fe and Mn.  

 

Chapter 2 will discuss the quality of the water chemistry analysis. In this 

dissertation, water chemistry was analyzed using a Finnagan Element II magnetic sector 

inductively coupled plasma– mass spectrometer (ICP-MS) at Lawrence Berkeley National 

Laboratory.  This study focuses on various elements that display a wide range of 

concentrations (nM–mM). The accuracy and precision of the water chemistry data are 

fundamental to interpreting the hydrochemistry dynamics through the critical zone and to 

stream.  The quality of the water chemistry analysis data is evaluated using Certified River 

Water Reference Material for Trace Metals, SLRS-5 (National Research Council (NRC), 

Ottawa, ON, Canada).  

 

Chapter 3 will discuss a new methodology that I developed to preserve sample 

integrity for a long-term high-frequency sampling system in a remote environment.  For 

trace metal water samples, immediate filtration and acidification is required (US EPA, 

1994).  The new methodology is capable of filtering samples within 30 minutes after the 

sampling by gravity, achieving excellent sample preservation in fields for 2-3 months.  This 

chapter has been published in Environmental Science and Technology (Kim et al. 2012).  

 

 

Chapter 4 will discuss the processes and controls of major cation dynamics in 

groundwater.  In the study site, runoff is generated through bedrock groundwater.  Thus 

identifying the primary processes and controls of the groundwater chemistry is a key step to 

building an interpretation framework for Fe and Mn dynamics.  This chapter is accepted for 

publication in Geochimica et Cosmochimica Acta.  
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Chapter 5 will discuss water chemistry transition from the hillslope to the adjacent 

stream. The bedrock groundwater and the stream are in two different conditions.  

Groundwater is often isolated from the atmosphere, developing a reduced, high pCO2 

condition.  On the other hand, the stream is equilibrated with the oxic and atmospheric 

pCO2, suggesting water chemistry will be altered at the hillslope-stream interface.  The 

processes occurring in this transition zone will be critical to the fate and mobilization of Fe 

and Mn, because they are one of the most sensitive elements to environmental condition 

changes.  Elements such as Ca, Sr and Ba, and to some extent Mg, are strongly precipitated 

at the hill-slope stream interface due to CO2 loss and biological effects.  

 

Chapter 6 will discuss the fate and transport of Fe and Mn based on the 

hydrochemistry platform from the previous two chapters.  

 

Chapter 7 will address the summary of this dissertation, including the perspectives 

and hypotheses raised by it.   
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Chapter 2 

Quality Analysis of the ICP-MS Data  

 

 
 

    

2.1  ICP-MS Analysis  
 

In this study, all water samples were analyzed using a Finnigan Element II magnetic 

sector inductively coupled plasma – mass spectrometer (ICP-MS) at Lawrence Berkeley 

National Laboratory (LBNL).  In this chapter 2, the overall analytical procedure and the 

quality of the analysis results will be reported.  

 

 
2.1.1  Sample Pre-treatment  
 

All water samples were filtered using either geometric filters − polycarbonate 

membrane filters with etched holes − (Whatman; pore-size 0.1μm, 0.4 μm, 1.0 μm) or 

depth filters (Supor polyethersulfone membrane disk, Pall Life Science; pore-size 0.1 μm, 

0.2 μm, 0.45 μm, 0.8 μm) and were acidified 1% HNO3 (Optima
*
, Fisher Chemical), at 

least, 24 hours before analysis.  All these pre-treated samples were stored in acid-cleaned 

20 mL scintillation vials and stored at room temperature until analysis.  
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2.1.2  ICP-MS Analysis Preparation 
 

Each ICP-MS analysis runset was comprised of 1) standards; 2) blanks; 3) rinses; 4) 

reference materials; and 5) samples.  The base matrix (diluents) for all solutions were 2% 

HNO3 (Optima
*
 Fischer Scientific) and all the analysis solution were spiked with indium 

(In) as an internal standard (1ppb).  

 

For the standards, 100 – 1000 ppm single element standard solutions (InorganicTM 

Ventures) were diluted to obtain the desired concentrations. Trace and minor elements (Al, 

B, Ba, Co, Fe, Ga, Li, Mn, Mo, P, Pb, Rb, Sc, Ti, and Zn) were divided into seven groups, 

according to their expected concentration ranges in the water samples. The stock solution 

for each group was prepared and they were mixed and diluted multiple times to obtained 

desired concentrations (Figure 2.1).  For major cations (Ca, Mg, Na, K, Sr and Si), one 

stock solution was prepared.  We note that Si had been included in the standard solution 

since April 29 2011.  For the trace and minor elements, the single element standard 

solutions were diluted by approximately 10
5
 - 10

8
 times, while for major cations, they were 

diluted 10
3
 - 10

4
 times. The average concentrations of ICP-MS analysis are in table 2.1. 

(word „single‟ misspelled in figure title below) 

 

 

 
 

Figure 2.1 Schematic overview of the standard solution for the ICP analysis 
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Table 2.1.  mean concentration of elements in the standard solutions  

 

 
 

 

 

Blanks were 2% HNO3 (diluent). To correct Ca for Sr interference, the rinse 

solution (20ppb Sr) was included in each run set. The samples were run diluted according 

to the sample types: the rainwater and the creek water samples were diluted by 1/3 ~ 1/5 

(sample: diluents = 1:2 ~ 1:4) and the groundwater samples were diluted by1/4 ~ 1/10 times 

(sample: diluents = 1:3 ~ 1:10).  The reference material was Certified River Water 

Reference Material for Trace Metals, SLRS5 (National Research Council (NRC), Ottawa, 

ON, Canada. SLRS5 was diluted by 1/10 for the analysis.  Every 10 to 12 samples, a set of 

reference material, rinse, blank, standard and a repeat sample was measured.  
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2.1.3  ICP-MS Analysis 
 

Before the each analysis, the instrument was carefully tuned and calibrated using a 

tunning solution (1ppb of Li, B, Na, Co, Ga, Sc, Rh, In, Ba, Tl, Lu, and U in 2% HNO3) to 

optimize the instrumental settings.  To stabilize the optimized the condition, the instrument 

was run for approximately one hour with 2% HNO3 before the analysis began.  

 

Initially, total 35 elements (Al, As, B, Ba, Bi, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu, Fe, I, 

In, K, Li, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Rb, Si,Sr, Th, Ti, Tl, U,V, Y, Yb, and Zn) 

were measured (Figure 2.1.).  Among these elements, Ca, Cr, Cu, Fe, Ge, K, Ni, Sr, Yb, 

and Zn were measured for multiple isotopes and Al, Ba, Cd, Cl, Co, Cr, Cs, Li, Mn, Mo, 

Rb, Sr, and Yb, were measured for two different resolutions.  The concentrations of As, Ce, 

Cl, Cr, Cs, Nb, Nd, Th, Ti, Tl, U, V, Y, and Yb were below the detection limits thus, since 

Nov. 3 2010, they were excluded from the analysis lists (Figure 2.1).  The routinely 

measured elements were Al, B, Ba, Ca, Co, Cu, Fe, In, K, Li, Mg, Mn, Mo, Na, Ni, P, Rb, 

Si, Sr, and Zn (total 24 elements; Figure 2.1). Among those elements, this study focused on 

marjor cations (Ca, Mg, Na, K, and Si), redox-sensitve elements (Fe and Mn) and a nutrient 

(P; Figure 2.1. elements in red).    

 

On average, the sample analysis, including take-up time (100 second), sampling 

time (120 - 180 minutes), and washing time (100 second), each sample took 6 − 7 minutes. 

Each run set consisted 60 − 80 samples, thus the analysis took 6- 8 hours. The washing 

solution was 3 % HNO3 (Optima
*
 HNO3). 
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Figure 2.2. Element list of the ICP analysis over the four years of rundate.  Total 24 

elements were routinely measured but this study only focuses on 10 elements (Al, Ba, 

Ca, Fe, Mn, Mg, Na, P and Si; in red). The rundate id is in table 2.1.   
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2.2  Result  

2.2.1  Accuracy and reproducibility  

The accuracy was calculated:  

 

 

where [C]a and [C]SLRS were the concentrations of element determined by this study and 

NRC, respectively. The reference concentrations for B, Co, Cu, Li, Ni, P, Rb, Si, Sr, and Zn 

were from Yeghicheyan et al., (2001).  Total 52 run sets had included SLRS samples.  The 

accuracy of major cations, Si, Fe, Mn, and P for each run is summarized in Table 2.2 and 

the results for all elements are summarized in figure 2.3.  The SLRS5 evaluation confirms 

that our analysis results of the primary elements for this study (Ca, Na, Mg, K, Si, Fe, Mn, 

and P) are accurate within 5% error and reproducible (standard deviation) within 10%, 

except P (14%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

Table 2.2. Accuracy of key elements for this study evaluated using SLRS reference material 
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Table 2.2. continued 
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Figure 2.3 Accuracy of the ICP analysis for each element using SLRS5 reference 

materials. The horizontal line inside the markers represents the standard deviation.  
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Figure 2.3. (continued) 
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3.2.2  Storage effects  

Because of instrumental failures, the stream/groundwater and rain/throughfall 

samples had been stored at room temperature, on average, for 1.3 year and 1.4 years, 

respectively, before the ICP analysis.  To evaluate the evaporation effects during the 

storage, we repeatedly analyzed the same samples over three years (Figure 2.4).  We found 

that samples with small volumes (<10mL) had become concentrated up to 200% relative 

the initial analysis results; however, most of samples were insignificantly affected by 

evaporation (10~20%).  In this study, these evaporated samples were excluded.  The sample 

id information is in Berkeley Sensor Database: Angelo Reserve Data 

(http://sensor.berkeley.edu/).  

 

 
Figure 2.4. Concentration ratios of Na between two different analyses for the identical 

samples over 3-years   

 

3.2.3  Ca43/Ca44 ratio   

Calcium is one of the major cations that this study is focused on.  The ICP analysis 

of Ca can be interfered by Sr isotopes, thus we measured Ca at two different resolutions –

low and medium resolution – with two different isotopes Ca43 and Ca44 and included the 

rinse solution (Sr) to correct the interference.  Ideally, the Ca43 and Ca44 would display 

1:1 relationships; the average Ca43/Ca44 ratio was 1.014, confirming that the interference 

was well managed.  However, when Ca concentration was higher than 1mM, the ration 

tended to be relatively scatter compared with the lower concentration ranges (Figure 2.5).  

http://sensor.berkeley.edu/
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Figure 2.5. Ca44 (medium resolution)/Ca43(low resolution) ratio 
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Chapter 3 

Autonomous water sampling for long-term 

monitoring of trace metals in remote 

environments 
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3.1.  Introduction 
 

With the introduction of autonomous water sampling techniques, dynamics of 

nutrients and major elements have been successfully monitored in various environmental 

settings 
e.g. 1-3

.  However, studies of the temporal variability of trace metals have been very 

restricted.  Most trace metal studies to date have focused either on contaminants, often in 

urban settings, and were limited to short period time ( < days)
e.g. 4,5

 or they were focused on 

total metal concentration and thus did not attempt to separate particulate and dissolved 

phases 
e.g.6

.  Nevertheless trace metals, particularly iron and manganese, play a critical role 

in transport of nutrients and pollutants, in redox reactions as electron donors and acceptors, 
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and in aquatic ecosystem as essential nutrients or toxicants.  Thus, for better understanding 

of aquatic environments and ecosystems, the dynamics of these elements and underlying 

processes need to be studied for an adequate period of time in various environments.  

 

Obtaining representative time-series of trace metals in environmental waters is 

challenging because they are highly reactive. Trace metals are lost from solution rapidly via 

adsorption either onto the sampling bottles or onto particles in solution 
e.g. 7, 8

.  The rate and 

magnitude of adsorption are closely related to the conditions of samples including pH, 

concentrations of dissolved organic carbon (DOC), and suspended sediments, which change 

significantly in time 
9
.  Trace metals, particularly iron, from reduced environments such as 

groundwater precipitate out quickly in the presence of oxygen 
10

.  When iron precipitates, 

other trace elements can co-precipitate 
10

. 
 

 

To preserve samples for trace metal analysis, immediate filtration using 0.45-μm 

pore size filters and acidification of samples (pH<2) is a recommended standard protocol 
e.g. 

10, 11
.  However recent studies have reported various filtration artifacts that can significantly 

influence the “dissolved phase” of trace metals
11, 12

.  Horowitz et al. (1996), for example, 

documented that the dissolved/particulate partitioning of trace metals (especially Fe and Al) 

in high turbidity samples can be affected by colloid aggregation and/or filter pore clogging, 

and by sorption/desorption exchange with filter materials 
12

.  

 

Despite of these artifacts, filtration remains the best method to maintain integrity of 

samples for trace metals at remote field sites over long periods of observation.  Filtration is 

cost-effective, easy-to-use and energy-efficient.  Filtration artifacts are mostly due to the 

overloading of filters so it is possible to minimize such artifacts by proper selection of 

sample volume and the type and pore-size of filters 
12

.    

 

In this paper, a method for autonomous water sampling designed for month-long 

high-frequency (12 hours – 2 days) monitoring of trace metal dynamics is described.  This 

methodology has been developed during a multiyear study of the dynamics of ground and 

stream water geochemistry at a site on a small catchment of the Elder Creek at the Angelo 

Coast Range Reserve.  This site is 280 km north of San Francisco in the headwaters of the 

south fork of the Eel River in California.  Groundwaters at the site are frequently suboxic 

(O2 concentrations < 30 µM) and highly enriched with CO2 (up to 8%) and thus are far 

from chemical equilibration with the atmosphere.  The objective of this study is to evaluate 

the performance of the new method for trace metals.  The study also considers dissolved 

organic carbon (DOC) which plays a critical role in trace metals behavior and is prone to be 

degraded via biological activity.  Finally, the integrity of major cations (Ca, Na, Mg, and K), 

which are thought to be stable for long-periods of time, is also evaluated.   

 

 

 

3.2.  Method 
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The new methodology has two dimensions; 1) a new sample collection protocol to 

maintain the sample integrity and 2) an autonomous sampling control system that permits 

adjustment of the sampling timing and volume over the internet to capture rapidly changing 

environmental events. Validation of the new sampling protocol in the laboratory and its 

demonstration under field conditions are the main elements of this study. 

 

 

 

3.2.1.  Field set-up and autonomous sampling control system  
 

Rivendell is a small catchment at the Angelo Coast Range Reserve, northern 

California, and is intensively monitored for the climate (air temperature, humidity, pressure, 

wind speed, wind direction, rainfall, and total solar radiance), vegetation, soil moisture and 

subsurface hydrology (Figure 1.3 in Chapter 1).  All installed instruments are powered by 

solar panels and communicate through internet-connected Campbell Scientific Inc. (Logan, 

UT) data loggers.  

 

Four 24 position ISCO 6712 autosamplers (Teledyne ISCO, Lincoln, NE) are 

installed at the Rivendell site; three for groundwater at W1, W3, and W10 and one at Elder 

Creek (Figure 1.3 in Chapter1).  Each ISCO autosampler is controlled via its RS232 serial 

port by sequenced commands from a custom low power networked microcontroller 

developed at Lawrence Berkeley National Laboratory (LBNL).  Resident command 

sequence files on the microcontroller may be modified over the internet, enabling changes 

to sampling time, sample tubing rinse volume, and sample collection volume; furthermore 

the controller uploads status information from the field site.  UNIX servers at LBNL 

automatically process the status files and provide online updates of sampling activities.  

The sampling frequency varies from 12 hours to 3 days, depending on the flow regime. 

 

For groundwater sampling, when the watertable depth from the surface is greater 

than 8 m, the ISCO peristaltic pump cannot raise the water by itself; thus our controller 

operates an additional all plastic submersible pump (Whale WP6012, Global Water Inc., 

Gold River, CA) which can raise water an additional 18 m.  To rinse the tubing before the 

sampling, the autosampler pumps water for 12 seconds to a draining waste bottle (bottle 

position 12).  In order to prevent disturbance of the well, on completion of sampling, the 

water in the tubing is allowed to drain slowly back into the well regulated by capillary air 

leak. Creek sampling follows the standard ISCO back-flush rinsing protocol. 

 

 

3.2.2.  Gravitational Filtration System (GFS) 
 

The gravitational filtration system (GFS) is comprised of a standard ISCO ProPak® 

bag sampler frame which is modified to support a 140mL syringe (Monoject, Kendall 
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Healthcare), a Luer connected 25mm-filter holder, and an in-line series of two 

polypropylene (PP) bottles and a borosilicate PTFE/silicon septa vial.  All interconnections 

are via 1.6 mm inside-diameter (ID) Teflon and 3.2 mm ID Tygon tubing (Figure 3.1a).  In 

the case of turbid samples, to avoid the impact of filter clogging, sets of either one PP 

bottle/borosilicate bottles or two PP bottles were used.  

 

 

 

 

 
 

Figure 3.1a  Gravitational Filtration System (GFS): (1) 140ml syringe and 25-mm filter; 

(2) and (3) 60-ml and 30-ml polypropylene bottles; (4) a 40-ml borosilicate bottle; all 

elements are inter connected via Teflon and Tygon tubing; Figure 3.1b. Millipore “Air-

outlet” modified filter holder; Figure 3.1c. Whatman filter holder used without any 

modification. 

 

 

Two different kinds of filter holders were tested: a 25-mm Millipore filter holder 

(Figure 3.1b) and 25-mm Whatman filter holder (Figure 3.1c).  The top of each Millipore 

filter holder was drilled and fitted with a15-cm long Teflon (1.6-mm bore) capillary tubing 

and sealed with silicone O rings to remove air trapped in the headspace above the filter 
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surface.  Without this modification, trapped air can slow or entirely block filtration.  These 

“air-outlet” holders enable the sample to wet the entire area of the filter and thus minimize 

sample filtration time.    

 

All parts used in this study were leached in 5% HCl for 48 hours and rinsed 

abundantly with 18.2 MΩ Milli-Q water.  The interconnecting Teflon and Tygon tubing 

were acid-rinsed with 5% HCl, aided using a vacuum pump and rinsed with Milli-Q water, 

abundantly.  The GFS parts were soaked in Milli-Q water for 24 hours to saturate the 

activated sorption sites.  

 

 

 

3.2.2.1.  Filter selection 
 

In this study, two different types of membrane filter were used – a screen type 

membrane (Polycarbonate membrane filters, Whatman) and depth membrane (Supor 

polyethersulfone membrane disk, Pall Life Science).  Screen membranes are generally used 

for studies of particle morphology but can become quickly clogged and thus can 

significantly influence trace metal concentrations
13

.  Depth membrane filters have 

significantly higher porosity, thus permit typically 6 fold faster filtration rates and much 

higher particle loading compared to a screen filter of the same pore size 
14

.  1.0-μm pore-

size polycarbonate filters and 0.45 and 0.8-μm pore-size Supor filters were tested to 

evaluate suitability for the autonomous sampling.  For Polycarbonate and Supor GFS sets 

the Whatman and the “air-outlet” Millipore filter holders were used, respectively.  All 

filters were leached with 5% HCl for 48 hours and rinsed abundantly with Milli-Q water. 

The Supor filters were also soaked in the Milli-Q water for 3 days prior to use to control 

DOC-leaching 
15

. 
 

 

 

3.2.2.2.  GFS evaluation 
 

The effectiveness of the GFS was evaluated using (1) Fe-spiked Rivendell samples, 

which were manually spiked using an inductively coupled plasma (ICP) Fe standard 

solution (1000ppm in 2% HNO3) and (2) environmental water samples taken from diverse 

systems – 1) Rivendell, representing a pristine environment; 2) the Strawberry Creek at the 

UC Berkeley campus, a turbid urban stream; and 3) San Francisco (SF) Bay, estuarine 

waters (Table 3.1).  The Strawberry Creek and the SF Bay samples were transported to the 

laboratory within 30 minutes of sampling for processing. The GFS tests using the Rivendell 

samples were carried out in the field.  
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Table 3.1.  Basic properties and mean concentrations of selected elements (standard 

deviation) 0.45-μm Supor filtrates of samples used for the GFS evaluation  

 

 

 

At the beginning of evaluation tests, samples for trace metals and DOC were 

collected following recommended manual sampling methodology 
11, 12

.  Briefly, samples 

were immediately pressure-filtered using a 10ml all-plastic syringe and the same type and 

pore-size filter as used for the GFS evaluation, and filtrate immediately dispensed into acid-

leached scintillation vials and borosilicate bottles, respectively (referred to “Reference” 

sample).  Reference samples from Rivendell were stored in an ice-cooled box until 

transported to the laboratory.   

 

A “Control” sample for each GFS evaluation set was freshly collected water 

transferred to acid washed ISCO ProPak® LDPE 1000-mL bags, which is the most widely 

used method for automated samplers, has been employed early part of our work.  “Control” 

samples were stored loosely covered in room temperature at the laboratory without any 

treatment.  A simple modification of the LDPE bag sampling method, referred to below as 

“GFS-BAG”, involved inserting an acid cleaned 140-ml syringe and non-modified 

Millipore filter holder (Figure 3.1) into the mouth of the bag to permit gravity filtration.  

The modified filter holder and the Whatman filter holder could not be inserted through the 

ISCO frame mouth into the bag and thus were not tested with bags.  
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The GFS tests included non-modified Millipore filter holder GFS sets (referred to 

“GFS-NM”) to validate the effectiveness of “air-outlet”.  The GFS, GFS-NM, GFS-BAG 

and the control samples were processed one to four weeks later to mimic the age of the 

field deployment (Figure 3.2).  Details of sample handling procedure are discussed in 

section 5 below.  

 

 

 

 
 

Figure 3.2.  Schematic overview of the GFS evaluation procedure and assigned sample 

names.  

 

 

 

 

 

The recovery rate was calculated as:  

 

Recovery rate  % =
CE

Cref
× 100 

where CE and Cref  are concentration of element in evaluation and reference samples, 

respectively.  
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3.2.2.3  Sample handling 
 

In the laboratory, all trace metal “Reference” samples were acidified using HNO3 (1% 

v/v, Optima
*
, Fisher Chemical) within a few hours after sampling and DOC “Reference” 

samples were stored in a refrigerator (~ 4°C) until analysis.  The “Control” samples were 

filtered in the laboratory and processed identically. The GFS (including GFS-NM) samples 

in the second PP bottle (#3 in the Figure 3.1a) and the GFS-BAG samples were acidified 

using Optima HNO3 (1% v/v) and stored for at least for 24 hours before transfer to acid-

leached scintillation vials.  The GFS borosilicate vial samples (#4 in the Figure 3.1a) were 

analyzed for dissolved organic carbon (DOC) without additional treatment.  In the case of 

the GFS samples with the two PP bottle set and the GFS-BAG set, an aliquot from acidified 

samples was taken for the DOC analysis. 

 

 

3.2.2.4.  Analytical methods 
 

Major and minor cations, and trace elements were analyzed using a Finnagan 

Element II magnetic sector ICP – mass spectrometer (ICP-MS) at LBNL.  Samples were 

run diluted and spiked with indium (In; 1ppb) as an internal standard.  To validate the 

accuracy and precision of the ICP analysis, Certified River Water Reference Material for 

Trace Metals, SLRS-5 (National Research Council (NRC), Ottawa, ON, Canada) was used. 

The percent error of each ICP analysis was calculated as follows:  

 

% error =  
CSLRS −5 − CA

CSLRS −5
× 100 

 

where CSLRS-5 and CA are the concentration of each element identified by NRC and analyzed 

in this study, respectively.  

 

DOC was analyzed by the non-purgeable organic carbon (NPOC) method using a 

Shimadzu TOC Analyzer outfitted with a Parker Balston TOC Gas Generator.  Prior to 

DOC analysis, 2M HCl was added to samples in order to adjust the pH below 2 and then 

samples were purged with nitrogen gas for 30 minutes.  In case of the HNO3 acidified 

samples, the HCl acidification step was not required.  Blank (Milli-Q water) and standard 

potassium hydrogen phthalate (KHP) solutions were analyzed every 10 samples.  

 

 

 

3.3.  Results and Discussion 
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In total, 35 samples from 7 different locations (Table 3.1) were used for the GFS 

evaluation: Fe-spiked Rivendell (number of samples, n = 3), Strawberry Creek (n = 3), San 

Francisco Bay (n = 1), and Rivendell Wells 1 (n = 10), 3 (n = 6), and 10 (n = 6) and Elder 

Creek (n = 6).  The Supor evaluation sets (pore-size 0.45- and 0.8-μm) and Polycarbonate 

evaluation set (pore-size 1.0-μm) were run in triplicate and duplicate, respectively.  The pH 

of these samples ranged from slightly acidic (pH 5.61, W10, Rivendell) to basic (pH 8.13, 

Strawberry Creek).  The percent error of Fe, Mn, Al, major cations, Sr and Ba calculated 

using SLRS-5 were 3%, 0.4%, 10%, 7%, 1%, and 6%, respectively. 

 

 

 

Figure 3.3.  Mean of normalized Fe and Mn in 0.45-μm Supor filtrates of Reference 

samples as a function of cumulative sample volume of 20 ml (black bar), 40 ml (grey 

bar) and 60ml (open bar).   
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Figure 3.4.  Comparison of selected trace metals (Fe, Mn, and Al) and major cation (Ca) 

concentrations in GFS evaluation samples (y-axis) vs in the reference samples (x-axis). 

(note: 
†
 Gravitation Filtration System treatment; 

‡
 non-modified Swinnex Filter holders 

with GFS; 
$
 ISCO LDPE sample bag with gravitation filtration; * Control)   

 

 

3.3.1.  Filter Performance 
 

Series of 20-mL “Reference” samples were taken from the same volume (40-60ml) 

of water as the GFS samples and analyzed for Fe and Mn (Figure 3.3; detailed data 

available in Appendix, Figure A3.1).  Fe and Mn concentration ranges were from <2 nM to 
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1300 nM, and <2 nM to 1700 nM, respectively.  Mn showed no change with progressive 

volume filtered; while Fe decreased by up to 35% only when concentrations were 

extremely low (10-20 nM), (see Appendix Figure A3.1).  However, Fe concentrations vary 

two orders of magnitude at each wells throughout seasons (monthly reference samples 

collected over 2 years); thus, reference sample volumes from 40 to 60-mL are not 

significantly biased by filter clogging effects.  

 

 

3.3.1.1.  Trace metals  
  

The GFS improved the sample integrity for trace metals in a major way (Figure 3.4). 

Over 30 days of storage, the GFS treatment recovered Fe and Mn, on average, 95 ± 19% 

(Standard Deviation, SD) and 105 ± 7% whereas the control samples recovered 16 ± 16% 

and 18 ± 14% respectively. The recovery of Fe was depended on the filter type and the 

filter holder modification while Mn was successfully recovered in all GFS sets.  

 

Fe is more rapidly oxidized than Mn
17

; therefore Fe is more sensitive to treatments.  

Once Fe precipitates, colloidal phase contributes significant portion of the element.  

Colloids start to be concentrated above the filter surface onset of filtration; therefore the 

probability of colloidal coagulation increases and even can be higher when the filtration 

rate is slow 
18

.  The impact of filtration artifacts also increases when the filter surface area 

is smaller.  The Polycarbonate filters have lower surface area than the Supor filters; 

therefore it is more prone to filter clogging by high loading of colloids and particles.  

 

 

 

 
 

Figure 3.5.  Comparison between Fe concentration in 0.45-μm Supor filtrates of 

Reference samples versus the GFS and GFS-NM samples.  
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The results confirmed this discussion.  First, the average recovery of Supor GFS of 

Fe and Al, which showed similar behavior with Fe, were 95 ± 19 % and 116 ± 28 %, 

respectively (Figure 3.4).  In contrast, Polycarbonate GFS sets achieved only 38 ± 36 % and 

42 ± 35 % recovery of Fe and Al, respectively (Figure 3.4).  The filtration rate of “air-outlet” 

GFS was higher (>5mL min
-1

) than it of non-modified filter holder (GFS-NM; 0.4 to 1.5mL 

min
-1

); as a consequence, the GFS showed no more than 35 % and 27 % loss of Fe and Al 

at low concentrations while the GFS-NM showed up to 85 % and 52 % loss, respectively 

(Figure 3.5 and Al in Appendix, Figure A3.2).   

 

 In contrast, Mn in Rivendell groundwater may be mostly in dissolved form during 

the filtration, likely Mn (II) because the Mn concentration was high (>1 μM) and dissolved 

oxygen concentration was low (< 30 μM)
16

.  Thus Mn is less affected by the filtration 

artifacts.  The main process that causes Mn loss from the solution is oxidative precipitation 

and GFS successfully separated the dissolved and precipitated phases before this process 

has time to operate.  

 

Figure 3.4 further shows that GFS-BAG samples often yielded Al concentrations a 

factor of 10 higher than reference levels.  Tests with 1% HNO3 acidified Milli-Q water in 

acid washed ISCO ProPak® sample bags showed blank levels as high as1500 nM. 

 

 

 

3.3.1.2.  Ca and other cations  
  

The concentration of Ca in some Rivendell groundwaters (W1 and W3), unlike 

other major cations such as Na, K, Mg decreased by 18-42% without the GFS due to 

CaCO3 precipitation (Figure 3.4). The pCO2 of Rivendell subsurface often is 20 to 100 

times higher than the atmosphere; thus, these samples are prone to CO2 degassing and pH 

increase after the sampling. The concentration of Ca of these groundwater samples was 

high enough to be supersaturated with respect to CaCO3 after the equilibrium with the 

atmosphere.  The GFS fully recovered this precipitated CaCO3, regardless of the air-outlet 

modification. 

 

When Ca precipitates in the W1 groundwater samples, the concentrations of Sr and 

Ba in that samples decreased by 7% and 8%, respectively.  This change may be due to the 

CaCO3 precipitation by substituting Ca 
19

.   

 

 

3.3.2.3.  Dissolved organic carbon (DOC) 
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Previous studies have addressed the preservation of dissolved organic carbon (DOC) 

along with nutrient species 
e.g. 1, 20

 and have found that DOC preservation was determined 

by sample composition, DOC concentration, and properties of DOC 
20, 21

.  Given the 

importance of DOC to trace metal dynamics, the performance of the GFS for this parameter 

was also evaluated.  

 

The preservation of DOC was closely related to the pore-size of filters; sample 

types and the concentration of DOC (Table 3.2). The 0.45-μm Supor GFS set of Rivendell 

groundwater samples with low DOC concentrations (400 - 900 ppb C) and surface water 

samples (Strawberry Creek and SF bay) with high DOC (1500 – 2500 ppb C) recovered 96% 

and 89 % of the DOC, on average, respectively.  In contrast, DOC in Strawberry Creek and 

SF bay samples filtered with the 1.0-μm polycarbonate GFS decreased substantially, up to 

30% over 4 weeks.  This difference may be due to microbial activity because the larger 

pore-size filters were not able to properly separate out microbes, allowing DOC utilization.  

In cases of Rivendell groundwater samples with high DOC (< 1500 ppb C) values, even 

with 0.45-μm Supor GFS set, the recoveries were by 47% on average (Table 3.2).  Fellman 

et al. (2008) reported that the chemical quality of DOC (i.e. specific ultraviolet absorbance) 

significantly affects on the preservation efficiency of the freezing method
21

.  Our low 

recovery rate of DOC in some groundwater samples may be related to the quality of DOC; 

but it requires further investigation. 

 

 
Table 3.2.  Summary results of DOC (standard deviation) preservation of the GFS 

evaluation   

 

*
 days  
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Controlling the DOC blank of the GFS has been a challenge because all components 

of the GFS are plastic, particularly filters. Blanks are especially important to manage since 

Rivendell groundwaters generally have sub-ppm DOC levels.  Kaplan (1994) reported that 

polysulfone, the substrate for Supor membrane filters, was a source if significant amount of 

DOC
22

, a more recent study demonstrated that soaking filters in Milli-Q water for 3-4 days 

eliminates the source of leachable DOC
15

.  Our work shows that this treatment method 

reduces DOC blanks from plastic parts and Supor filters to undetectable levels.  

 

In contrast, an evaluation of DOC blanks from ISCO ProPak® sample bags using 

Milli-Q showed that DOC was produced at an almost constant rate of 23 ppbC/day.  ISCO 

ProPak® sample bags cannot be used for DOC. 

 

 

3.3.2.4.   Field deployment/evaluation of GFS autosampling  

The GFS was employed at the Rivendell W3 from October 3 to November 2, 2011 

(Figure 3.6).  For comparison, four reference samples were simultaneously collected from 

October 2
 
to 7 with the GFS samples.  The GFS recovered Fe and Mn, on average, 93 ± 7% 

and 103 ± 2%, respectively. Given the high Mn concentration, Rivendell W3 may be in 

suboxic condition (Mn(II) favorable condition).  This result confirms that GFS is suitable 

for the trace metals sampling, even in potentially most challenging environments (i.e. 

anoxic, suboxic) which can cause rapid loss of trace metals via oxidative precipitation.  

 

 

 

 

Figure 3.6.  Time- series of Fe and Mn in 0.45-μm Supor GFS samples at Rivendell 

Well 3 from October 3 to November 2, 2011 at the beginning of rainy season of water 

year 2012. “Reference” samples were manually collected from October 3 to 7. 
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3.4.  Implications 
 

The GFS developed in this study has been successfully maintaining the sample 

integrity for trace metals, especially Fe and Mn over month long periods both in the 

laboratory and in the field.  By employing the GFS, the dynamics of trace metals can be 

monitored without constant attention of personnel in the field.  This new method can be 

widely and readily applicable in various environmental settings because all parts are 

commercially available and system assembly is easy.  To apply this new method, one may 

need to collect the reference samples for a certain time period to optimize the sampling 

volume and to validate the methodology in own environments.  

 

Over eight months of field operation, few negatives to the technique were found, 

but all these can be addressed.  First, approximately 4% of the GFS samples have been lost 

mainly due to the disconnection of the Tygon tubing interconnecting the filter holder and 

the sample bottles.  The Tygon tubing has been replaced by a female part of Luer-Lock-

bared tube coupling (polypropylene; tube ID 4.0mm) which not only fits tighter but is more 

resistant to acid than the Tygon tubing.  Secondly, the GFS can be prone to cross-

contamination between adjacent bottles by over-pumping sample because the GFS can 

contain only 140-mL.  It is difficult to take an exact sample volume, particularly during the 

rainy season when the water table fluctuates significantly.  To address this problem, a 

couple of holes have been be drilled near the top end of the syringe to drain excess samples.  

    

Most importantly, the GFS enables multi-dimensional approaches to monitor 

environments by providing sub-samples of both dissolved and particle phases.  The GFS 

employs analyte specific bottle sets instead of single bag or bottle; various chemical 

analyses which require different sample pretreatments (acidification vs non-acidification) 

are available.  The GFS also yields samples of filtered particles.  The filters can be leached 

or completely digested or subjected to non-destructive analysis techniques, such as 

scanning-electron microscopy or X-ray diffraction to study the morphology, element-phase 

association, and mineralogy of the particles.  Thus, the GFS has significant potential to 

improve the representativeness of water chemistry data by providing samples on 

temporal/spatial scales here-to-fore unexplored.  
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Appendix 3.1  

 

 
Figure A3.1. Fe and Mn concentration variations in 0.45-μm Supor filterate of 

“Reference” sample as a cunction of cumulative volume (20-60mL)  
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Figure A3.2. Comparison between Al concentration in 0.45-μm Supor filtrates of 

Reference samples versus the GFS and GFS-NM samples. 
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Chapter 4  

Process dominance shift in solute 

chemistry as revealed by long-term high-

frequency water chemistry observations of 

groundwater flowing through weathered 

argillite underlying a steep forested 

hillslope   
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of groundwater flowing through weathered argillite underlying a steep forested hillslope. 
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4.1. Introduction  
 

On landscapes underlain by soil-mantled bedrock, many studies have suggested that 

significant runoff to channels occurs through the weathered bedrock zone beneath the soil 
e.g. 1-7

.  This runoff drives weathering in this “critical zone” 
8
, but theory and observations 

are limited regarding controls on the chemical evolution of these waters.  Field studies that 

have included the weathered bedrock have demonstrated that rainwater infiltrates into the 

underlying bedrock and is perched at a depth where hydraulic conductivity is strongly 
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reduced−perhaps associated with the transition to the largely unaltered bedrock−then 

travels downslope 
e.g. 1-7

.  To recharge groundwater through the weathered bedrock zone, 

water has been hypothesized to move preferentially through fractures 
e.g. 3, 7, 9, 10

.  Because 

of localized permeability reduction, the bedrock flow may exfiltrate back into the overlying 

soil 
e.g. 1, 2

, mixing with the soil water and rainwater.  The chemical evolution of bedrock 

flows for a given lithology is thought to be determined by reaction times 
e.g. 11-14

, flow path 
e.g. 15- 16

 and interaction with matrix water 
e.g. 17-18

. 

 

Stream and spring chemistry have been used to conceptualize the residence times 

and flow-paths of subsurface flows of hillslopes 
e.g. 6, 10-21

.  During high-flow regimes, such 

as rain or snowmelt seasons, relatively shallow groundwater may flow rapidly through the 

hillslope 
e.g. 12

.  Thus, fast reactions on time scales of hours to days−ion exchange reactions 

and dissolution/precipitation of poorly crystalline secondary minerals−are thought to dictate 

the shallow groundwater‟s chemistry 
e.g. 9, 11, 20, 22

.  During low-flow regimes, as the water 

table progressively recedes, groundwater is thought to gain solutes via more extensive 

chemical weathering of the bedrock 
e.g. 9, 19, 20, 21

.  Calmels et al. (2011)
6
, analyzing the 

chemistry of Liwu River in Taiwan, deduced that deep groundwater might contribute a 

significant fraction of river solute fluxes.  As noted above, these hypotheses are primarily 

based on stream chemistry observations.  Although stream chemistry observations are 

useful for quantifying chemical weathering fluxes, little is known about water residence 

times, flow-paths, and chemical weathering processes occurring inside the hillslope, all of 

which are fundamental to the understanding of chemical weathering processes and 

contaminant transport.  

 

To reveal the processes that govern chemical weathering and solute fluxes in the 

weathered bedrock zone, direct observations of groundwater dynamics at high temporal and 

spatial resolution over annual hydrological cycles (from recharging to discharging) are 

needed.  While the spatial variability of groundwater chemistry has been studied at many 

sites 
e.g. 23, 24

, its temporal variability has received little attention.  Previous studies have 

inferred groundwater chemistry in the weathered bedrock either by mass balance 

calculations based on soil water and stream (runoff) water chemistry 
e.g 12, 13, 21

 or by direct 

sampling and analysis of water samples taken from springs/groundwater seeps in the 

riparian zone 
e.g. 6, 13, 14, 19, 24

 or from wells 
e.g. 9,18, 24

.  Soulsby et al. (1998)
24

 sampled wells 

weekly, but other studies employing wells have relied on less frequent sampling (i.e. 

monthly– episodic).  A few studies directly sampled groundwater in the weathered bedrock 

zone but only did so episodically, and were unable to resolve temporal dynamics 
e.g. 10, 15, 16

.  

The temporal variability of conservative tracers (i.e. Cl
-
, δ

18
O) in the bedrock groundwater 

has been monitored at higher frequency (i.e. weekly– monthly) for up to two years 
e.g. 17, 25, 

26
.  To our best knowledge, no study has observed the high-frequency temporal dynamics of 

reactive tracers (i.e. weathering products, Ca, Mg, Na, K, Si) in the weathered bedrock zone.  

Such observations are necessary to reveal processes that control development of the 

weathering zone as well as the seasonal dynamics of solute flux to channels. 
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Here, we report the first results from multi-year, high-frequency (1-3 days) 

observations of the chemistry of a groundwater system flowing through a thick weathered 

bedrock zone (5-25m) underlying a soil-mantled steep forested hillslope located at Angelo 

Coast Range Reserve, Northern California.  At this site, Salve et al. (2012)
7
 showed that the 

groundwater, which is perched on the fresh bedrock boundary and flows through the 

weathered bedrock zone, generates all runoff.  This report focuses on the chemical 

dynamics of this perched groundwater.  Stream water samples from the adjacent creek, 

Elder Creek, will be reported separately.  We measured the temporal and spatial variability 

of major solutes in the groundwater, rainwater, and throughfall.  We also monitored basic 

physical-chemical parameters (temperature, pH, conductivity, and dissolved oxygen) at 

higher frequency (15 min).  A limited suite of solid samples has been analyzed for clay 

mineral composition and cation exchange capacity.  The major objectives of this study are: 

1) documentation of the multi-year high-frequency dynamics of the groundwater chemistry 

along the hillslope; and 2) identification of the primary chemical processes that dictate 

water chemistry dynamics. 

 

 

 

 

4.2.  Methods  

 
4.2.1.  Site description  
 

Our site, dubbed “Rivendell”, is a steep, forested, north-facing hillslope (4,000 m
2
; 

average slope 32°) in Angelo Coast Range Reserve (39°43'47''N, 123°38'34''W 

http://angelo.berkeley.edu), located along Elder Creek, a tributary of the South Fork of the 

Eel River in Northern California (Fig. 4.1a).  The reserve is one of the University of 

California‟s Natural Reserves. 

 

The site is underlain by the Coastal Belt of the Franciscan Complex 
27

 and is mainly 

argillite, with near-vertical dip and a strike that runs perpendicular to slope (i.e. north-

south).  A localized sandstone outcrop is exposed along the eastern divide of Rivendell 

(Figure 4.1a)
 28

, and thin (centimeters) interbeds of sandstone can be found in some of the 

outcrops exposed along a road cut across the site.  This study area rose above the sea level 

about 2 million years ago during the passage of the Mendocino triple junction.  Current 

channel incision rate at Elder Creek is about 0.2 mm yr
-1 

but may have been closer to 0.4 

mm yr
-1

 in the late Pleistocene 
29

.  A thin soil layer (0.5–0.75m) overlies thick weathered 

bedrock (5–25m).  Major clay minerals are illite, Fe-rich chlorite, kaolinite and mixed layer 

illite/montmorillonite (see Appendix 4.1 for detailed method and result).  Major primary 

minerals are quartz K-feldspar, plagioclase and chlorite. 
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The climate of the site is a typical coastal Mediterranean regime – warm, dry 

summers and cold, wet winters.  Mean annual precipitation at the meadow across the site 

during the study period was 1,760 mm y
-1

 and rain was mostly concentrated during the 

winter (October - April).  The average annual air temperature during this period was 10°C, 

and the seasonal minimum and maximum temperatures were -8 and 32°C, respectively.  

Temperatures in the deep weathered bedrock zone remain almost constant throughout the 

year (10-11°C).  Rivendell is covered with dense vegetation – up to 60 m tall Douglas-fir 

(Pseudostuga menziesii) trees form the upper canopy, and live oak (Quercus wislizeni), tan-

bark oak (Notholithocarpus densiflorus), madrone (Arbutus menziesii), and California bay 

laurel (Unbellularia California) compose the lower canopy. 

 

In September 2007, seven 5.1cm-diameter wells (W1, W2, W3, W5, W6, W7 and 

W10; Figure 4.1a) were drilled into fresh bedrock (Salve et al 2012)  The wells were lined 

with slotted (0.6 cm spacing) PVC (polyvinyl chloride) pipes.  In August 2010, two 5.1cm-

diameter wells (W12, W13) and three 7.6 cm-diameter wells (W14, W15 and W16) were 

drilled (W16 is not shown in figure 4.1a because it is on the south side of the hillslope).  

These new wells were also lined with similarly slotted PVC pipes.  Since 2007, the site has 

been intensively monitored at high-frequency (5- 30 minutes) for water table levels, 

meteorology, tree sap-flow, soil moisture, and subsurface temperature.  All installed 

instruments are powered by solar panels and data are recorded with seven Campbell 

Scientific Inc. data loggers.  A radio link provides internet access and data are transmitted 

to the University of California, Berkeley (U.C. Berkeley) every 4 hours (Berkeley Sensor 

Database: Angelo Reserve Data; http://sensor.berkeley.edu/).  
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Figure 4.1a. The study hillslope (Rivendell) is located at Angelo Coast Range Reserve, 

situated at the headwater of the Eel River Watershed, northern California.  Seven wells 

(W1, W2, W3, W5, W6, W7, and W10) were installed in September 2007 and five wells 

(W12, W13, W14, W15, and W16) were installed August 2010. W16 is not shown in 

this figure because it is located on the other side of Rivendell (south-face).  Figure 4.1b. 

Cross section of Rivendell (W1-W3-W6-W10) and the sampling depths of high-

frequency sampling (solid black line). 

 

 

 

 

 

4.2.2.  High-frequency groundwater sampling  
 

Three 24-position ISCO 6712 samplers (Teledyne ISCO, Lincoln, NE), modified 

with custom controllers for autonomous and remote operation (Chapter 3)
 30

, were used to 

sample the groundwater in three wells (Figure 4.1a): W1 (since October 2008); W3 (since 

November 2009; and W10 (since March 2009).  W1, W3, and W10 were drilled to 9.5 m, 

14.4 m, and 27.4 m below the ground surface, respectively.  The water table seasonally 

fluctuated between -4.5 and -2.3 m (W1), -10.7 and -2.8 m (W3), and -18.4 and -10.7m 
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(W10) (minus sign indicates distance below the surface).  Water samples were collected 

from -6.7 m (W1), -11.7 m (W3), and -18.9 m (W10; Figure 4.1b) depths that were within 

the chronically saturated zone.  The sampling frequency was typically 1–2 days during the 

wet season and 1-3 days during the dry season.  Each well water collection was 0.5–1 L, 

including purging and samples for analysis.  Gaps in the time-series were due to power 

outages (winter time; mainly at W1 and W3) and unexplained failure of submersible pumps 

(Whale WP6012, Global Water Inc., Gold River, CA) installed in W3 and W10; the pumps 

were required to raise water to the ISCO at the surface when the water table was deeper 

than 8 m. 

 

 

 

4.2.3.  Sample preservation in the field  
 

The ISCO samples were retrieved from the field site when all sample bottles were 

filled, resulting in a storage time of 3–4 weeks during the wet season and 1–2 months 

during the dry season.  On every deployment day, we collected reference water samples at 

each well which were immediately processed following a standard water sampling protocol 

for trace metals (i.e. immediate filtration using 0.45μm filters and acidification)
 31

.  We also 

measured pH and temperature of the reference samples (Accumet AP110 Portable pH 

Meter, Fisher Scientific, calibrated with standard buffers (pH 4 and 7)). 

 

Early in the project, we used ISCO ProPak® LDPE 1000-mL sample bags that were 

open to the atmosphere.  Compared to the reference samples, Na, K, Mg, and Si data were 

in complete agreement confirming that evaporation of ISCO samples was not detectable 

even during the summer dry season; however, we found that Ca in the bag samples from 

W1 and W3 were low in by as much as 30% as a result of CaCO3 precipitation.  In 

September 2009, we began developing an alternative sampling method to preserve the 

sample integrity not only for Ca but also for the redox sensitive elements, particularly Fe 

and Mn (Chapter 3)
 30

.  Early prototypes deployed in late 2009 solved the Ca precipitation 

problem, and beginning October 2011, our new gravitational filtration system (GFS), which 

filters water through 0.45 μm pore-size Supor membranes within 30 minutes after the 

collection, achieved complete agreement with the reference samples for all elements
 30

.  For 

Ca in W1 and W3, we thus report the early prototype, the GFS samples, and the reference 

samples.  Data from W10, where we did not observe CaCO3 precipitation, are reported for 

the entire time series. 

 

 

4.2.4.  Field measurements  
 

 

Subsurface pCO2 in the head-space of the wells was profiled at 1 m intervals using a 

pumped 0-30% SenseAir sensor K33-ICB (CO2 Meters.com) from November 2011 through 
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December 2012 during monthly (at times weekly) visits.  The sensor was calibrated in the 

field using 2,000 ppm and 5% dry gas standards.  Achieved accuracy of 0.2% and 5% gas 

standards was 0.02% and 0.1%, respectively, after a temperature compensating correction. 

 

A multi-parameter (YSI-600XL) probe was used to measure the vertical profiles of 

pH, temperature, conductivity, and dissolved oxygen (DO) in the water column at W3 and 

at W6 during the field visits.  We used 1L of deionized (DI)-water that had been bubbled 

for 1 hour using an aquarium pump to set 100% saturation DO; the pH probe was calibrated 

using pH 4 and 7 buffer solutions.  We monitored temperature, pH, conductivity and DO at 

W6 at 15 minute frequency from Feb. 2011 until May 2011. 

 

 

 

4.2.5.  Rainwater and throughfall sampling  
 

Bulk rainwater was collected from an open meadow across site, and throughfall–

rain that passed tree canopy– was collected in the middle of the hillslope (at W7, Figure 

4.1b).  The rainwater and throughfall collectors consisted of a PVC funnel connected to a 

polypropylene bottle.  A #60 mesh screen in the neck of the PVC funnel was used to 

exclude >0.35 mm-sized solids from the sample.  These samples were retrieved during and 

after every storm and stored in acid cleaned scintillation vials (20mL) then periodically 

returned to Lawrence Berkeley National Laboratory (LBNL) for analysis.  

 

 

4.2.6.  Geochemistry characterization  
 

Core samples from the drilling of wells were selected from W1, W3 and W10 holes 

to represent the three hydrologic subzones – unsaturated, seasonally saturated, and 

chronically saturated zones – and the soil samples were analyzed for 1) calcite content; 2) 

cation exchange capacity (CEC); and 3) DI- dissolvable salts (Table 4.1).  The main 

purpose of these analyses was to characterize the chemical properties that are required to 

interpret the groundwater chemistry dynamics.  All samples were air dried at the time of 

collection. 5-10g of the core samples were crushed completely using a mortar and pestle 

and sieved using a 100-mesh (150 μm) sieve.  Soil samples were collected from the first 

10-15 cm from the ground surface, using a trowel in October and November 2011 during 

the field visits.  The soil samples were air-dried and sieved using with the same mesh.  

To determine calcite content, about 0.2 g of sample was added to 10 mL of 25 % 

acetic acid and reacted overnight 
33

.  The samples were occasionally shaken.  These 

samples were centrifuged at 10,000 rpm for 30 minutes and the supernatant was decanted 

for the analysis.  The calcite content was calculated by Eq (1): 

 

 



54 

 

calcite content  % =  
Ca  mole /L ×0.01L ×100.9 g/mole  

0.2 g
× 100                                       (1)  

Cation exchange capacity (CEC) was determined using 0.2 g of the samples in 10mL of a 

0.1M BaCl2 -0.1M NH4Cl solution. The CEC samples were shaken at 180 rpm at 25 °C for 

15 minutes and centrifuged at 2500 rpm for 20 minutes 
34

 and the supernatant was decanted 

for the analysis.  The CEC was estimated as the sum of the ionic concentrations of the 

extracted major cations (Ca, Na, Mg and K).  To quantify easily dissolvable salt and silica 

phases, 0.5g of the samples were added into 10mL of DI water and reacted overnight at 

room temperature. The samples were occasionally shaken. These samples were centrifuged 

at 10,000 rpm for 30 minutes and the supernatants were decanted for the analysis.  Of all 

the decanted solutions, visibly turbid ones were filtered using 0.45μm Supor filters and 

others were not filtered. 

 

 

 

4.2.7.  Water sample handling and chemical analysis  
 

All collected water samples were returned to LBNL for analysis.  For major cations 

and Si analysis, the unfiltered ProPak water samples were filtered using 0.45μm-Supor.  

The filtrates were then transferred to scintillation vials (20 mL) and acidified using Optima 

HNO3.  The early prototype GFS, and GFS samples were acidified using Optima HNO3 to 

recover the precipitated Ca and trace metals, held for 24 hours at room temperature, and 

then transferred to the scintillation vials.  The rainwater and throughfall samples were 

acidified first to recover the adsorbed/coagulated trace metal phases and then filtered using 

0.45μm-Supor filters.  

 

The samples of groundwater, rainwater, and throughfall were analyzed for major, 

minor, and trace elements using a Finnegan Element II magnetic sector inductively coupled 

plasma – mass spectrometer (ICP-MS) at LBNL.  This study reports only five solutes – Ca, 

Mg, Na, K and Si. We included Si in ICP-MS analysis beginning in May 2011. 

 

Instrument problems caused delays in analysis, such that the groundwater samples 

and the precipitation samples were analyzed within, on average, 1.3 years and 1.4 years 

after collection, respectively.  We repeatedly analyzed selected set of the samples to 

evaluate the effect of evaporation during the storage.  A few samples that were found to be 

at <10mL of the expected 20 mL capacity of the scintillation vials and became concentrated 

by up to 60%, but most samples were insignificantly affected (10% variation) over 2 years.  

We excluded highly evaporated samples in this study.  

 

The samples were run diluted and spiked with indium (In) as an internal standard.  

To validate the accuracy and precision of the ICP analysis, Certified River Water Reference 
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Material for Trace Metals, SLRS-5 (National Research Council (NRC), Ottawa, ON, 

Canada) was analyzed in every run set.  The % accuracy of these elements was calculated:  

 

% accuracy =  
CA

CSLRS
× 100 

 

where CA and CSLRS were the concentration of major cations identified by this study and 

NRC, respectively.  In the case of Si, the reference value (65µM) was obtained from 

Yeghicheyan et al., (2001)
35

.  The percent accuracy (n = 58 runs) of Ca, Mg, Na, K and Si 

of this study were 99 ± 10 (standard deviation) %, 100 ± 10%, 97 ± 14 % and 96 ± 13 % 

and 105 ± 8 %, respectively. 

 

 

 

4.3.  Results  

 
4.3.1.  Geochemistry characteristics  
 

Table 4.1 summarizes the results of the geochemistry characterization.  The calcite 

content of the soil and bedrock samples were 0.61–1.73 % and 0.41–5.19 %, respectively.  

The CEC of the soil and bedrock was 143–608 meq kg
-1

 and 141–333 meq kg
-1

, 

respectively, and Ca was the dominant exchangeable cation (50–90 %), followed by Mg 

(10–50 %; Table 4.1).  Previous studies have pointed out that, for the calcareous soil 

samples, CEC, particularly extractable Ca, can be overestimated because of calcite 

dissolution.  However, this effect is insignificant in acidic soils 
37

, and the magnitude of the 

effect correlates to the calcite content 
38

.  The pH of Rivendell soils, determined by 1:1= 

soil:DI water method 
39

, showed pH 4.8–6.2.  In addition, Rivendell soil and bedrock 

contains relatively low calcite compared with the previous studies‟ values (e.g. 10–60%)
38

.  

Thus we conclude that although calcite might dissolve in the CEC analysis, its effect is 

negligible.  The high CEC may be attributed to presence of illite/montmorillonite. 
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Table 4.1. Summary of the soil and bedrock geochemistry characteristics. 

 

 
1
USZ: unsaturated zone; 

2
SSZ: seasonally saturated zone; 

3
CSZ: chronically saturated 

zone  
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4.3.2.  Rainfall and throughfall inputs  
 

Table 4.2 summarizes the volume weighted concentration of the solutes in the bulk 

rain and throughfall. The volume-weighted concentrations of Ca, Mg, Na and Si in bulk 

rainwater increased insignificantly after passing through the tree canopy: Ca (bulk 

rainwater (mM) vs. throughfall (mM); 0.003 vs. 0.01), Mg (0.005 vs. 0.008), Na (0.032 vs. 

0.048), and Si (0.003 vs. 0.004), respectively.  In contrast, the volume-weighted 

concentrations of K in throughfall (32 μM) were sixfold higher than in the bulk rainwater 

(5μM).  

 
 

Table 4.2. Summary of the solute concentration in bulk rainwater, throughfall, and 

Rivendell groundwater (W1, W3 and W10) during the high flow and low flow regime 

 
1 
average concentrations during dilution events only  

 

 

 

4.3.3. Upslope (W10) and midslope (W3) areas  
 

The concentrations of Ca, Na, K, Mg, and Si in W10 varied with water table level 

(Figure 4.2 and Figure 4.3), which shows a consistent annual cycle.  Starting with the 

cessation of winter rain, the water table continuously receded, except for short duration 

responses (of 0.3 to 0.6 m) to the first significant rainstorms early in the following rainy 

season.  Then, after a cumulative rainfall of 400–600 mm, the level rapidly rose from a 

depth of -18 m by 4 to 6m within several days and remains high (rarely receding deeper 

than -14 m) for the rest of the rainy season, thus developing a water mass that we refer to as 

„seasonal groundwater‟ (Figure 4.2).  As rain events continue, the water table rose sharply 
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on each event and then recedes slowly.  Relative to the dry season levels, the major cations 

in the seasonal groundwater were diluted by factors of ~18 (Ca; 2mM to 0.11mM), 3~5 

(Mg; > 0.35 mM to 0.1mM), 2 (Na; 0.5mM to 0.25mM), and 5 (K; 50μM to 9μM), 

respectively, but Si increases from 0.3mM to 0.4mM (Figure 4.3 and Table 4.2).  During 

the early summer, as the water table depth falls below -16m, the concentrations of major 

cations continuously increased while Si decreased (Figure 4.3).  W10‟s pH also varied with 

depth, ranging from ~6.7 to less than 5 at deepest and shallowest limits, respectively 

(Figure 4.4).  The pCO2 in W10 varied from 2.5%–5.9 % at -5 m and from 3.7 %–7 % at -

10 m, respectively (Figure 4.5). 

 

 

 

 
 

Figure 4.2. (Top panel): Temporal variability of Mg in rainfall (closed square) and 

throughfall (gray circle) is shown on the top panel. (2
nd

 – 4
th

 panels): Mg (gray squares) 

and Si (open circles) in the groundwater of Rivendell, observed at 1-3 days frequency 

with corresponding water table levels.  

 

 

 

Water chemistry and water table fluctuations at mid-slope W3 behaved similarly to 

that observed upslope at W10, but it differed in four ways.  First, the water table at W3 was 
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more dynamic in the winter (-9 to -4 m), responding to storms with a greater range than 

W10 (-14 to -12 m; Figure 4.2).  Second, the depth to the top of the seasonal groundwater 

fluctuating zone was shallower at W3 (~ -3m) compared with W10 (~ -12m).  Third, W3 

had a greater (4 to 6m) and earlier response to the first rains compared with W10 (0.3–

0.6m).  Fourth, during the rainy season, all cation concentrations at W3 varied significantly 

as the water table fluctuated in the seasonally saturated zone (Figure 4.3).  

 

 

 
 

Figure 4.3. Semi-log plots of the relationship between major cations and Si (1-3 days 

frequency) and well levels (daily average) for W1, W3 and W10 (water year 2009 – 

2013).  The solute concentrations (log scale) are plotted against well level below the 

surface (m). In case of Ca of W1 and W3, due to problems of CaCO3 precipitation prior 

to 2009, only the new sampling design samples and reference samples were presented 
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During the summer recession, the major cation concentrations in W3 sharply 

increased as water level drops from -8 to -9 m (Figure 4.3).  The figure suggests that cation 

concentrations decrease as W3‟s water table continuously receded to deeper than -9m, but 

this behavior is primarily an artifact of inter-annual concentration variability and 

incomplete time series sampling.  The Si concentration response at W3 generally followed 

that seen at W10; Si increaseed from 0.2 mM to 0.4 mM as the water level rose from -10 to 

-5 m (Figure 4.3), but decreased slightly at depths shallower than -4 m.  At the shallowest 

water level, the Mg, K and Na concentrations in W3 were similar to those of W10 (Table 

4.2).  The lowest concentration of Ca in W3 was twofold higher than that in W10 (Table 

4.2).  The pH of W3 is ~5.6 and ~7.3 at shallow and deepest depths, respectively and was 

generally more basic than at W10 (Figure 4.4).  The pCO2 of W3 sharply increased from 

the ground surface to 5-6 % at -5m and remained largely invariant at deeper depths (Figure 

4.5).  

 

 

 
Figure 4.4. The relationship between pH and water table depths at (a)W1, (b) W3 and (c) 

W10. The pH of the groundwater was measured during the monthly field visits from 

2009 – 2011.  

 

 

 

4.3.4.   Downslope (W1) area  
 

The behavior of the downslope well (W1) differed from that of both the mid-slope 

and upslope wells (Figure 4.2 and Figure 4.3).  The water table depth closely followed the 

level of Elder Creek which serves as the lower boundary condition for the hillslope 

hydrology.  Head gradient remains always towards the stream.  During the winter, the water 

table was typically about -4 m and responds rapidly to rainstorms, with brief excursions 

reaching -2.3 m.  However, the solute concentrations rarely changed from the typical dry 
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season values (Figure 4.2 and Figure 4.3).  The concentrations of Ca, Mg, Na, K, and Si in 

W1 remained around 1.71mM, 0.31mM, 0.41mM, 26μM, and 0.24mM, respectively (Table 

4.2).  During some storms, the four major cations in W1 were significantly diluted as the 

water table rose, but recovered back to “pre-event” values within several days, 

synchronizing with the water table recession (Figure 4.2 and Figure 4.3).  The lowest 

concentrations of cations in W1 fell slightly lower than those of the upslope wells (Table 

4.2).  Remarkably, Si in W1 varied little from ~0.2 mM, even during the cation dilution 

events.  The pH of W1 was invariant year round at pH 7 and briefly decreased to pH 6 

during the dilution events. At W1, pCO2 measured at -3 m varied from 0.7 %–2.7 %. 

 

 

 

 

 

Figure 4.5. Profiles of pCO2 in well headspaces of W1, W3 and W10 from October 2011 

to December 2012 at Rivendell.  

 

 

 

 

4.4.  Discussion  

 
4.4.1.  Representativeness of the groundwater samples  

 

Understanding of what these groundwater samples represent is crucial to further 

hydrochemical interpretation.  Because of vertical hydraulic heads, and density and 

concentration gradients, the water column in a well tends to be mixed and reflects the 

chemical signature of the inflow from the surrounding aquifer 
40

.  At Rivendell, Salve et al. 
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(2012)
 7

 proposed that fracture density may decrease with depth; correspondingly, so would 

hydraulic conductivity.  Hence, as the water table rises during the rainy winter, the water in 

the well is expected to become progressively more influenced by the shallower, more 

rapidly flowing water.  Figure 4.6 shows the water table recovery of the three wells after 

the ISCO sampling at various depths.  W1 shows a rapid recovery, independent of season 

(Figure 4.6a), whereas the recovery times at W3 (Figure 4.6b−4.6c) and W10 (Figure. 

4.6d−4.6e) become significantly longer with lowered water table.  These variations suggest 

that the groundwater samples would be dominated by the flux-averaged flows from the 

seasonally saturated zone, despite the fact that the pump intake is located within the 

chronically saturated zone.  

 

 

 
 

Figure  4.6.  Variation of water table responses to ISCO water sampling (1-3 day 

intervals), denoted by arrows, at (a) W1, (b-c) W3 and (d-e) W10.    
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The water column in the Rivendell wells is expected to be completely mixed during 

the rainy season because the newly-arriving shallower groundwater is cooler than the pre-

event groundwater.  During the winter rain storms, the air temperature is cooler (mean 

precipitation-weighted air temperature = 7.7°C for storms with total rainfall >10mm; n = 

138) than the groundwater (10.5–11.5°C); thus, the infiltrated rainwater is likely denser 

than the pre-event groundwater.  The temperature time-series measured during a series of 

storms from March 11 to April 1 2011 demonstrate this temperature behavior (Figure 4.7).  

During this time, the temperature probe was at -11.6 m, about 5 to 7 m below the water 

surface.  The water temperature at W6 decreased from 10.7°C to 10.4°C as the water table 

rose and the average air temperature during this series of storms was 4.4−5.7 °C (Figure 

4.7).  These observations show that the new water was, at least, 0.3°C colder or 0.04 kg m
-3

 

denser than the pre-event groundwater, thus setting up convective mixing inside the well 
41

.  

 

 

 
Figure 4.7. High-frequency (15minute) time-series of water temperature, pH, 

conductivity, and DO (%) in W6 from March 12 2011 – April 1 2011. The water level 

of W6 is also shown in dotted gray lines. The top panel shows air temperature (blue line) 

and rainfall (gray).   
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During the summer a strong thermal stratification to a depth of several meters may 

develop and inhibit mixing (Figure 4.8a), but the nearly constant temperature profiles 

during the late rainy season (Feb. 2011- May 2011) indicate rapid mixing inside the well 

(Figure 4.8b).  In addition, the average temperature of the entire water column at W6 shifts 

with season, again consistent with complete mixing (Figure. 4.8b).  Altogether, the 

observations in figures 4.7 and 4.8 suggest that cool winter storms introduce recharging 

water that is generally cooler than the pre-existing well-water.  Inside the wells, this initial 

thermal gradient leads to convective mixing, resulting in uniform temperature profiles.  The 

ISCO sampling removes a relatively minor amount (20 cm) of water, and does not disrupt 

this mixing.  The pump port, located at depths within the chronically saturated zone (Figure. 

4.1b), collects this mixed water; therefore the samples represent the rapid shallower flows 

during the winter and the slower deeper flows in the summer.   

 

 

 

 

 

Figure 4.8. Vertical profiles of the water temperature of (a) W3 and (b) W6. W3‟ 

profiles were measured in September 2009 and July 2010, and W6‟s profiles were 

measured seven times between 2009 to 2011 during the monthly site visits.  

 

 

 

4.4.2.  Mechanisms for the chemical dynamics of the seasonal 

groundwater 
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Over four years of high-frequency observations, we have identified repeating 

patterns of hydrology and water chemistry in all three wells.  Table 4.2 summarizes the 

concentrations of the five constituents in the rainfall, throughfall and groundwater.  

Because of the depth dependency of the concentrations, the depths of the water tables were 

used as criteria for the calculation.  For W1, the minimum concentrations were averaged 

only for data of the dilution events.  Rivendell receives insignificant inputs of Ca, Mg, Na 

and Si from rainfall and throughfall, but throughfall additionally introduced a substantially 

high K (Table 4.2).  Potassium is an essential nutrient absorbed (via roots) and released (via 

canopy and litter) significantly by trees 
42

.  However, in the deeper weathered-bedrock zone, 

where the impact of vegetation is less, K in the groundwater progressively increases, from 

the wet season to the dry season (at W3 and W10; Figure. 4.3).  

 

We do not know the exact chemistry of the flow through the unsaturated zone that 

recharges the seasonal groundwater, but dilution of the solute concentration in the 

groundwater as the water table rises indicates that these waters are more dilute than the pre-

event groundwater but more concentrated than the throughfall.  This suggests that processes 

in the unsaturated zone play a significant role in determining the chemistry of the water 

arriving at the wells.  We suggest that two end-member processes are controlling the 

groundwater‟s solute concentrations throughout the year: 

 

(1) When the water table is shallow at the upslope and mid-slope wells and is 

transiently seen at W1, concentrations are low and decrease as the water table rises.  

We suggest these concentrations arise as infiltrated rainwater gains cations by the 

cation exchange reactions enhanced by high subsurface pCO2, and that increases in 

Si may be due to the dissolution of amorphous silica in the unsaturated zone.  

 

(2) When the water table is deep and dropping at mid-slope and upslope wells and is 

seen most of the time at W1 the concentrations increase towards high values.  Here 

we suggest that this increased solute concentration is governed by thermodynamic 

equilibrium with specific minerals within the weathered argillite. 

 

 

 

4.3.2.1.  Cations controlled by exchange reactions and pCO2  
 

One of the most remarkable features of our high-frequency observations is the 

similarity of the solute concentrations for a given water table level throughout storms, 

seasons and years for each well (Figure. 4.3 and Figure. 4.9).  The water-temperature time-

series (Figure. 4.7) suggests that the infiltrated rainwater is delivered to the water table 

before becoming thermally equilibrated with the soil and bedrock; thus chemical reactions 

that are fast enough to reach equilibrium concentrations on hour to day timescales are 

responsible for low concentrations at high winter flows.  
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Figure 4.9.  Responses of major cations (Ca, Mg, Na, K) and Si in W1 during large 

rainstorms for two periods: March 11-April 1 2011 (left column), and Nov. 15-Dec. 

2012 (right column).  The light gray lines are the W1 water table. 

 

 

Numerous studies have proposed cation exchange reactions as an essential process 

to determine soil and eventually stream chemistry, particularly for high flow regimes 
e.g 9, 11, 

18,20, 22, 43, 44
.  Cation exchange reactions involve the interaction between positively charged 

electrolytes in solution and weakly-bound cations on the soil/bedrock mineral surface.  Oh 

and Richter Jr. (2004)
 45

, via column leaching experiments, demonstrated that as CO2 

increased from 1% to 10 %, the cation yield increased nearly twofold (34−69 meq kg
-1

).  

They estimated that approximately 60 −70% of the total cations were produced by the 

exchange of protons, with the remainder supplied by mineral dissolution.  Our site has high 



67 

 

CEC (141–608meq/kg) and elevated-pCO2, which suggests the critical role of CO2 in the 

cation exchange reactions in determining the solute concentrations. 

 

 
Table 4.3. Simulated (PHREEQC) and measured cations in W1, W3 and W10 during the 

high flow regime 
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The equilibrated solute concentration with Rivendell‟s cation exchangers and pCO2 

were simulated using PHREEQC (Table 4.3)
 47

.  We assumed that the cation exchange 

reactions reached equilibrium in the unsaturated zone.  Inputs to the model were averaged 

exchangeable cations (Ex. in Table 4.3) available at each well.  The subsurface pCO2 of W1, 

W3 and W10 varied significantly with depth and time, we thus simulated reactions with the 

measured minimum, average, and maximum pCO2 values at each well.  The ion selectivity 

coefficients (KGT) for the reactions were estimated using equations from Tournassat et al. 

(2009)
 48

.  We assumed binary-exchange reactions (Na-Ca, Na-Mg, and Na–K) for the ion 

selectivity coefficient.  The input water was assigned the averages volume-weighted 

concentration of Ca, Mg, Na and K in the throughfall.  The minimum pCO2 (1%) predicted 

lower values than the measured for the winter low concentration case (Table 4.3).  As pCO2 

was elevated, however, the predicted values showed a good agreement with the measured 

values.  In some cases, the simulated Mg concentrations were lower (up to 40%) than the 

measured values even at the highest pCO2, suggesting other mineral weathering reactions 

may play a role in compensating this difference.    

 

Fine pores and dead-end fractures in soils and rocks may hold water for long times.  

We did not measure soil water chemistry; however, it is reasonable to assume that the less 

mobile soil and rock waters are highly concentrated in solutes.  We propose that cations are 

chemically mobilized from the mineral structure continuously but remain locked in the less 

mobile soil and rock waters and weakly bound to the mineral surfaces.  During the rainy 

season, these cations are transferred to the mobile water via the proton dominated cation 

exchange reactions. 

 

 

 
 

 

 

 

4.3.2.2  Cations controlled by thermodynamic equilibrium 
 

We hypothesize that high concentrations of cations in the groundwater develops by 

further chemical alteration of the recharged water from the vadose zone.  Figure 4.10 shows 

that the groundwater was close to thermodynamic equilibrium with clay minerals, such as 

Fe- rich chlorite (Mg; Figure. 4.10a) and montomorillonite (K; Figure 4.10c), but were far 

from equilibrium with primary minerals, such as albite (Na; Figure 4.10b).  We estimate the 

equilibrium reaction constants as follows: 
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Figure 4.10a. Saturation index of the Rivendell groundwater (reference samples) for the 

Fe-rich chlorite; Figure 4.11b. Stability diagram of albite (Na). The stability diagram is 

adapted from Fauren (1998) 
51

; Figure 4.10 Stability diagram of feldspar-illite-

montmorillonite. The stability diagram is adapted from Garrels (1984)
 50

;  Figure 4.10d 

Equilibrium lines for aluminosilicate solids and secondary minerals which potentially 

control Si and Al in natural waters (i.e. gibbsite-reversible alumonsilicate, quartz, 

gibbsite-kaolinite) and the H4SiO4 concentrations and pH of Rivendell‟s reference 

samples. Equilibrium data are adapted from Essington (2004) for gibbsite-kaolinite (1) 

and quartz, Sposito (2008) 
56

 for gibbsite-kaolinite (2), and Paces (1978)
 58

 for gibbsite 

– reversible aluminosilicate, respectively. The close squares, gray circles and close 

triangles represent W1, W3, and W10, respectively. Diamonds in gray, black, light gray 

and open represent W2, W5, W6, and W7, respectively.  
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Fe-rich chlorite 
49

: 

(Si2.47Al1.53)(Mg1.05Fe3.29Al1.60)O10(OH)8 + 18.07H
+
 

1.05Mg 
2+

 3.29Fe
2+

 +3.13Al
3+

 +2.47H4SiO4 +8.10H2O               pKsp = 22.8 ±0.5  

 

 

Montmorillonite-Kaolinite 
50

: 

K0.3(Al1.9)(Si4)O10(OH)2 + 0.1Al(OH)3+ 0.7H2O + 0.3H
+
 

 Al2Si2O5(OH)4 + 2SiO2 + 0.3K
+
                                                          pKeq = 5.80 

 

 

Albite-Kaolinite 
51

: 

2NaAlSi3O8 + 9H2O + 2H
+
 

 Al2Si2O5(OH)4 + 2Na
+
 + 4H4SiO4                                                       pKeq = -0.38 

 

 

We assumed Al and Fe were equilibrated with gibbsite (Al(OH)3,pKsp = 8.11) and 

hematite (Fe2O3, pKsp= 0.9) respectively, because these elements were shown to be mostly 

in colloidal forms in the Rivendell groundwater
30

; hence, the measured values may 

overestimate their true concentrations in solution. 

 

The equilibrium differences may be because of the various dissolution kinetics of 

source minerals.  We did not measure the reactive mineral surface areas in Rivendell core 

samples.  It is known that clay minerals generally have significantly higher surface area 

than primary minerals.  For example, the surface area of montmorillonite (smectite), illite 

and chlorite are 600−800 m
2
g

-1
, 70−120 m

2 
g

-1
 and 4−150 m

2 
g

-1
, respectively 

33, 36
.  In 

contrast, that of K-feldspar and Na-feldspar are 0.03−2 m
2 

g
-1

 and 0.003−4 m
2 

g
-1

, 

respectively 
52

. 

 

Calcium concentrations in the higher concentration waters of W1 and W3 were at 

saturation with respect to calcite.  At W1, except for the dilution events, pH was typically 7 

(Figure 4.4a) and the pCO2was 1.5–2.5% near the water table (Figure. 4.5a).  In this 

condition, calcite equilibrium yields 1.42–1.89 mM of Ca (pK1 = 6.46, pK2 = 10.49, pKH = 

1.26, pKsp = 8.41 at 283K)
 53

, in good agreement with the measured W1‟s Ca (1.71mM; 

Table 4.2).  At W3, during the late dry season when the water table was low, pH was 

approximately 6.8 (Figure 4.4), pCO2was 4–5 % (Figure. 4.5) and Ca concentration was 

2.03 ± 0.4 (standard deviation) mM (Table 4.2).  In this given condition, the calculated Ca 

concentration at calcite saturation is, 1.7–2.14 mM, which matches the measured Ca in W3.  

These thermodynamic calculations suggest that higher concentration waters are equilibrated 

with the relatively reactive minerals but not with the less reactive minerals, suggesting that 

limited residence time of the water in the fractured bedrock is an important factor 

determining the solute concentration.  
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4.3.2.4.  Si concentrations  
 

Silicon behaves in an opposite fashion compared to major cations; the maximum 

concentration of Si (Simax) appears when the cations are in low concentration and the 

minimum (Simin) appears at high concentrations of cations.  Simax is highest (0.5 mM) at 

W10 and decreases downslope to W1 (~0.25 mM).  Simax is likely regulated by rapid 

dissolution of aluminosilicates and/or amorphous silica 
14, 54, 55

.  Kennedy (1971)
 54

, based 

on the stream chemistry observations in Mattole River, Northern California, postulated that 

groundwater has lower Si than the water leached from soils.  Rivendell soils may have a 

large pool of easily dissolvable Si as demonstrated via the DI-water extraction experiment 

(Table 4.1), suggesting dissolution of amorphous silica may determine Simax.  However, we 

note that, even though we assumed that all Si is in dissolved form, such as silicic acid, a 

significant fraction is possibly in colloidal form.  The concentrations of Al and Fe in the 

groundwater strongly suggest a significant contribution of colloids, which may be 

associated with Si.  To quantify the contribution of these two processes, a further study is 

required. 

 

The high Si concentrations are supersaturated with respect to kaolinite, gibbsite, and 

quartz (Fig. 4.10d), but unsaturated with amorphous silica (2mM)
 56

.  Among the secondary 

minerals, gibbsite (Al(OH)3), which is the most unstable, will precipitate first, but due to 

high Si concentration, may further transform to kaolinite.  

 

2Al(OH)3(s) +2H4SiO4 Al2Si2O5(OH)4 +5H2O 

 

If Si is controlled by kaolinite (Al2Si2O5(OH)4), then the equilibrium H4SiO4 

concentration is between 0.005 (gibbsite-kaolinite (2) in Fig. 4.10d)
 36

 and 0.04mM 

(gibbsite-kaolinite (1) in Fig. 4.10d)
 56

, regardless of pH.  These values are, at least, fivefold 

lower than the observed Simin, indicating that the high cation concentration water is 

supersaturated with respect to kaolinite. 

 

Formation of well-crystalline kaolinite may be limited at ambient temperature and 

pressure
57

; hence a metastable aluminosilicate is more likely to form. Paces (1978)
 58

, 

calculated the disequilibrium index for an extensive set of natural and synthetic samples, 

and concluded that a reversible metastable aluminosilicate controls the Si and Al in natural 

waters.  Hem (1973)
57

, in laboratory experiments using synthetic solutions with various 

combination of 10
-2

 to 10
-5

 M of Si and Al, found that halloysite (Al2Si2O5(OH)4) was 

precipitated.  Halloysite is sometimes observed in shale, but mostly observed in volcanic 

and hydrothermal regions 
59 and references therein

; halloysite has not been found at Rivendell.  

Figure 4.10d shows that the concentration of dissolved Si decreases as pH increases; we 

thus hypothesize that the precipitation of metastable aluminosilicate determines Si in high 

cation concentration waters. 

 



72 

 

 

 

4.3.3.  The chemistry evolution of the groundwater in Rivendell  
 

The high-frequency time-series of W1 illustrates the dynamics of groundwater 

chemistry that could not have been captured by weekly or monthly sampling frequency.  

Unlike other wells, W1 is rarely diluted by recharge from rainstorms (Figure. 4.2).  After 

the dilution events, W1 returns to high concentrations within several days after the 

cessation of the rainstorm (Figure. 4.9).  For example, during a series of two large 

rainstorms (a) March 11 2011 – April 1 2011 (total rain 460mm; Figure. 4.9a) and (b) 

November 15 – December 25 2012 (total rain 777mm; Figure. 4.9b), all cations in W1 were 

diluted and then return high concentrations within days.  

 

Two important aspects of W1‟s chemistry are keys to understanding the chemical 

evolution as water moves downslope: first, the nearly constant chemistry at W1 even 

though its water table was highly responsive to the rainfall inputs; and second, the rapid 

dilution of W1 chemistry by some rainstorms when the water table was high.  The first 

aspect may be explained by three competing hypotheses: (H1) rapid diffusion of cations 

from tightly bound and chemically mature water in the bedrock at W1; (H2) higher 

weathering rates in the W1 area; (H3) chemical evolution of low concentration water from 

the upslope to W1. 

 

Diffusion of the bedrock water with high solute concentration might be able to 

maintain the steady-state chemistry of W1.  If true, however, the volume of the matrix 

water must be much greater than the mobile water.  Otherwise, the solute concentrations in 

W1 would progressively decrease as the rainy season progresses; but W1 did not display a 

decreasing trend.  We do not have porosity measurements at these wells to estimate the 

quantity of the matrix water; but since W1 is highly conductive (Figure. 4.6a), a large 

volume of water likely passes through W1.  Therefore, H1 can be ruled out.  

 

At W1, the water table is closer to the ground surface (-3 to -5 m) than at other 

wells and is also within the maximum rooting depth of vegetation (4m)
 60

; hence significant 

effects of biological activity and supply of organic acids would be expected to enhance 

mineral dissolution rates 
e.g.61, 62

.  If enhanced biologically-driven weathering controls the 

chemistry of W1, element concentrations in the weathered bedrock forming the seasonally 

saturated zone at W1 would be more depleted than at W3 and W10; however, we did not 

find evidence to support this explanation.  For example, weathering processes remove 

calcite first particularly in hydrologically active systems 
66

, like Rivendell.  If W1 is more 

weathered than W3 and W10, calcite would be expected to be depleted in W1 relatively to 

W3 and W10; however, at W1, we found slightly higher calcite contents in core samples 

and even found calcite encrusting our pressure transducer, suggesting inflowing water 

already has high solute concentrations.  Therefore, H2 can be ruled out.  
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For hypothesis 3, we note that the high frequency data show that all solutes were 

diluted and returned to high concentration values on the identical time scales, despite 

substantial differences in source minerals‟ dissolution rates.  For instance, calcite (10
-

7.68
mol m

-2
s

-1
)
 64

 dissolves several orders of magnitude faster than chlorite and feldspars (10
-

12
 (laboratory experiments) -10

-17
 (field measurements) mol m

-2
 s

-1
)
 33, 52 and references therein 

.  

However, all solutes co-vary closely at W1, suggesting that chemical recovery is mainly 

due to the influx of high concentration water from upslope.  But this high concentration 

chemistry at W1 throughout the rainy season, even when W3 and W10 displayed are dilute, 

suggests that W3 is unlikely to be the direct and primary source for W1.  The source water 

of W1 may originate from upslope possibly via sandstone outcrop (Figure 4.1a; sandstone 

blocks dominate at W1) or via flows through deeper and isolated flow paths.  These 

observations strongly imply that the groundwater is not a well-mixed reservoir; the water 

chemistry evolution will be governed by the material properties and flow paths.  Although 

further study, such as a tracer experiment, is needed to identify the source of W1 water, H3 

is most consistent with our observations.  

 

 

 
Figure 4.11a. The minimum Mg in W1 during storm events and corresponding 

maximum W3 water-level. Numbers in parenthesis show the total amount of rain (mm) 

of storms; Figure 4.12b. Water table recharging rate (sample volume /recovery time) 

after the high-frequency water sampling (red square) and blow counts (open circle) of 

W3.  
* 
counts/ inch; 

^
 L/day  
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Dilution events rarely occurred at W1, indicating that low concentration water is 

only transiently transported to W1 from upslope paths.  These conductive paths may be via 

W3.  Figure 4.11a shows the concentration of Mg at W1 (colored symbols) as a function of 

water table at W3 (vertical axis) and the total rainfall of the driving storms (horizontal axis 

and labeled points).  This figure shows that Mg in W1, which represents all major cations‟ 

behavior, is diluted only when the W3 water level was high.  Storms delivering as much as 

104 mm of rainfall did not cause the dilution.  Figure 4.11b shows two corresponding 

properties of the weathered bedrock zone at W3.  The open circles show the blow counts 

(number of drop counts, using a 140 pound (63.5 kg) weight dropped for 30-inch (760 mm), 

to penetrate a measured distance into the rock)) with a core barrel into the 5.1 cm diameter 

hole.  The blow counts to -6 m were relatively low, suggesting mechanically weaker 

bedrock associated with open fractures and weathering.  Visible signs of weathering persist 

to about -11 m and correspondingly blow counts rapidly climb to 50 counts/inch at -11 m 

and 400 counts/inch at about -14 m.  The solid squares record the time it took for the water 

table to recover from the drawdown  caused by the ISCO water sampling at W3 (depth 

differences between before and after the sampling (cm) × cross section area of the well 

(=15.75 cm
2
).  This trend suggests that, above -6 m, where the blow counts decrease, the 

recovery rate was far faster, indicating the saturated conductivity rapidly increases.  When 

W3 is at its shallowest depth, where the conductivity is greatest and presumably where the 

groundwater flows most rapidly, the concentrations at W1 is lowest and is similar to W3.  

Hence, we suggest that during high runoff events, the diluted water like that at W3 passes 

through W1.   

 

In summary, we propose a conceptual model to explain the chemical dynamics of 

Rivendell groundwater (Figure. 4.12).  First, infiltrated rainwater undergoes rapid pCO2 

enhanced cation exchange reactions and dissolution of amorphous Si while passing through 

the unsaturated zone.  These waters increases its solute concentration by mineral 

dissolution/precipitation reactions with the argillite in the deeper weathered bedrock zone, 

evolving to higher concentrations that are set by equilibrium with primary and secondary 

minerals in the bedrock.  Local differences, as recorded by the different temporal 

concentration dynamics at W1, may arise from different water flow paths and source 

bedrock.  Our observations suggest that Rivendell‟s groundwater is not a well-mixed single 

reservoir even on the small scale of the studied drainage; however, we have defined that 

two dominant processes determining runoff chemistry.   

 

In the Elder Creek catchment, overland flow has not been observed, except on the 

roads, and Salve et al. (2012)
7
 reported that all runoff occurred through the weathered 

bedrock zone.  Because all rainwater infiltrates into the subsurface to drain to the stream, 

and cation exchange reactions are intense and rapid, we propose that the minimum 

concentrations of cations in the stream will be set the low concentrations developed during 

high flow conditions.  During summer baseflow to Elder Creek, concentrations would be 

expected to rise, reflecting the high concentrations found at low water table.  
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Figure 4.12. Conceptual model for the chemical dynamics of bedrock groundwater in 

Rivendell. All infiltrated rainwater gains cations by cation exchange reactions and Si by 

dissolution of amorphous silica as passing through the unsaturated zone. This water may 

run through the highly conductive zone in the shallow seasonally saturated zone, and 

exit the hillslope within days to months. The recharged water in upslope also becomes 

concentrated as moving through the deeper seasonally saturated zone and its solute 

concentration is govern by thermodynamic equilibrium with reactive minerals.  
 

 

 

4.3.4.  Implications for chemical weathering modeling   
 

Chemical weathering plays an important role in landscape evolution.  Numerous 

studies on the weathering profile development have focused on what has remained in the 

hillslopes after chemical weathering while this study has focused on what departs the deep 

weathered zone under a hillslope.  These two approaches study chemical weathering 

processes on substantially different time scales (hundreds of thousands or millions of years 

vs. individual storms to seasons), but together they provide complementary insight.  

Recently, Brantley et al. (2013)
 65

 proposed that recharging of O2- and CO2- rich water to a 
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deeper depth initiates pyrite oxidation and carbonate mineral dissolution, opening up 

porosity, causing the weathering front to propagate.  We observe that, every year, W10 is 

recharged with new water, which has high O2 and CO2.  At W10, calcite is depleted in the 

seasonally saturated zone compared with in the chronically saturated zone (Table 4.1).  In 

addition, W1‟s groundwater is saturated with calcite year round, except for the dilution 

events.  By combining these two approaches, our understanding on the development of the 

weathering front will be significantly improved. 

 

 

 

 

4.4.  Conclusion  
 

High-frequency (1–3 days) observations of the hydrochemical dynamics of a 

groundwater system, which is perched on fresh bedrock and flows through a weathered 

bedrock zone, have been carried out from 2009 to 2012.  This study has specifically 

focused on the temporal and spatial variability of Ca, Mg, Na, K and Si.  The co-variation 

of water levels and solute concentration found at the mid- and upper slope wells suggest a 

shifting dominance of controlling processes.  Cation concentrations decreased considerably 

as the water table rises in the mid to upslope areas, but the Si concentrations reach highest 

levels.  We suggest that rainwater increases its cation concentration by proton driven cation 

exchange reactions enhanced by elevated subsurface pCO2 and its Si concentration by 

dissolution of amorphous Si as it passes through the vadose zone.  These concentrations are 

lowest at times of greatest runoff to the adjacent creek.  Because all rainwater passes 

through the soil and unsaturated zone and the cation exchange reactions are rapid, possibly 

reaching equilibrium states within hours, we propose this process sets the minimum cation 

concentrations in the adjacent creek.  Every year, this rainwater recharges the mid- and 

upslope wells (W3 and W10), and cation concentrations progressively increase during the 

summer groundwater recession season with the progression of weathering reactions.  We 

propose that the high concentrations arise because of these waters reaching thermodynamic 

equilibrium with reactive minerals such as calcite (Ca), and clay minerals (i.e. Fe-rich 

chlorite (Mg), montmorillonite (K) and metastable aluminosilicate (Si)).  Nonetheless, 

these waters are far from equilibrium with respect to primary minerals, for instance albite 

(Na).  The lowest well, W1, shows little temporal variation of solute concentrations 

throughout the year except with rare dilution events occurring during high storm runoff.  

The W1 water must originate from upslope, but for much of the year, it does not seem to be 

derived from water found in the midslope area around W3, suggesting heterogeneous 

groundwater concentrations, perhaps associated with lithologic or deeper flow path 

variations. 

 

Our direct, high-frequency observations reveal where (or how deep) in the 

weathered bedrock zone water flows, and specific processes and factors that are responsible 

for its chemistry:  Controlling processes for the groundwater chemistry shift from rapid, 
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vadose zone cation exchange reactions in the nearer surface to mineral equilibrium 

reactions at depth and slower runoff.  Our study thus lays the groundwork for further 

exploration of both the spatial evolution of groundwater runoff and the coupled hydrologic 

and water chemistry dynamics within the critical zone that controls stream chemistry and 

eventually landscape evolution.  Furthermore, our findings provide critical baseline 

information needed to evaluate the effect of extreme weather such as severe drought or 

extremely intense storms on the groundwater and stream chemistry. 
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Appendix 4.1 

 

 

A.  Mineralogy  
A.1.  Methods  

 
The main purpose of mineralogy analysis was to characterize the chemical 

properties that are required to interpret the groundwater chemistry dynamics.  Core samples 

from the drilling of wells were selected from  W1, W3 and W10 holes to represent the three 

hydrologic subzones – unsaturated, seasonally saturated, and chronically saturated zones – 

and the  soil samples were analyzed for clay mineralogy. 5-10g of the core samples were 

crushed completely using a mortar and pestle and sieved using a 100-mesh (150 μm) sieve.  

Soil samples were collected from the first 10-15 cm from the ground surface, using a trowel 

in October and November 2011 during the field visits.  The soil samples were air-dried and 

sieved using with the same mesh.  

 

To identify the clay mineralogy by X-ray diffraction (XRD), approximately 3-5 g of 

the crushed samples were settled in a de-ionized water column overnight and the 

suspension (clay) was used for the analysis.  The XRD samples were prepared following 

the Millipore filter transfer method
1
.  The samples were not subjected to chemical or 

thermal treatments because these procedures alter mixed-layer minerals
1
.  The XRD 

analysis was done using a PANalytical X‟Pert Pro diffractometer at U.C. Berkeley.  Scan 

conditions were 40 mA at 40 kV voltages using a monchromatic Co-Kα source.  The 

samples were scanned after three treatments: 1) air-dried (no pretreatment), 2) saturated 

with ethylene glycol, and 3) heated at 550°C, sequentially. XRD data interpretation 

followed the U.S. Geologic Survey clay mineral identification scheme
2
.  The relative 

abundance of the clay minerals was estimated using a mineral intensity factor method
3
. 

 

 

A.2. Results  
 

Major clay minerals identified by XRD analysis were illite (35-52 %), chlorite (17-

20 %), kaolinite (17-20 %), and mixed layer illite/montmorillonite (I/M, 5-13 %; Figure 

A4.1).  The heat treatment (550 °C) did not show intensification at 14Å (except for the W3 

samples from the chronically saturated zone; Fig. 1b), indicating that chlorite in most 

samples was mixed-layer chlorite/vermiculite (C/V), which is a weathering product of 

chlorite (Essington 2004).  The major primary minerals are quartz (4.26 Å), K-feldspar 

(3.24 Å), plagioclase (3.18 Å) and chlorite
1
.  

  

To determine the relative proportions of Fe (y) and Mg (1-y) of the chlorite, (Mg, 

Al)6-yFey(Si, Al)4 O10(OH)8, we analyzed the XRD (00l) peaks using the method of Brown 
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and Brindley (1980)
 4

, as modified by Moore and Reynolds (1997)
 1

.  The W3 sample from 

14.5 m depth (Figure A4.1b), is the least-weathered chlorite of Rivendell (considered to be 

fresh bedrock by Salve et al., 2012)
 5

 was characterized as Fe-rich (y = 4.1), 

(Mg,Al)1.9Fe4.1(Si,Al)4O10(OH)8. 

 

 

 

 

 

Figure A4.1. XRD scan patterns of <2μm clays particles of selected Rivendell bedrock 

samples.  The samples were sequentially scanned by 1) air-dried (gray lines); 2) glycol-

solvation (dotted lines) and 3) head (550°C) treatments (dashed lines).  The numbers in 

parenthesis next to the minerals represent their relative abundance using the mineral 

intensity factor method. *CSZ; chronically saturated zone; †SSZ; seasonally saturated 

zone.  
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Appendix 4.2.  Near total element concentration  

 

Near total element concentrations of the selected soil and core samples of W15 were 

determined by a four acid digestion method (nitric, perchloric, hydrofluoric and 

hydrochloric acids at 260°C) and an inductively coupled plasma – atomic emission 

spectroscopy (ICP-AES) and an inductively coupled plasma- mass spectrometry (ICP-MS) 

in ALS minerals in  Reno, NV (http://www.alsglobal.com/; Method: ME-MS61).  This 

digestion method is able to dissolve most minerals but may incompletely dissolve some 

highly refractory minerals such as barite (Ba), chromite (Cr), rutile (Ti), cassiterite (Sn), 

corundum (Al) and monaziote(rare earth elements).  The results are shown in table A4.2 

 
Table A4.2. Near total element concentrations of W15‟s soil and core samples  

 

http://www.alsglobal.com/
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Table A4.2. (continued) Near total element concentrations of W15‟s soil and core samples  
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Chapter 5  

Seasonal dynamics of hydrologic and 

geochemical controls of water chemistry 

transition from a hillslope to the adjacent 

streams   
 

 

 

 

 

 

 

5.1.  Introduction  
 

Better understanding of stream chemistry dynamics is critical for quantification of 

the role of chemical weathering in the global carbon cycle over geologic time scales 
e.g.1

.  

Despite a great number of both field observations and modeling efforts, the relationships 

between the solute concentration and discharge are not yet fully understood.  For example, 

in many watersheds, the concentrations of weathering products such as Ca, Mg, Na, K and 

Si do not decrease with increasing discharge despite insignificant rainwater input of these 

solutes
2
.  On the other hand, the solute concentrations do not continuously increase with 

decreasing discharge; after a threshold − the solute concentrations level off, becoming 

independent of discharge with an element specific threshold
2
.  Godsey et al (2009)

3
 

analyzed U.S. Geological Survey‟s Hydrologic Benchmark Network stream chemistry data 

from 59 stations throughout the United States and showed that the concentrations of Ca, 

Mg, Na, and Si fluctuate by a less than a factors of 3 to 20 while stream discharge varies 

over several orders of magnitude; such behavior is described as ‟chemostatic behavior‟
3
.  In 

contrast, many field observations have demonstrated that the chemistry of soil waters and 
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groundwaters exhibit spatial variability in catchment and watershed scales 
e.g. 4, 5, 6, 7

, 

implying high complexity of catchment systems.  

 

Numerous hypotheses and models have been proposed to explain and predict the 

dynamics of stream chemistry.  An “end-member” mixing model − conservative mixing 

among representative end-members − has been widely employed; this model is simple yet 

useful for estimating the contributions of the end-members to runoff and solute fluxes, and 

for identifying the dynamics of the flow paths 
e.g.8, 9, 10, 11

.  However, the validity of its main 

assumption – the chemistry of end-members is temporally invariant – has rarely been 

evaluated; furthermore, the spatial and temporal variability of the source water chemistry 

raises a question about the representativeness of the end-members 
4, 5

.  Variability in 

physical settings of landscapes have been proposed as an important factor for stream 

chemistry dynamics; for instance, geology 
e.g.12

, soil cover 
e.g13

, topography (e.g. slope, 

aspect, hillslope length, catchment size)
 14, 15, 16

, and flow-path depths 
17

.  The role of 

chemical processes in stream chemistry dynamics has been extensively studied as well; 

including topics as evaluating the effects of changes in kinetic properties, such as reactive 

surface areas 
e.g.3, 18

; identifying the governing chemical processes, such as cation-exchange 

processes 
e.g.18, 19

, or interplay between primary minerals and secondary minerals 
e.g.20, 21

. 

 

The challenge for the stream chemistry research is to identify the most critical 

controls for the observed dynamics, so that the complex system can be simplified based on 

the valid assumptions
22

.  To resolve this complexity, a growing number of researchers have 

employed new observation techniques in fields.  For example, Kirchner and Neal (2013)
23

 

monitored stream chemistry at 7-hour intervals to match the temporal resolution of the 

hydrological and chemical responses to the rainfall inputs.  However, because all rainwater 

infiltrates into the subsurface in the temperate climate regions, without a well-defined study 

of the hydrochemistry dynamics of the subsurface flows, stream chemistry observations 

will provide only limited information.  All previous studies have been based either solely 

on observations of stream chemistry or on low-frequency sampling of the source waters in 

the subsurface (i.e. soil water, groundwater from wells, or groundwater seeps).  

Particularly, the chemical dynamics of the deeper groundwater that flows below the soil-

bedrock boundary has been rarely monitored despite its significant contribution to solute 

fluxes and storm runoff
11

.  To address this observational gap, we present a below a multi-

year high-frequency time-series of the temporal and spatial variability of groundwater and 

stream water chemistry.  

 

Rivendell, the site of our study, is a hillslope located at Angelo Coast Range 

Reserve, Northern California.  At Rivendell, all runoff occurs through a thick weathered 

argillite (5-25m).  In a previous study (Chapter 4)
 25

, we described the spatial and temporal 

variability of groundwater chemistry via a four year, high-frequency (1-3 days) sampling 

campaign and identified the primary processes that determine its chemistry dynamics.  In 

this study focusing on the dynamics of stream chemistry linked with these simultaneous 
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groundwater observations, we identify the key processes and controls that determine the 

stream chemistry dynamics.  

 

 

 

 
 

Figure 5.1.  (a) Overview of the study site (called Rivendell; 4000m
2
), which is one of 

the zero order basins of the Elder Creek catchment. Autonomous sampling of waters 

from Elder Creek and three wells (W1, W3 and W10) has been conducted from late 

2008 to early 2013 at frequencies varying from 1 to 3 days (Kim et al., 2012; Chapter 3) 

The discharge of the Elder Creek catchment (16.8km
2
) is measured approximately 150m 

upstream from Rivendell by U.S. Geological Survey.  5.1(b) and 5.1(c). The Elder 

Creek catchment has an average a slope of 32% - identical to that of the Rivendell 

catchment. Maximum slope of the Elder Catchment is 66%.  

 

 

 

5.2.  Background 
 

Rivendell is a soil-mantled forested steep north-facing hillslope (4000m
2
) underlain 

by thick weathered argillite in the Elder Creek catchment (16.8km
2
), located at Angelo 

Coast Range Reserve, the South Fork of Eel River, Northern California (Figure 5.1a). The 

discharge of Elder Creek is monitored at U.S. Geological Survey‟s (USGS) gauging station, 

which is located at approximately 150m upstream from Rivendell on Elder Creek.  USGS‟s 

Hydrologic Benchmark Network had monitored the water chemistry of Elder Creek from 
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1968 to 1996 (Branscomb; Station 11475560; Figure 5.1b).  The solute concentrations of 

Elder Creek show a typical chemostatic behavior
3, 16

.  
 

Detailed descriptions of Rivendell are found in Salve et al. (2012)
 24

 and Kim et al. 

(2014, Chapter 4)
 25

 and here we will briefly describe the site.  The climate is a typical 

Mediterranean regime – warm/dry summer and cold/wet winter.  The site has 11 wells 

drilled to fresh bedrock (Figure 5.1a).  The site has been intensively monitored at high 

frequency (5 – 30 minutes), soil moisture, soil temperatures, climate variables, tree sap 

flow, groundwater tables, and groundwater temperatures (http://www.sensor.berkeley.edu). 

 

Salve et al. (2012)
 24

 monitored both the dynamics of the subsurface moisture using 

a neutron probe and time-domain reflectometers, and the dynamics of groundwater tables 

using pressure transducers.  They showed that the unsaturated zone, including the 

weathered bedrock zone seasonally stores a significant volume of water (~200 mm of 

water).  The groundwater is perched on the fresh-bedrock, which behaves as a no-flow 

boundary and all runoff is generated through the weathered bedrock zone in Rivendell.  The 

authors propose that Rivendell may be a fracture-flow dominated system.  

 

Kim et al. (2014 accepted, Chapter 4)
 25

 described the groundwater chemistry at 

three wells (W1, W3 and W10) along the hillslope at 1-3 days frequency spanning four 

complete years from late 2008 to early 2013.  The groundwater chemistry and hydrology 

consistently repeated their annual cycles.  These observations demonstrated that two 

processes dominate in wet and dry seasons and dictate the dynamics of the groundwater 

chemistry.  The wet season dominant process, which leads to diluted cation concentrations 

but high Si concentration, is set by fast cation exchange reactions enhanced by high 

subsurface pCO2 (cations) and the dissolution of amorphous minerals (Si). The process 

occurs in the unsaturated zone and is expressed when the groundwater table is high.  With 

the cessation of the winter rains, the groundwater table recedes and the groundwater has 

longer residence time; thus as the dry season progresses water chemistry reaches 

thermodynamic equilibrium with reactive minerals in the argillite (i.e. calcite (Ca), 

montmorillonite (K), chlorite (Mg), aluminosilicate (Si)) while it remains far from 

equilibrium with primary minerals (albite (Na)). Mineral dissolution processes increase the 

cation concentrations relative to their wet season values while equilibrium with 

aluminosilicate decreases the Si concentration. The residence time of the water within the 

hillslope is thus critical for the chemistry of the groundwater during the dry season.  
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5.3.  Methods: water chemistry observations of Elder Creek   
 

Since October 2008, the stream samples have been collected, using an automated 

water sampler (ISCO 6712 sampler; Teledyne ISCO, Lincoln, NE) with modified custom 

remote operating controls (Chapter 3)
 27

. The auto-samplers for Elder Creek and W1 were 

operated simultaneously using the same controller.  In general, the samples were collected 

every 1-2 days during the wet winter season and 2-3 days during the dry season.  Detailed 

sampling protocols, sample handing, chemical analysis, and sensor calibration are 

explained in Chapter 4
25

 and here we briefly summarize the processes.  

 

The samples were returned to Lawrence Berkeley National Laboratory (LBNL) 

when the all sample bottles were filled (approximately every month during the wet season; 

and every two months during the dry season).  During every field visit, we collected water 

samples („reference‟), followed by a standard water sampling method for trace metals in 

water (i.e. filtration (0.45μm pore size filters) and immediate acidification)
 26

 to verify the 

integrity of the water samples collected using the auto-sampler.  We found CaCO3 

precipitation in the early ISCO samples collected using ISCO ProPak® LDPE 1000-mL 

bags at W1 and W3, but similar samples from W10 and Elder Creek did not show such 

issues.  Beginning Oct 2011, we employed a new sampling method – a gravitational 

filtration system (GFS), which filters samples (0.45μm pore size filters) by gravity within 

30 minutes of sampling – to maintain the sample integrity not only for Ca but also for trace 

metals
27

.  In this study, we review the ground water data and report data from Elder Creek.  

 

Bulk rainwater and throughfall were collected at an open meadow on the opposite 

bank across from Rivendell and at the W7 area, respectively.  Rainwater and throughfall 

collectors consisted of a PVC funnel connected to a polypropylene bottle with a #60 mesh 

screen in the neck of the funnel to filter out particles larger than 0.35 mm.  These samples 

were retrieved during and after every storm and stored in acid cleaned scintillation vials 

then periodically sent to LBNL for analysis.  

 

Major cations, minor and trace elements of these water samples were analyzed 

using a Finnigan Element II magnetic sector inductively coupled plasma – mass 

spectrometer (ICP-MS) at LBNL. The samples for the analysis were diluted and indium 

(In) was used as an internal standard.  To evaluate the accuracy and precision of the 

analysis, Certified River Water Reference Material for Trace Metals, SLRS-5 (National 

Research Council (NRC), Ottawa, ON, Canada) was repeatedly analyzed at every analysis.  

The achieved % accuracy of Ca, Mg, Na, K, Si, Sr, Ba, and Rb of this study were 99 ± 10 

(standard deviation) %, 100 ± 10%, 97 ± 14 %,96 ± 13 %, 105 ± 7 %, 101 ± 5 %, 112 ± 

15%, and 74 ±6, respectively.  
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5.4.  Observations 
 

Major cation concentrations (Ca, Na, Mg and K) in Elder Creek showed a typical 

„chemostatic‟ reverse relationship with the Elder discharge (Figure 5.2 and Figure 5.3); the 

concentrations decreased by a few factors as the discharge fluctuated four orders of 

magnitude (Figure 5.3).  The solute concentration ranges found during our study were 

highly compatible with the USGS HBN observations (Figure 5.4).  

 

 

 

 
 

Figure 5.2. Magnesium concentration of W10, (first panel) W3 (second panel), W1 

(third panel) and Elder Creek (fourth panel) measured at 1-3 days frequency from 2009 

to 2013.  The grey line of each panel represents corresponding hydrograph (groundwater 

table and Elder discharge) 
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During typical dry summers, from June to September, Rivendell receives less than 

100 mm of rain and the stream discharge decreases with time to ~0.01 cms (cubic meters 

per second; baseflow) and all groundwater levels approach their deepest depths; -4 to -4.5m 

(W1), -9 to -10m (W3) and -18m (W10; Figure 5.2).  The Elder Creek baseflow Ca, Mg, 

Na, K and Si concentrations were, on average, 0.39 mM, 0.21 mM, 0.36 mM, 18 μM and 

0.28mM (Table 5.1).  At the same time, major cation concentrations of all wells were 

higher than that in Elder, with differences that vary by elements (Table 5.1 and Figure 5.4).  

For example, the concentrations of Ca in W1 and W3 were 3- to 6-fold higher than those of 

Elder Creek, respectively; Mg, Na and K were similarly higher by 1.8- to 1.5-fold, 1- to 

1.2-fold, 1.3- to1.6-fold, respectively (Figure 5.5 and 5.6).  In contrast, the Si concentration 

of Elder (0.28 mM) was slightly higher than W1 (0.24 mM) and W3 (0.26 mM) but lower 

than W10‟s (0.30 mM; Figure 5.5 and 5.6). 

 

 
Table 5.1.  Summary of solute concentrations in atmospheric input (bulk rainwater and 

throughfall) during high-flow and low–flow regimes. This table is modified from Kim et 

al. (2014; Chapter 4) but is modified to include Elder Creek samples.  

 

 
1
dilution events only  

 

 

During the rainy season (October – May) the Elder Creek discharge and the W1 

groundwater table fluctuate by three orders of magnitude (0.03 to 30 cms) and by 1-1.5m, 

respectively; and after a 2-3 months lag, the W3 and W10 groundwater tables rapidly rose 

by 4-6 meters, developing a seasonally recharged groundwater pool (Figure 5.2).  During 

this high-flow regime, the concentrations of Ca, Mg, Na, K and Si in Elder become diluted 

to 0.20 mM, 0.11 mM, 0.2 mM, 13 μM and 0.24 mM, respectively (Table 5.1).  These 

concentration ranges were slightly higher than those in W10 (by factors of 1.2 to 2), except 
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Na (0.26 mM) and Si (0.41 mM; Figure 5.5). W3 displayed remarkably similar cation 

concentrations to Elder while its Si concentrations (0.30 mM) were 20% higher than Elder 

(Figure 5.5).  W1‟s solute concentrations do not change from dry-season values, except 

during some transient rainstorm dilution events; during these dilution events, all the solute 

concentrations in W1 were slightly lower than the Elder‟s values (by factors of 1.2 to1.8; 

Figure 5.5).  

 

 

 
 

Figure 5.3. The relationships between major cations of Elder (open circles) and W1 

(orange squares), W3 (green squares) and W10 (blue squares) against the Elder Creek 

discharge  
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Figure 5.4. Concentration of Ca, Mg, Na, K and Si at Elder Creek measured in this study 

(2008 -2013; open circles) and measured by USGS‟s Hydrologic Benchmark Network 

(1968-1996; blue squares).  
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Figure 5.5. Relative Mg, Na, K, Si, Ca, Sr and Ba concentrations of Elder/wells against 

the Elder Creek discharge. The color represents the groundwater table depths at each 

well, with warm colors indicating deeper water depths and cold colors indicating 

shallower depths.  Figure 5.5 continues in the next page.  
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Figure 5.5. (continued)  
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5.5.  Discussion: Water chemistry evolution through the critical 

zone to the creek  
 

The USGS HBN observations and our study span five decades and demonstrate 

(Figure 5.4, Figure 5.5) that Elder Creek chemistry has varied within fixed narrow ranges 

despite the fact that Elder Creek discharge has fluctuated over four orders of magnitude; 

lowest and highest concentrations occur consistently year after year during the high-

flow/wet season and low-flow/dry season, respectively.  This suggests that the stream 

chemistry is strongly buffered by subsurface hydrological and geochemical processes rather 

than simple mixing between diluted rainwater and pre-existing concentrated 

soil/groundwater end members.  Here, we explore the stream and groundwater chemistry 

dynamics in two different seasons − wet season and dry season – to identify the primary 

processes and controls for the water chemistry transition from the Rivendell groundwater to 

Elder.   

 

 

 

 
 

Figure 5.6  Binary elemental-relationship (Mg-Ca, Mg-Na, Mg-K, Na-Ca, Na-K and Ca-

K) of Elder (open circle), W1 (orange square), W3 (green square), and W10 (blue 

square)  
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5.5.1.  High flow season: the lowest solute concentrations of Elder Creek  
 

In Chapter 4 
25

, we documented that infiltrated rain and throughfall cation 

concentrations were significantly lower than those of groundwater and stream; and we 

presented strong evidence that these infiltrating waters rapidly gain cations as they transit 

the vadose zone via fast cation exchange reactions enhanced by high subsurface pCO2.  Our 

Elder data confirm that this fast-flowing subsurface water sets the lowest concentrations of 

major cations in the stream (Figures 5.3, 5.4 and 5.6).  For example, at W3 we found that 

the hydraulic conductivity rapidly increases with groundwater level depth (Chapter 4)
 25

.  

Thus during rain events, when the W3 groundwater table rises to shallowest depths, this 

newly recharged water rapidly drains into Elder without further chemical alteration.  The 

fast-flowing groundwater appeared at W1 only when the W3‟s groundwater table was at its 

shallowest depth and we take this as evidence that the majority of the fast-flowing 

groundwater bypasses W1 (Chapter 4)
 25

.  This demonstrates (1) that there is increased 

connectivity both within the hillslope and from hillslope to stream when the groundwater 

table depths are elevated, and (2) that the geochemical processes occurring in the vadose 

zone govern the chemistry of both groundwater and stream during the highest flow season.   

 

 

 

5.5.2.  Low flow season: the baseflow chemistry of Elder  
 

During the dry season, when the Elder discharge is at its baseflow, the relative 

solute concentrations of Elder and the Rivendell groundwater differed significantly (Figure 

5.3, 5.5 and 5.6).  For example, the concentration of Ca in Elder was significantly lower (by 

factors of 4 to 6) than in the wells (Figure 5.5 and 5.6).  Similarly, Elder‟s Mg 

concentrations were lower by a factor of ~1.5. The Na concentrations differed only by 

factors of 1 - 1.2 and the K concentrations were similar to that of the groundwater during 

the low- to mid discharge but it increased by 1.5 fold during the highest flow regime; 

Elder‟s Si values were slightly lower than in all wells (Figure 5.4).  

 

The variability of the relative concentration of these elements may raise questions 

about the representativeness of Rivendell for the entire Elder Creek catchment because 

Rivendell covers only 0.02% of the catchment (0.004 km
2
 vs 16.8 km

2
; Figure 5.1).  The 

representativeness can be evaluated in two aspects. First, we examine bedrock type since it 

is the first order control of water chemistry.  Field observations document that nearly 60-

70% of the Elder catchment is composed of mudstone and the rest is the sandstone 

(personal communication, Sky Lovill). Core samples recovered during the drilling 

campaigns confirm that Rivendell is primarily underlain by mudstone.  Second, Rivendell‟s 

topographic setting very similar to the rest of the catchment (Figure 5.1).  The groundwater 

in the riparian zone terraces has been proposed to be an important source of baseflow 
e.g. 28

. 

While flat terraces abut Elder Creek at many locations, this terrace is only a narrow feature 
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at Rivendell. . We note, however, that the groundwater in the riparian zone will be fed by 

the groundwater from the hillslope, suggesting the hillslope groundwater will govern the 

riparian zone‟s groundwater.  Thirdly, during the dry season the groundwater tables of all 

wells synchronously recede with the Elder discharge, suggesting the Rivendell groundwater 

behavior represents the general hydrological response of groundwater in the Elder Creek 

catchment (Figure 5.2).  We note that at the beginning of the rainy season, the groundwater 

tables at upslope wells are out of phase with the Elder Creek discharge and lag discharge by 

several months at the start of the wet season (Chapter 4)
 25

; however, this phenomenon is 

due to the recharge of the unsaturated zone moisture – a process that must occur throughout 

the catchment in all upslope locales.  All together, we conclude that Rivendell is 

representative of waters contributing to Elder Creek discharge.  

 

 

 

 
 

Figure 5.7. Relationship between K (μM) and K/Rb (μM/nM) of Elder (open circles), 

W1 (orange circles), W3 (green circles) and W10 (blue circles).  The average of total 

elemental K/Rb ratio in W15 core and soil samples were 0.5 (not shown in this figure 

but the data is in Appendix 4.2).  The higher K/Rb ratio in Elder Creek compared with 

W1, W3 and W10 indicated higher biogenic –K input in to Elder Creek than in the 

groundwater.   
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The significantly higher Ca in the groundwater than in Elder (Figure 5.5 and 5.6) 

can be explained by calcite precipitation.  Rivendell has high subsurface pCO2, thus when 

this groundwater enters Elder, Ca will precipitate by degassing of CO2.  At the beginning of 

this project, Ca was lost from W3 and W1 solution via calcite precipitation.   

 

Unlike other cations, K was highly scattered and did not display correlation with 

other cations (Figure 5.6).  Potassium is strongly influenced by biological activity and 

secondary mineral formation.  Particularly, direct inputs of biogenic K sources such as litter 

and leaves may dominate.  For example, streams generally display higher K/Rb ratio than 

that of groundwater and its source bedrock.  Potassium is an essential nutrient to trees but 

Rb is not; thus, many previous studies have proposed that direct input of litter and leaves, 

which contain high K, but not Rb, into streams may increase the K/Rb ratio 
29

.  The K/Rb 

ratio of Elder Creek (range 6 to 10) is higher than that of groundwater (1 to 4) and the 

bedrock (~0.5; Table A4.1 in Chapter 4 Appendix 4.2), suggesting a significant 

contribution of the biogenic K pool to both Elder and the groundwater.   

 

Both USGS HBN observations and this study documented that Si in Elder is largely 

invariant over the range of the Elder Creek discharge (Figure 5.5).  Chapter 4 
25

 presents 

evidence that fast-flowing groundwater increases its Si concentration by dissolving 

amorphous silica and that the slow-flowing groundwater decreases its Si concentration by 

precipitating secondary minerals (i.e. aluminosilicate); however, the mechanism for the 

invariant Si concentration in Elder creek is not well understood.  Currently, many studies 

have been focusing on quantifying the contribution of biogenic Si 
e.g. 30, 31

.  Derry et al 

(2005)
 30

 proposed that the Ge/Si ratio will enable the identification of the source of Si 

(biogenic vs. secondary minerals).  Froeloch et al. (1989)
32

 show that diatoms fix Ge with a 

near constant ratio to Si when opal shells are formed.  Si is a nutrient, thus partially cycles 

through biological processes.  In contrast, Ge does not follow a path of active biological 

uptake but will co-precipitate when secondary minerals form.  Thus, higher Ge/Si may 

indicate the higher abiotic input of Si, and vice versa.  For example, the K/Rb ratio of Elder 

Creek demonstrates a significant input of biogenic K, likely via litter and leaves.  Leave 

and litter contain a high concentration of Si, implying its significant role in the Si cycle
31

. 

 

Evidence for little and leave contributions comes from the stable carbon isotope 

signatures of Elder Creek.  Finlay (2001)
 33

 analyzed published stable carbon isotope data 

of streams in temperate regions (70 sites from 26 published works, including Eel River 

watershed) to identify the source of carbon (terrestrial vs. algae cycling) in freshwater 

ecosystems.  The author found that in small catchments, including Elder Creek, the 

signature of terrestrial carbon was strongly expressed compared with larger watersheds. 

The author concluded that in these small and shaded headwater catchments, the terrestrial 

carbon becomes more significant because 1) canopy extends over the stream, decreasing 

light penetration, consequently decreasing algae productivity and 2) influx of groundwater 

is high.  Finlay‟s study strongly implies the significance of litter and leaf inputs in the 
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stream chemistry dynamics and aquatic ecosystems.  The role of terrestrial and aquatic 

ecosystems in the cycle of K and Si needs to be quantified.  

 

For a given Na concentration, the Mg concentration in Elder was lower than that in 

the groundwater (Figure 5.4 and 5.6).  This suggests that either 1) the Rivendell 

groundwater loses Mg when it enters the stream or 2) the Elder Creek catchment as a whole 

has water reservoirs that display a higher Na/Mg ratio than Rivendell.  When calcite 

precipitates at the hillslope-stream interface, it is possible that Mg can co-precipitate with 

Ca in as a carbonate mineral.  On the other hand, Kim et al. (accepted, Chapter 4)
 25

 

reported that Mg in the Rivendell groundwater is in near thermodynamic equilibrium with 

its source secondary mineral (chlorite) but that Na is far from equilibrium with its source 

primary mineral (i.e. albite); thus if groundwater flows a longer travel distance and has a 

longer reaction time than Rivendell, it may increase its Na concentration relative to Mg 

above that of Rivendell groundwater. Therefore, to explain the chemistry of the baseflow of 

Elder, the following two hypotheses are proposed:   

 

(H1) When Rivendell groundwater enters the stream, by combination of degassing 

of CO2 and microbial processes, Mg-calcite is precipitated.  Consequently, the Elder 

Na/Mg ratio will be higher than that in the Rivendell groundwater.  

 

(H2) For slow-flowing groundwater, the transit time of water through the subsurface 

may determine solute concentrations for elements derived from reaction with primary 

minerals, particularly for Na.  The travel time of the slow-flowing groundwater is a 

function of hillslope distance and surface slope.  Thus, the spatial heterogeneity of the flow-

length of the Elder Creek catchment may explain Elder Creek‟s baseflow chemistry.  

 

 

 

5.5.2.1.  H1: Water chemistry alteration at the hillslope-stream interface 

via biotic processes  
 

In the Elder Creek catchment, calcite precipitation at the hillslope-stream interface 

is clearly expected because of pCO2 differences between the Rivendell subsurface (1-6%) 

and the atmospheric CO2 level (0.04%).  During the low-flow season, the groundwater is 

equilibrated with the argillite, and Ca concentrations are at saturation with calcite at high 

pCO2.  When this groundwater enters the stream and equilibrates with atmospheric CO2 

(0.04%), CO2 in the groundwater will be degassed, the pH of water will increase, and Ca 

will be precipitated as calcite.  

 

During the development of the ISCO GFS sampling method, we were able to 

quantify the magnitude of CaCO3 precipitation via CO2 degassing (Figure 5.8).  Prototype 

GFS samples collected at W1 and W3 in late summer of 2011 showed Ca levels of ~1.5mM 

and ranged from 2 to 2.5mM, respectively.  Whereas the ISCO ProPak bag samples had Ca 
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concentrations ranging from 0.7 to 0.8 mM, in agreement with the estimated Ca 

concentrations after the groundwater is re-equilibrated with the atmospheric CO2.  The 

equilibrated values are approximately two-fold higher than contemporaneous Elder Creek 

samples.  Strontium (Sr) and Ba, which can co-precipitate with calcite 
34

, displayed similar 

losses from groundwater to creek (Figure 5.8).  Strontium concentrations averaged 14 µM 

(W3, GFS prototype), 12 µM (W3, bag) and 2 µM (Elder) and Ba concentrations averaged 

2.5 µM (W3, GFS prototype), 2 µM (W3, bag) and 0.1 µM (Elder).  The concentrations of 

Mg, K, Na, and Si were similar in GFS prototype and bag samples and there was no re-

equilibration signature.  While Elder K, Na, and Si concentrations were similar to the wells, 

Elder Mg concentrations were approximately 0.1 mM below the wells.  Taken together, 

CO2 degassing of W3 water precipitated approximately 75% of the Ca, ~7% of Sr, and 

~10% of Ba.  In order to match W3 to Elder Values, another 18% of the Ca, 90% of Ba, 

91% of the Sr, and ~30% of the Mg would have to precipitate from the slow-flowing 

groundwater at the hillslope-stream interface (i.e. streambed, riparian zone).  
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Figure 5.8 (a).  The effect of CO2 degassing on Ca concentration in W1 and W3 

demonstrated using the control (ISCO Propak sample bags; green and yellow circles) 

and GFS prototype (reference values, red square) sampled during August- September 

2011. 5.8b – 5.8.g Concentrations of Ba, Sr, Mg, Na, Si and K are shown in the second 

and third rows.  

 

 

The atmosphere equilibrated well vs. stream observations strongly suggest that even 

though degassing of CO2 is the primary control for the Ca precipitation, abiotic process 

cannot solely explain the Ca concentration difference between the Rivendell groundwater 

and Elder, nor the differences of Mg, Sr and Ba.  Numerous studies in the laboratory and 

field demonstrate that biology (i.e. bacteria, cyanobacteria, small algae, and fungi) can play 

a significant role in precipitating calcite 
36-39

. Rogerson et al. (2008)
 36

 demonstrated, via 

laboratory flume experiments, that the precipitation of carbonate minerals significantly 
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increases in the presence of biofilm.  Without biofilm, the authors observed only limited 

carbonate mineral precipitation in the flume.  Therefore, we propose that in the Elder Creek 

catchment, interplay between abiotic and biotic processes may precipitate carbonate 

minerals at the stream-hillslope interface.  Every dry summer, we have observed that the 

streambed is coated with a thin biofilm.  This biofilm may be scoured out every high flow 

season.  

 

Biogenic carbonate mineralization increases the inclusion of Mg into the calcite 

lattice 
38-44

.  Abiotic calcite-precipitation process will substitute <1 mole % of Mg in 

calcite
45

 while biotic carbonate minerals can display up to 30 mole % of Mg in calcite
47

.  

Some microbes such as sulfate-reducing bacteria may have their own specific mechanisms 

to increase Mg partitioning rates in calcite (i.e. removal of sulfate to reduce Mg-SO4 ion 

paring effect 
e.g. 40, 42

, but, in general, adsorption and adhesion of Ca
2+

 and Mg
2+

 onto their 

surface may be the primary mechanism for this 
e.g. 47

.  If W3‟s slow-flowing groundwater 

becomes Elder Creek by precipitating Mg (0.3 → 0.2mM), Ca (2~2.5 → 0.7mM) and Sr 

(13μM → 2μM), the Mg partitioning of calcite will be 5 - 7 mole % of Mg in calcite 

(0.1mole of Mg)/(1.4 ~1.9 mole of Ca+Mg+Sr) and 0.1 mole % of Sr (11 μM of Sr)/ 

(1.4~1.9mole of Ca+Mg+Sr), which are typical values for “low-Mg” calcite 
48

.  

 

One field observation at Rivendell demonstrates high Mg-carbonate precipitation.  

In December 2013, the pressure transducer at W1 was pulled out of the well for 

maintenance and was found to have white deposits on its surface.  Scanning electron 

microscope and energy dispersive X-ray spectroscopy (Figure 5.9) of fragments of this 

material revealed that the solid was Ca1.5Mg0.5(CO3)2 (Ca:Mg ratio was 0.7:0.23; Table 

5.2), confirming high Mg substitution in the calcite.  If the deeper groundwater of W3 

becomes Elder Creek‟s baseflow by CO2 degassing and microbial carbonate precipitation, 

the degassing of CO2 is responsible for 75% of Ca precipitation (2.5 → 0.7~0.8mM) as 

demonstrated by the early time-series with the GFS prototypes. The remaining 15% of Ca 

loss (0.7~0.8 → 0.4mM) is likely generated by the biotic carbonate mineral precipitation.  

If this biotic process increases the substitution of Mg in calcite, decreasing W3‟s Mg 

concentrations to that of Elder (0.4 → 0.3 mM), the Ca:Mg ratio in biogenic carbonate 

would be 0.3~0.4:0.1, in reasonable good agreement with the W1‟s deposit samples.   

 

Further physical and chemical analysis of the suspended sediments of Elder and 

soils around the stream bank and the streambed biofilm must be carried out to confirm this 

hypothesis; but, altogether, these groundwater and stream observations and the carbonate 

deposit at W1 strongly suggest that the water chemistry transition at the hillslope-stream 

interface via both biotic and abiotic processes play the fundamental role in determining the 

baseflow chemistry.   
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Figure 5.9(a). Result of scanning electron microscope (SEM) with energy dispersive X-

ray spectroscopy (EDX) of the crust found on the surface of W1‟s pressure transducer in 

Dec. 2013(shown in Figure 5.9b; photo courtesy of Daniella Rempe).  5.9(c) Zoomed 

images of the crust scanned for SEM-EDX.  

 

 

 

 
Table 5.2 Weight (%) by element of the white crust of W1  
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5.5.2.2.   H2: Spatial heterogeneity of flow transit time   
 

 

 
 

 
Figure 5.10. Schematic overview of the estimation of baseflow chemistry via flow-

length analysis  

 

 

Many previous studies have proposed that the physical setting of landscape such as 

hillslope length and slope determine the transit time of water, which may correlate to the 

reaction time
 e.g.16

.  Below we describe a simple transit time model of base flow chemical 

evolution using a 5 m resolution digital elevation model of the Elder Creek Catchment. The 

wetted stream network which was based on field surveys carried out from August 26 to 

September 23 2012 (Sky Lovill, personal communication, December 2013; Figure 5.11). 

We determine „transit time‟ instead of „residence time‟ because we estimate the travel time 

of a parcel of water from each cell to the stream.  

 

To estimate the chemistry of slow-flowing groundwater, we hypothesize that its 

transit time depends on the hillslope length and slope. The groundwater is assumed to flow 

parallel to the surface topography; the flow lengths were estimated by a distance from each 

cell to the creek cell following the surface flow direction. During the dry season, many 

small tributaries were dry; this suggests that the groundwater in its contributing drainage 

area may be below the no-flow boundary. Therefore, if a cell flows into the dry creek cell, 

its groundwater is assumed to flow extremely slow, consequently its contribution to the 

baseflow is negligible and the cell was excluded from the baseflow chemistry estimation 

(Figure 5.11).   
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Figure 5.11. Travel distance analysis using 5m digital elevation model. The stream 

network data is based on field survey carried out August 26- September 2012. Cells that 

reach to the dry stream cells (pink area) were excluded in the baseflow chemistry 

estimation.  

 

 

 

 

 
 

Figure 5.12. Histograms of the flow length distribution of (a) Rivendell and (d) Elder 

Creek, the groundwater table depths of (b) Rivendell and (e) Elder Creek and the transit 

time distribution of (c) Rivendell and (f) Elder.  The right axis in blue of each graph 

represents the cumulative fraction of cell counts.  
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The average of the flow distance of the Elder Creek catchment was 134 m and 52% 

of them were shorter than 90m (Figure 5.12c). The average flow length of Rivendell was 

62m and the longest flow length was 126m (Figure 5.12a), which is nearly 50% shorter 

than the average flow length of the Elder Creek catchment. The head difference was 

assumed to be 80% of the surface elevation differences, which yielded, on average, 13 m of 

groundwater table depth below the surface and 50% of them were shallower than 10 m for 

the Elder catchment (Figure 5.12e). The average groundwater table depth for Rivendell was 

8.3m (Figure 5.12b) 

 

The transit time (τ) of each cell was calculated using Eq (1): 

 

 

transit time (τ) =  
φ ΔL 2

κ  Δh
                                                                (1)        

 

 

                                                 

where φ, ∆L, κ, and ∆h are effective porosity, estimated flow length, hydraulic conductivity 

and head difference, respectively. Five conditions of the porosity and hydraulic 

conductivity of the slow-flowing saturated zone were tested (Table 5.3).  The average 

transit time for 5 combinations ranged from 4 to 140 years and the average transit time for 

Rivendell (numbers in parenthesis in Table 5.3; example of transit time distribution 

estimation Figure 5.13 ) was shorter than that of Elder Creek catchment by a factor of 4 

(Figure 5. 13 and Table 5.3). 

 

 

 

 

 
Figure 5.13 Example of transit time distribution; when porosity was 0.1 and hydraulic 

conductivity was 10
-7

m/s.  

 



111 

 

 

 

 
Table 5.3. Summary of the flow-length analysis results for the Elder Creek catchment. 

The Na and Mg concentrations in parenthesis represent Rivendell‟s estimated values.  

 

 
 
 

 

 

The estimated transit time was used to calculate the Mg and Na concentration of 

each cell of water when it enters the stream using Eq 2 and Eq 3:  

 

 

 

C τ =  C0 exp  
−Rn τ

Ceq
 +  Ceq  1 −  exp  

−Rn τ

Ceq
                                                      (2)  

            

Rn = minerals dissolution rate  
mole

m2s
 × mineral surface area 

m2

m3  ×  
1 − φ

φ
 × α         (3) 

 

 

where C0, Ceq,  Rn, and α are the initial solute concentration, the equilibrium solute 

concentration, the reaction rate, and the fraction of minerals in the bedrock, respectively 
16

.  

We assumed that precipitation of Mg and Na via aluminosilicate/secondary mineral 

formation is negligible.  It is well known that the dissolution rates that are derived from 

laboratory experiments are 3-4 orders of magnitude faster than rates measured ones 
49

.  In 

this study, we employed the field measured values. We note that the field measured mineral 

dissolution rates and mineral surface areas vary by more than an order of magnitude.  For 

example, Jin et al (2010)
 50

 and Jin et al (2011)
 51

 estimated the dissolution rate of chlorite 

was 10
-16

 - 10
-17

mole/m
2
/s; and White and Brantley (2003)

 49 
reported that the dissolution 

rate of albite varies between 5×10
-15

 and 5× 10
-17

mole/m
2
/s.  The primary objective of this 
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study is to evaluate the role of hillslope length and slope in the baseflow chemistry, not in 

precise quantification of transit time distribution. Table 5.4 summarizes the parameters 

employed for the calculation using Eq (2) and Eq (3).  We used W3‟s lowest Mg (0.08 

mM) and Na (0.23 mM) concentrations as the initial values.  

 

 

 

 
 

 
Figure 5.14 Na/Mg ratios against the groundwater depths in (a) W1, (b) W3 and (c) 

W10.  The colors of the W3 core samples were light brown at (d) 6m and changed to 

grey at (e) 8m.  The colors of the W10 core samples also changed from light brown at 

the shallow depths (f) 14m and (g) 15m to grey at (f) deeper depths (17m)  

 

 

  

The Na/Mg ratios in the Rivendell groundwater displayed strong depth dependence 

(Figure 5.14a,b,and c): when the absolute concentrations were low, the Na/Mg ratios were 

high; in addition, at these shallow depths, the color of core samples was orange to light 

brown (Figure 5.14 d, f, and g).  While at deeper depths, where the Na/Mg ratios were low 

and the absolute solute concentrations were high, the color of the core samples was grey.   

The orange-light brown color of shallower depths may be more weathered than the deeper 

depths; thus the more easily weathered chlorite (clay mineral) may be more depleted in the 

shallower depths than the deeper depths.  In our simulations, we evaluated two different 

scenarios that slow-flowing groundwater is mainly through (A) W1 and deeper depths of 
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W3 (< -8m) and W10 (<-16m), where the Na/Mg ratio was relatively low (high 

chlorite/albite (C/A) composition); and (B) the shallower depths of W10 (> -16m) and W3 

(>-6m) where the Na/Mg ratio was relatively high (low chlorite/albite composition; table 

5.3, table 5.4, Figure 5.16a).  The relative chlorite to albite composition was varied by a 

factor of 3 to fit the Na/Mg ratio variation in the Rivendell groundwater (Figure 5.16 and 

Table 5.3).  Each cells‟ Mg and Na concentrations were estimated for the five conditions 

with three assumed values of chlorite/albite ratio (example of porosity =0.1; hydraulic 

conductivity 10
-7

m/s chlorite:albite =3:1 in Figure 5.15a).  The baseflow chemistry was 

estimated by the average concentrations of the cells that flow into the wet stream.   

 

 

 
Table 5.4. Parameters for the baseflow chemistry estimation  

 

 
1
unit: mole/m

2
/s ; 

2
 unit: m

2
/m

3
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Figure 5.15 The estimated (a) Na and (b) Mg concentration of each cell when it enters 

Elder. (porosity = 0.1; hydraulic conductivity = 10
-7

 m/s)  

 

 

 
 

Figure 5.16 (a) the chlorite/albite ratios for the baseflow chemistry estimation; Figure 

5.16.(b)  Baseflow chemistry estimated using 5 combinations of porosity and hydraulic 

conductivity (color of the markers)  and three chlorite/albite ratios (square: high C/A; 

triangle: best-fit; diamond; low C/A).  

 

 

For five conditions with three C/A compositions, the estimated Mg concentration 

varied from 0.1 – 0.48mM and its Na concentrations were ranged between 0.28 -1.55mM 

(Table 5.3 and Figure 5.16b).  Rivendell yields the lower Na and Mg concentrations 
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compared with the entire Elder Creek catchment because its average flow-length is shorter 

than that of the Elder Creek catchment by a factor of 4 (Table 5.3).  The combination of 

porosity 0.1 and hydraulic conductivity 10
-7

 m/s gave Mg and Na concentrations in 

reasonable agreement with observed baseflow chemistry (Table 5.3 and Figure 5.16b); 

however for this condition, Rivendell‟s estimated values were significantly lower than the 

measured concentrations in the groundwater during the summer (Table 5.3; Rivendell‟s 

measured values: Na = 0.4 ~0.45mM; Mg = 0.3~ 0.4mM).  When the hydraulic 

conductivity was adjusted to 4×10
-8

 m/s and porosity was 0.1, then the flow-length analysis 

would predict reasonable Na (0.42mM) and Mg (0.28mM) concentrations for Rivendell.  

However, in this case, the Na and Mg concentration of the baseflow for the Elder 

catchment are 0.85mM and 0.42mM respectively, which were significantly higher than the 

measured values (Figure 5. 16b)  

 

The basic assumption for this hypothesis is that the groundwater chemistry will 

depend on flow-length, which is thought to be mainly a function of hillslope length.  

Therefore, this calculation estimates that the baseflow chemistry of Elder Creek must be 

higher than that of the Rivendell.  However, the observations demonstrated an opposite 

trend: for five years of observations, during the dry season, the Rivendell groundwater 

always displayed higher solute concentrations than Elder Creek, particularly Mg and Ca.  

This flow-length analysis cannot reasonably predict the chemistry of both the Rivendell 

groundwater and Elder Creek using the same condition.  This suggests either 1) that 

Rivendell chemistry is not representative for the Elder Creek catchment or 2) that flow 

length plays an insignificant role in determining the baseflow chemistry, in other words, the 

lateral chemical evolution is insignificant.  In Rivendell, 11 wells were drilled; however, it 

may be possible that these wells incompletely represent the groundwater flow pathways.  In 

contrast, during the dry season, the solute concentration did not show systematic increase of 

solute concentration from upslope to downslope, expressing no evidence of lateral chemical 

evolution.  

 

To resolve this issue and evaluate the flow-length hypothesis, a field campaign to 

evaluate the spatial heterogeneity will provide critical insight.  The flow-length hypothesis 

would suggest a significant spatial heterogeneity of the stream chemistry; if a tributary is 

surrounded by longer hillslopes, then its solute concentrations will be higher than one with 

shorter hillslopes.  The tracers such as CFC‟s 
e.g.7

 may be usable to set time scales 

independently; the solute concentration variation along its flow-paths will allow 

quantification of transit time and lateral chemical evolution along the flow paths.  
 

 

 

5.5.2.3. Summary: the baseflow chemistry of Elder  
 

Identifying the controlling processes for the baseflow chemistry of Elder is critical 

to quantify the deeper groundwater‟s role in runoff generation and its contribution to solute 
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fluxes.  The observations clearly support the hypothesis that abiotic and biotic carbonate 

precipitation processes play a vital role in determining the baseflow chemistry.  However, 

the second hypothesis (flow-length control) cannot be completely ruled out. These two 

processes might be simultaneously required to explain stream chemistry.  The flow-length 

of the hillslope may determine the chemistry of slow-flowing groundwater at each 

hillslope. This slow-flowing groundwater may display heterogeneous chemistry, but when 

it enters the stream, it undergoes a rapid water chemistry transition via degassing of CO2 

and microbial processes.  Field campaigns, which cover the entire Elder Creek catchment, 

including both water and suspended sediment chemistry may provide useful insight to 

further evaluate these hypotheses.  

 

 

 

 

 

 

5.6.  Binary mixing model and chemical weathering fluxes  
 

Our observations suggest the stream chemistry will be explained by two water types  

1) first end-member whose chemistry is determined by the cation exchange reactions (dilute 

solute concentration) and delivered to the stream via shallower and faster flow paths and 2) 

second end-member whose chemistry is determined by the water chemistry transition of 

deeper and slower flowing groundwater (higher solute concentrations) at the hillslope-

stream interface. This binary mixing model allows quantification of the contribution of 

discharge and solute fluxes by each process.  This calculation will estimate the solute loss 

by carbonate mineral precipitation at the stream-hillslope interface, which has not been 

taken into account in the chemical weathering budget and the elemental global cycle 
52

.  In 

addition, the sum of all dissolved and solid fluxes generated by chemical weathering 

processes will provide quantitative understandings on the relative importance between 

chemical weathering vs. physical weathering in landscape evolution.  

 

The discharge contributions for the first end-member (QEM1) and the second end-

member (QEM2) were quantified by Eq 4 and Eq 5: 

 
Qt =  QEM 1 + QEM 2                                                                          (4) 

 
QtCt = QEM 1[CEM 1] + QEM 2[CEM 2]                                                                  (5) 

 

 

where Qt, and Ct  are the observed daily mean discharge of Elder and the measured Elder‟s 

cation concentrations (i.e. Ca, Mg, Na and K) at t
th

 day of water year, respectively.  CEM1 

and CEM2 are the cation concentrations for first end-member and second end-member, 
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respectively that were assigned by Elder‟s lowest and highest cation concentrations, 

respectively (Table 5.1).   

 

The annual dissolved cation flux for each cation was estimated sum of daily 

observations (Eq 6).  

 

annual dissolved cation flux  
tons

year
 =   Qt ×  Ct   dt                                     (6)

t=365

t=1

 

 

 

In Chapter 4 and this chapter, the observations have clearly demonstrated that all 

rainwater becomes first end-member as passing through the vadose zone, indicating all 

Elder discharge become first end-member and then a fraction of it drains to the stream 

without further chemical alteration and the rest becomes second end-member. Thus, the 

element flux by each process was estimated as:  

 

 
EM1 dissolved cation flux = Total annual discharge × [CEM 1]                                         7  

 
EM2 dissolved cation flux = annual dissolved cation fluxes − EM1 cation fluxes                (8) 
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Figure 5.17 (a)  Three controlling processes for the chemistry groundwater and stream. 

Fluxes (t/km
2
/year) of (b) Ca, (c) Mg, (d) Na, (e) K and (f) SiO2 by each three process. 

The numbers in the light green box represent the total fluxes of each element.  

 

 

 

 

The Ca and Mg precipitation at the hillslope-stream interface were quantified by the 

second end-member‟s discharge and the differences of the Ca and Mg concentrations 

between W3‟s low-flow values and Elder Creek‟s second end-member values (Table 5.1; 

Eq 9).   

 

 
total annual EM2 solid loss = total annual QEM 2 ×  (CW3 − CEM 2)                                      (9) 
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where CW3 was the measured concentrations of Ca and Mg in W3 during the low flow.   

 

Because of large data gaps, especially during the wet winter, water year 2009 was 

excluded in this calculation.  To fill the data gaps of water year 2010 - 2013, we estimated 

the Elder‟s Mg concentration using its relationship to the discharge, and then the 

concentrations of Ca and Na were estimated using the relationships between these elements 

and Mg (Ca (mM) = 1.934×Mg (mM)-0.014, R
2
 = 0.940; Na (mM) = 1.660× Mg (mM) 

+0.014, R
2
 = 0.937; Figure 5.6).   

 

In the case of Si, its average concentration (0.25mM) was used to fill the data gap. 

The total Si flux and the contribution of each process were estimated using Eq10, Eq 11 

and Eq 12, respectively.  

 

total annual dissolved SiO2  flux =  [Sit] × Qtd

t=365

t=1

  dt                                                     (10) 

 
SiEM 1flux =  total annual EM1 discharge × [SiEM 1]                                                 (11) 

   

SiEM 2flux =  total annual EM2 discharge × [SiEM 2]                                                (12) 

 

 

where Sit SiEM1 and SiEM2 represent the Si concentration of Elder (measured) on t
th

 day of 

water year and the Si concentrations of first end-member and second end-member, 

respectively.  Unlike major cations, during the high flow season, the Si concentration in the 

groundwater displayed 0.3 - 0.4mM while the Elder displayed 0.28mM; thus, the Si 

concentrations of W3 and W10 during the high flow season were used for the first end-

member values (0.3 – 0.4mM; Table 5.1) and the low flow season values were used for the 

second end-member values (0.25 mM; Table 5.1).   
 

Figure 5.17 summarizes the contribution from each process to discharge and the 

dissolved and solid cation flux of Elder Creek.  Assuming the Rivendell throughfall 

chemistry are representative of the Elder Creek catchment, except for Na (50%) and 

K(0.1% - K is retained in the system), the atmospheric contributions of Ca, Mg and Si were 

3 – 15% of their Elder Creek fluxes.  The first end-member contributed, on average, 63% of 

the annual discharge and nearly 60 % of annual dissolved cation flux (0.2 (K) – 6.5 (Ca) 

t/km
2
/year) (Figure 5.17).  The second end-member contributes the rest: 37 % of the annual 

discharge and 40% of (0.1 (K) – 4.7 (Ca) t/km
2
/year) of the annual dissolved cation fluxes.  

Assuming that W3‟s deeper groundwater becomes the baseflow of Elder via precipitating 

Ca and Mg, on average, 28 t/km
2
/year of Ca and 0.68 t/km

2
/year of Mg would have been 

lost from the hillslope as solid (Figure 5.17).  The solid flux is greater than the dissolved 

cation fluxes, which indicates that estimating the chemical weathering rates solely based on 

the dissolve concentration will be a significant underestimation.   
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The total annual flux of Si was much smaller than the sum of Si flux from the first 

end-member and the second end-member, suggesting a large fraction of Si may be retained 

in the hillslope or be fixed by aquatic organisms such as algae in stream.  Silicon may be 

also decreased via precipitation of secondary minerals. The dynamics of Si and its budget is 

still not well-understood and further research is required.  

 

 

 
Table 5.5. The contribution of end-members to the Elder Creek discharge and solute and 

solid fluxes.  

 

 
* unit: T/km

2
/year; $ unit: mm  

 

 

 

Table 5.5 summarizes the total solute fluxes from each process, which will allow 

quantify the lowering rate by chemical weathering processes.  The total dissolved cation 

flux (sum of all cations), total solid flux, and SiO2 flux were 21.4 t/km
2
/year, 29.2 

t/km
2
/year, and 15.3 t/km

2
/year, respectively.  Altogether, by chemical weathering, 65.9 

t/km
2
/year of solute and solid were lost from the Elder Creek catchment.   Assuming the 

bedrock density of the Elder Creek catchment is 2.0g/cm
3
, the lowering rate by chemical 

weathering will be 0.03 mm/year.  Fuller et al (2009)
53

 estimated erosion rates (physical 

weathering) of the Elder Creek catchment and South Fork of Eel using 
10

Be; they observed 

0.2 mm/year, which is sevenfold higher than the chemical weathering rates.  Generally, in 

soil-mantled steep terrains, physical weathering processes play a much significant role in 

weathering fluxes 
54 and references therein

.  However, we note that 60% chemical weathering 

fluxes (solid flux + second end-member‟s cation and Si flux) is generated from the bottom 

of the groundwater table, implying its critical role in propagating weathering front to deeper 

depths.   
 

 

5.7.  Hydrologic controls on the solute concentration - discharge 

relationship  
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The stream and groundwater chemistry observations, combining with the 

groundwater table level and discharge data, will reveal the hydrological controls on the 

stream chemistry dynamics.  The solute concentration – discharge relationship of Elder 

displayed a typical behavior; when the stream discharge decreases below 0.1 cms, the 

solute concentration levels off and becomes nearly independent of the stream discharge 

(Figure 5.18).   

 

During the dry summer (low-flow season), when all groundwater tables were deep, 

the stream may be „less-connected‟ to the hillslope groundwater.  For example, when the 

stream solute – discharge displays a plateau at the low discharge, the W1‟s groundwater 

table was at its deepest depth (~ -4.5m; Figure 5.18).  The W1‟s groundwater table closely 

follows the dynamics of the Elder Creek discharge, except during a few storms at the 

beginning of the rainy season when the W1‟s groundwater table did not respond to the 

rainfall inputs (Figure 5.19). Figure 5.19 shows the maximum daily mean discharge (size of 

the markers), the shallowest groundwater level at the wells (y-axis) and contribution of the 

first end-member (color) water during each storm (x-axis).  Storm 303 (10/18/2012 - 

10/22/2012; total rain= 58mm) was the first rainstorm of water year 2013.  During this 

storm, the W1‟s groundwater table rose by 0.1m from -4.56 m to -4.46 m but the stream 

discharge increased by an order of magnitude from 0.03cms to 0.2 cms (Figure 5.19).  This 

observation demonstrates that even W1, which is located about 10m from Elder, can be 

weakly connected to the stream. During the low flow season, a relatively thin chronically 

saturated zone is the only connection between the hillslope and the stream.  This deeper 

groundwater flows slowly and is equilibrated with the argillite at high pCO2 condition.  We 

propose that this groundwater will experience rapid chemical alteration via biotic and 

abiotic processes at the hillslope-stream interface; consequently, the solute concentration 

becomes independent of the discharge. 
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Figure 5.18. Mg, Na, Ca and Si concentrations of Elder against the stream discharge at 

the low-flow regimes. The color represents the W1’s groundwater table. The black solid 

lines are generated by smoothing (robust loess) the data.  

 

 

As the rainy season progress, the groundwater tables raise and then the 

„connectivity‟ becomes stronger; the groundwater will flow through shallower and more 

hydraulically conductive zone.  During this time, the fast-flowing groundwater will 

determine the stream chemistry and the stream‟s runoff to rainfall ratio will be much 

greater.  For example, when the W3 groundwater table rose to its shallowest depth, the 

maximum daily mean discharge became much greater and its solute concentration becomes 

diluted.  Storm 70 (Oct 11 2009 to Oct 14 2009) and storm 162 (Dec 16 2010 to Dec 21 

2010) introduced the same amount of rain (135mm); however, during storm 70, the W3 

groundwater table rose only to -8.76 m, while during storm 162 it rose to -3.06m (Figure 

5.19).  The maximum daily mean discharges for storm 70 and 162 were 0.37 cms and 4.81 

cms, respectively.  During these two storms, the fast-flowing groundwater‟s contributions 

to the storm runoff were 75% and 87%, respectively, demonstrating increasing contribution 

of the .fast-flowing groundwater with higher connectivity.  
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Figure 5.19. The shallowest groundwater table depths (y-axis), the maximum mean daily 

discharge (size of the marker) and the EM1 water contributions based on the Mg 

concentrations (color) of the storms (x-axis) from 2009 -2012  

 

 

However, establishing the connectivity for the entire hillslope may take 2-3 months.  

The first significant rainstorms of each water year demonstrated that the connectivity of the 

upslope well to stream will be significantly delayed (storm 141 for water year 2011; storm 

256 for water year 2012; storm 317 for water year 2013; Figure 5.19). During the first 

significant rainstorm, when the hillslope was in the driest condition, the maximum daily 

mean discharge of Elder Creek increased 2 - 3 orders of magnitude (2.3~15.9 cms) more 

than the baseflow (~ 0.01 cms); however, the groundwater table and the solute 

concentration at W10 did not change (Figure 5.19).  Every water year, approximately 400 - 

600 mm of cumulative rain is required to start recharging the groundwater at W10. 

Although the required cumulative rain spatially varied in other wells (i.e. W3, W5, W6 and 

W7), all of them displayed similar lag times to be recharged.  Once the entire hillslope 

connectivity is achieved, the peak discharge will be much greater, and the solute 

concentration will strongly resemble that of the fast-flowing groundwater.   

 

To explain the solute concentration – discharge relationship, various hypotheses 

have been proposed.  Maher (2011)
16

 proposed that Elder Creek‟s fluid residence time 

which is proposed to be proportional to travel distances (porosity × landscape length) is 

much greater than the equilibrium residence time (τeq); thus its lowest solute concentration 
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would be buffered even during the high flow regime, displaying the chemostatic behavior.  

Godsey et al (2009)
3
 hypothesized that the increase of reactive surface areas during high 

flow regime – in other words, the expansion of the saturated areas – may play an important 

role in setting the minimum concentration of solutes.  Our study proposes an alternative 

interpretation.  Our study suggests that virtually all rainwater infiltrates into subsurface and 

the cation exchange reactions can reach equilibrium fairly quickly (<hours), the solute 

concentration will not be diluted below this level even during the extremely intense rain 

storms; thus, the solute concentrations do not show a simple dilution effect by rainwater.  

 

For the low-discharge end, the critical role of thermodynamic equilibrium has been 

proposed in determining its chemistry 
e.g 55

.  Our observations also demonstrate that the 

groundwater will reach thermodynamic equilibrium with reactive minerals (i.e. calcite and 

clay minerals).  However, because the subsurface environment where the groundwater is 

equilibrated differs from the surface condition, significant chemical alteration will occur at 

the hillslope-stream interface.  We propose that interplay between the chemical transition 

from high pCO2 subsurface to low pCO2 surface environment and biotic processes may 

play the essential role to determine the solute – discharge relationship at the low discharge 

end.  

 

 

 

5.8.  Conclusion    
 

The dynamics of the stream chemistry of the Elder Creek, Northern California was 

studied based on multi-year, high-frequency (1-3 days) observations of both stream and its 

source water, bedrock groundwater.  Our observations demonstrated that three processes 

occurring at three different locations in the landscape, respectively, will play the dominant 

role in determining Elder Creek‟s chemistry and their relative importance is shifted by 

climate seasonality and hydrologic conditions.  For four years of the study period, the 

lowest solute concentrations of Elder and the bedrock groundwater were remarkably 

consistent, even during large rain events (>200mm).  During this high-flow regime, the 

solute concentration was set by the first process − the cation exchange reactions and 

subsurface pCO2 in the vadose zone.  This water recharged the bedrock groundwater in the 

deeper weathered bedrock zone and also drained to the stream.  The volume and speed of 

this fast-flow groundwater significantly increased as the groundwater tables rose.  Because 

all rainwater passes through the vadose zone to drain into the stream and the first process is 

intense and rapid, this process defined the lowest cation concentrations of Elder.  During 

the low flow regime, all the groundwater tables reached deepest depths where the rock is 

hydraulically less conductive.  This slow flow was equilibrated with the argillite (i.e. calcite 

and clay minerals) at high subsurface pCO2 (1-6%) – the second process.  The chemistry of 

this slow-flowing groundwater might be related to its travel lengths, which was assumed to 

be correlated with hillslope length.  However, when this groundwater entered the stream, 

the CO2 in the groundwater degasses to equilibrate with the atmospheric CO2 level 
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(0.04%); consequently calcite precipitated at the hillslope-stream interface – the third 

process.  At this transition zone, microbial carbonate formation process may increase the 

Mg substitution ratio in calcite.  The combination of the second processes and the third 

process may govern the baseflow chemistry of Elder.  

 

In the future, field campaigns must be carried out for 1) identification of the Ca-Mg 

carbonate deposition in the Elder Creek catchment; 2) speciation of microbes and 

quantification of their role in carbonate precipitation; 3) characterization of the physical and 

chemical properties of solid phases, including streambed sediment, suspended sediment and 

riparian zone soils; and 4) evaluation of spatial heterogeneity of stream chemistry of Elder.  

 

If the first (fast flowing, diluted chemistry) and third processes (slow flowing, 

concentrated chemistry) define the representative end-members‟ chemistry for the Elder 

Creek system, this binary mixing model estimated that, on average, the fast-flowing 

groundwater is responsible for 62% of the annual discharge and 55% (12 t/km
2
/year) of the 

annual cation fluxes.  The slow-flowing component is responsible for the remaining 38% of 

the annual discharge and 45% of the annual cation fluxes (9.4 t/km
2
/year).  However, the 

third process will precipitate 29 t/km
2
/year of Ca + Mg (mostly as calcite) from the slow-

flowing groundwater.  This loss by precipitation is greater than the dissolve cation fluxes 

calculated based on the Elder Creek chemistry observations (21.4 t/km
2
/year).  This implies 

that if the chemical weathering fluxes is estimated solely based on the stream‟s dissolved 

solute concentration, that will be a significant underestimation and the contribution of 

deeper groundwater to the chemical weathering fluxes may be much greater than previously 

considered.  
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Chapter 6 

Fate and transport of Fe and Mn through 

the critical zone in the Elder Creek 

catchment 

 

 

 
6.1. Introduction 

 

Better understanding of the fate and transport of iron (Fe) and manganese (Mn) is 

critical in various aspects.  Fe and Mn are precipitated as secondary minerals and oxides 

during chemical weathering processes 
1
.  Reactions with minerals containing Fe and Mn 

(i.e. pyrite), which are often highly reactive, are proposed to be the key process propagating 

the weathering front 
e.g. 2, 3

. Thus the phases and concentrations of Fe and Mn species can 

provide insight into the weathering profile development and soil formation processes.  

These Fe- and Mn-oxides strongly govern contaminant transport as well, because heavy 

metals, nutrients such as C, P and S, and trace elements are easily adsorbed onto Fe and Mn 

oxides‟ surfaces; hence, the bio-availability and distribution of toxicants will be 

significantly affected by these oxides 
e.g.4-6

.  Fe and Mn, themselves, can be toxic at high 

concentrations, but, at the same time, they are essential nutrients for living organisms.  

Particularly, Fe is a limiting factor in marine ecosystems 
7-8

, because its solubility is 

extremely low in the oxidized high-pH sea surface water. 

 

However, ocean upwelling regions, for instance the West Coast of the United 

States, have not been considered as Fe-limited 
9
.  The sediments of the continental shelf and 

slope underlying these regions are anoxic, thus favoring reductive dissolution and 
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mobilization of Fe that will enrich the high nutrient water being transported to the surface, 

promoting high productivity.  However, Hutchins and Bruland (1998) 
10

 demonstrated that 

the West Coast of the U.S. may be an Fe-limited region since they observed an Fe-

stimulated decrease of phytoplankton Si:N  in cultures grown in waters from the upwelling 

system off the coast of  Central California.  Later, Chase et al. (2007)
 11

 found that the 

continental shelf (<200m depth) width and the winter storm discharge correlated to the 

summer productivity of these coastal areas.  The authors proposed that winter storms 

deliver a large quantity of Fe-sediment to the coastal area via river discharge and that the 

continental shelf captures these Fe-inputs.  They hypothesized that the wider shelf will store 

more Fe than the narrower shelf; as a result, the width of shelf will govern the iron 

availability of the region.   

 

 

 

 
Figure 6.1 Left: Bathymetry of the Cape Mendocino region (data source: Natural 

Resources Canada, Canada Centre for Remote Sensing, The Atlas of Canada 

http://geogratis.gc.ca); Right: Annual average chlorophyll a concentration (mg/m
3
) for 

2010 from SeaWiFS for waters near the Cape Mendocino region.  

 

 

 

Off the coast of Cape Mendocino, where the mouth of Eel River is located, is an 

excellent system to test the Chase et al. hypothesis.  In general, the chlorophyll a 

concentration to the north of the Cape is much higher than that in the south (Figure 6.1). 

The continental shelf width to the north is about 20 km while in the south it is much 

narrower (Figure 6.1).  The Eel River watershed, because of its steep terrain and easily 

weathered bedrock type (i.e. mudstone and sandstone), yields one of the highest sediment 

loads per square kilometer of drainage in the United States 
12

.   

 

On land, Fe and Mn are mobilized via chemical weathering processes of rocks and 

are mostly transported as particles via streams and rivers.  Poulton and Raisewell (2002) 
13
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analyzed suspended sediment from 34 rivers world-wide, documenting that, in non-glacial 

watersheds, highly reactive Fe (oxides soluble in dithionite) in suspended sediment was 

strongly correlated to stream discharge, confirming the critical role of chemical weathering 

processes in mobilization of Fe.  Dissolved iron often displays a strong correlation with the 

concentration of dissolved organic carbon 
e.g. 14, 15

, further suggesting that a large fraction of 

Fe is bound by organic ligands 
e.g.14, 16, 17

.  In contrast, Mn is less strongly bound by organic 

ligands 
e.g.14, 18, 19

.  Recent literature has described Fe isotope fractionation during chemical 

weathering processes in order to probe the primary processes of the global Fe cycle and of 

long-term geological processes 
e.g.20, 21, 22

.  However, these observations are limited in the 

temporal domain being based on either 1) episodically collected sediments and river water 

samples or 2) rock and soil samples, which integrate the consequences of multi-million year 

processes.   

 

The challenges for documenting temporal variability of the concentrations of Fe and 

Mn may be due to lack of proper sampling technology.  Iron and manganese are both 

highly reactive and redox-sensitive; hence, to preserve sample integrity for these elements, 

immediate filtration and acidification are required 
23

.  For streams, high-frequency (<1day) 

time series for these elements have been documented at time scales, varying from weeks to 

multiple years 
e.g.24-26

.  However, to identify the processes and controls governing the 

mobilization and transport of Fe and Mn, their behavior in a groundwater system must be 

understood because groundwater is the most important source of stream discharge and 

solute fluxes.  To date, the high-frequency observations of these reactive elements in 

groundwater have not been carried out.  

 

Kim et al (2012; Chapter 3)
 27

 describe a new gravitational filtration system (GFS) 

sampling strategy suitable for automated water samplers that preserves the sample integrity 

for dissolved Fe and Mn.  This chapter provides a first view of Fe and Mn dynamics (as 

well as Co, Ni, and Al) in the Rivendell groundwater and Elder Creek, monitored at 1-3 

days frequency from October 2011 to early 2013.  The GFS time series is continuing; 

however, analyses of these samples are pending.  The following is the first investigation of 

the controlling processes, fate, and transport mechanisms of Fe and Mn at high-frequency 

(1-3days) for long-period of time (at least one hydrological cycle).  

 

 

 

 

6.2.  Methods  

 
6.2.1.  Site description  

 

The study site, dubbed “Rivendell”, is a forested-, zero order basin (4000 m
2
; 

average slope 32°) located at Angelo Coast Range Reserve, along Elder Creek, a tributary 
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of the South Fork of the Eel River in Northern California.  A detailed site description is in 

Salve et al (2012) 
28

 and Kim et al (accepted, Chapter 4)
 29

.  Here, we briefly describe the 

site.  

 

The site is mainly underlain by mudstone (>60 %) and sandstone; a thin soil layer 

(<0.75m) overlies a thick weathered argillite (5- 25m thick).  The climate of this region is a 

typical Mediterranean climate: during the study period, mean annual precipitation measured 

at the meadow across from the Rivendell site was 1760 mm y
-1

, and mean annual air 

temperature was 10°C.  A total of 11 wells were installed in Rivendell, which penetrated 

into fresh-bedrock.  The wells were lined with slotted PVC (polyvinyl chloride) pipes and 

capped with PVC caps.  The study site has been intensively monitored at high-frequency 

(5- 30 minutes) for groundwater table level/temperature, climate variables, and for tree sap-

flow and soil moisture/temperature since 2008 (http://sensor.berkeley.edu).  

 

 

 

 
 

Figure 6.2 Gravitational filtration system. GFS is consisted of a large volume syringe 

(140 mL) connected to a syringe filter and a series of bottles via Teflon tubing.  GFS 

filters the water sample in the syringe by gravity within 30 minutes after collection.  

 

 

 

6.2.2.  Rainwater, throughfall, groundwater and stream water sampling  
 

Rainwater and throughfall were collected from the open meadow across Rivendell 

and at the midslope area, respectively.  The rainwater was collected in PVC funnel and 

routed via tygon tubing to a polypropylene bottle.  A #60 mesh (0.35 mm opening) screen 

in the neck of the PVC funnel screens out large particles.  These rainwater and throughfall 



134 

 

samples were retrieved during and after every storm and then transferred to acid cleaned 

scintillation vials (20mL).  These samples were periodically sent to LBNL. 

 

The high-frequency samples of groundwater and stream were collected at three 

wells along the hillslope – upslope (W1), midslope (W3), and downslope (W10) – and at 

Elder Creek using autonomously controlled, 24-position ISCO 6712 samplers (Teledyne 

ISCO, Lincoln, NE) described in Kim et al (2012; Chapter 2) and Kim et al (accepted; 

Chapter 4).  Here we briefly describe the sampling method.  

 

To preserve the sample integrity of the groundwater and stream water samples, a 

gravitational filtration system (GFS; Chapter 2; Figure 6.2)
 27

 was employed to the ISCO 

sampler since October 2011.  To evaluate the performance of GFS, reference samples were 

collected simultaneously following a standard method (immediate filtration and 

acidification)
 23

 on the ISCO deployment date.  The samples were collected every 1-2 days 

during the rainy season and 2-3 days during the dry season.  When the all sample bottles 

were full, the ISCO samples were returned to Lawrence National Berkeley Laboratory 

(LBNL) for analysis.  

 

 

 

6.2.3.  Chemical analysis  
 

All water samples were analyzed for major cations, minor and trace elements using 

a Finnegan Element II magnetic sector inductively coupled plasma – mass spectrometer 

(ICP-MS) at LBNL.  The detailed sample handling and chemical analysis protocols are 

described in Chapter 2 and Kim et al (accepted; Chapter 4) 
29

.  Here, we briefly describe the 

chemical analysis procedure.  The groundwater and stream water samples were acidified 

using HNO3 Optima (to 1% v/v) and stored at room temperature for at least 24 hours to 

recover precipitated and adsorbed elements prior to being transferred to acid cleaned 

scintillation vials.  The rainwater and throughfall samples were acidified using HNO3 

Optima to recover coagulated and precipitated elements and then were filtered using 

0.45μm pore-size Supor membrane filters.   

 

The samples were run diluted by a factor of 2 (stream, rainwater and throughfall 

samples) and 3-5 (groundwater samples), and indium (In) was used as an internal standard.  

This study reports the concentrations of Fe, Mn, Al, Co, and Ni.  Certified River Water 

Reference Material for Trace Metals, SLRS-5 (National Research Council (NRC), Ottawa, 

ON, Canada) was used for the accuracy and precision of the analysis.  The accuracy of Fe, 

Mn, Al, Co and Ni were 102 ± 9 (standard deviation) %, 102 ± 7%, 101 ± 19 %, 116 ± 20 

%, and 111 ± 60%, respectively. 
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6.3.  Observations  

 
6.3.1   Fe and Mn in rainfall and throughfall  

 

 

 

 
 

Figure 6.3. The time-series of Fe (left panel) and Mn (right panel) concentration in Elder 

(open circles), W1 (orange circles), W3 (light blue circles), bulk rainwater (red circles) 

and throughfall (closed circle) from October 2011 to March 2013. The Elder Creek 

discharge is shown as the gray shaded area. The daily rainfall is shown in the top panel. 

Fe data in rain and throughfall, although shown, are believed to be suspect.  

 

 
 

The concentration of Fe in bulk rain and throughfall fluctuated within the same 

concentration ranges, while the concentration of Mn significantly increased (approximately 

an order of magnitude) as it passed through the tree canopy (Figure 6.3).  In the early rainy 

season, both bulk rainwater and throughfall contained 10
2
 – 10

4 
nM of Fe; but as the rainy 

season progressed, it decreased to 10
2
nM.  In contrast, at the beginning of the rainy season, 

the Mn concentration of bulk rainwater was 10
2
 nM, and it increased by two orders of 

magnitude (10
4
 nM) in throughfall.  The Mn concentrations in bulk rainwater and 

throughfall decreased by an order of magnitude in rain and throughfall (10
 
and 10

3
 nM, 

respectively) for the remainder of the rainy season.  The volume-weighted average 

concentration of Fe in bulk rainwater and throughfall were 260 nM and 355 nM, 

respectively, while the concentration of Mn in bulk rainwater and throughfall was 61 nM 

and 4×10
4
 nM, respectively.  
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Here, we note that here has been no assessment of Fe and Mn contamination arising 

from the sampling funnel, tubing, or bottles used for rain and throughfall sampling.  The 

lack of a significant difference for Fe measured in rain and throughfall samples suggests 

that the Fe data are suspect.  For example, some of the hardware of rainwater collectors 

were rusty, suggesting Fe contamination.  The fact that the Mn concentrations in rain and 

throughfall are significantly different – with rain samples typically a factor of 10 to 100 

lower – gives some measure of confidence in the Mn results.  In the following discussion 

Mn data will be treated as reliable, whereas Fe results must be treated with great caution 

until contamination artifacts have been evaluated, using new type of rainwater collectors 

(e.g. all-plastic rainwater collector).  The groundwater and stream data for these elements 

have been rigorously controlled for contamination and are considered 100% reliable.  

 

 
 

6.3.2  Fe and Mn in bedrock groundwater and stream  
 

The concentrations of Fe were highly scattered and displayed no systematic increase 

throughout the hillslope to Elder and weakly co-varied with groundwater table dynamics, 

except for W3 during the beginning of the rainy season (Figure 6.3 and 6.4).  The Fe 

concentration in W10 sharply increased from 10 to 10
3
 nM when the groundwater table 

began to rise, but it decreased back to its summer concentration level (10 nM) within a 

month (Figure 6.4).  Its Fe concentration slowly increased as the groundwater table 

receded.  At the beginning of the 2012 rainy season, W3 contained 1-2×10
3
 nM of Fe.  

When its groundwater table rose to 4 meters, the Fe concentration sharply decreased to 10 

nM and stayed in this low range throughout the rainy season (Figure 6.4).  The Fe 

concentration in W1 remained mostly at the 10
2
 nM range.  At the beginning of the 2013 

rainy season, it fluctuated between 10 to 10
3
 nM.  The Elder‟s Fe concentrations also 

mostly fluctuated between 10 – 10
2
 nM throughout the year.  However during the first few 

storms of the 2013 water year, its concentration sharply spiked up to >10
3
 nM (Figure 6.4).  

 

Unlike Fe, the concentration of Mn followed in parallel the concentration-

groundwater table relationship with major cations but with much wider concentration 

ranges (three orders of magnitude vs. factors of 2 to 6 (Figure 6.3 and 6.4).  In the midslope 

(W3) and upslope (W10) wells, its concentration decreased by two orders of magnitude 

(10
4
nM to 10

2
 nM), as the groundwater table rose when recharged by new water (Figure 6.4 

and 6.5).  During the high-flow season, the Mn concentration in both W3 and W10 

displayed the same concentration ranges (Figure 6.3). The Mn concentration in W1, like the 

major cation concentration, was nearly invariant year round (10
4
 nM), except for the 

dilution events (10
2
 nM; Figure 6.4).  The Mn concentration in Elder (10s nM) was always, 

at least, an order of magnitude lower than that in groundwater, even during the high flow 

season (Figure 6.3).  
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Figure 6.4.  Concentration of Fe (nM; top four panels) and Mn (μM; bottom four panels) 

in W10, W3, W1, and Elder Creek with corresponding hydrograph. The closed squares 

represent the reference samples collected by a standard method (immediate filtration 

(0.45μm pore size) and acidification).  
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Figure 6.5.  Fe concentration in (a) Elder (b) W1, (c) W3, and (d) W10 and the 

concentrations of Mn in (e) Elder, (f) W1, (g) W3 and (h) W1 against corresponding 

hydrograph (Elder discharge and groundwater level)  
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6.4.  Discussion  

 
6.4.1.  Atmospheric inputs of Fe and Mn   

 

These observations documented that the Fe and Mn concentrations in throughfall 

were higher than that in groundwater and Elder during the high flow regime.  While Fe 

results must be taken with caution due to almost certain contamination, a large fraction of 

Mn appears to be retained in the unsaturated zone.  The color of the throughfall samples 

was often brown to yellow, suggesting high concentrations of dissolved organic carbon 

(DOC) in some rainwater samples.  This high DOC may increase adsorption and 

coagulation of these elements in the soil layer with soil particles, preventing leaching into 

the groundwater and stream.   

 

There are scant reports of trace metals in rain and throughfall 
e.g. 30-33

.  Grandios et 

al. (2010) 
30 

monitored the concentrations of trace elements in throughfall and rainwater in 

six forest sites across France.  The authors reported that the volume-weighted Fe 

concentrations of bulk rainwater and throughfall were 33 – 75μM and 85 – 370 μM, 

respectively; those of Mn were 36 -58 μM and 750 – 2441 μM, respectively.  They found 

that both Fe and Mn are significantly enriched as rainwater passes through the canopy and 

that a large fraction of Fe is organic colloidal form while Mn is mainly in dissolved form.  

It is noteworthy that Grandios et al 
30

. Fe and Mn concentrations were several orders of 

magnitude higher than the Rivendell rain and throughfall values (0.26 and 0.36 µM Fe and 

0.06 and 10 µM Mn, respectively) which attests the pristine and coastal influence at our site 

compared with the continental, agriculturally developed, and industrialized settings in 

France.  While Rivendell Fe data are almost certainly contaminated, the behavior of Mn 

replicates the Grandios et al 
30

 observations.  

 

The decreasing trend of Mn concentrations in rainwater and throughfall with time 

suggest that soil dust accumulated on the tree canopy during the dry season may be 

important sources of these trace metals.  The Mn concentration in throughfall remained 

consistently higher than that in bulk rainwater by at least an order of magnitude, indicating 

that the tree canopy is the one of the most significant sources of Mn 
e.g.30-31

.  
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6.4.2.  Fate and transport of Fe and Mn through the critical zone to the 

stream 

  

6.4.2.1 Recap: hydrochemistry of Rivendell and Elder Creek   
 

In the previous two chapters (Chapter 4 and Chapter 5), the primary processes and 

controls for the dynamics of groundwater and stream chemistry have been discussed.  

During the high-flow season, all infiltrated rainwater rapidly changes the rainwater 

chemistry via cation exchange reactions enhanced by subsurface pCO2 (1-6%).  This water 

recharges groundwater in the mid (W3) and upslope (W10) wells, raising the groundwater 

table by 4- 6 meters.  During the highest flow season, the chemistry of these two wells and 

the stream were remarkably similar.  This suggests the hillslope and stream are well 

connected via shallower depths where the hydraulic conductivity and porosity are high 

enough to achieve rapid transport of the newly recharged water.  During the low flow 

season, when the groundwater tables at these two wells recede to its greatest depths (-18m 

and -9~ -10m), the groundwater may reach thermodynamic equilibrium with the argillite at 

the high subsurface pCO2.  This groundwater is equilibrated with reactive minerals, such 

calcite and clay minerals (i.e. chlorite, montmorillonite and illite), but it is far from 

equilibrium with primary minerals (i.e. albite, K-feldspar).  When this deeper groundwater 

enters the stream, CO2 degasses, consequently its pH increases.  This transition alters the 

groundwater chemistry substantially, particularly the concentration of Ca, Mg, Sr and Ba, 

which are lost from the solution via carbonate mineral precipitation.  The precipitation of 

carbonate minerals is primarily driven by the degassing of CO2 and enhanced by biotic 

carbonate mineral formation in the streambed and hyporheic zone.  

 

Iron is one of the most abundant elements in soil and bedrock (~5%; Table 4.2. in 

Chapter 4 Appendix 4.2) but highly reactive Fe – for example, DI-water extractable and 

exchangeable – (method is explained section 4.2.6 in Chapter 4) is limited (DI-water 

extractable Fe = 0.02 – 0.15 mmole/kg of soils or rock; exchangeable Fe = 0.01 – 2.3 

meq/kg of soils and rock; Table 6.1 and Table 6.2).  In contrast, Mn is only ~ 0.11 % of the 

soil and bedrock (Table A4.2 in Chapter 4 Appendix 4.2), but a large pool of exchangeable 

Mn was detected in the Rivendell soils and bedrock (Table 6.2).  
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Table 6.1 DI-water extractable Al, Mn and Fe (mmole/Kg of soil or bedrock).  This 

table is in chapter 4 and these three elements and major cations were added.  
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Table 6.2. The summary result of cation exchange capacity (meq/kg of soils and rock) of 

Rivendell soils and bedrock samples.  This table is in chapter 4 and Al, Mn and Fe were 

added   
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Figure 6.6.  The Mg-Fe and Mg-Mn relationships of Elder (purple circle), W1 (orange 

circle), W3(blue circle) and W10 (green circle).  Magnesium represent the behavior of 

major cations and primary processes for the groundwater chemistry (low Mg = fast-

flowing groundwater, cation exchange reaction vs low Mg = slow-flowing groundwater, 

equilibrium with the argillite)   

 

 

 

6.4.2.2  Fate and transport of Fe and Mn through the critical zone to the 

stream  
 

The dynamics of Mn closely correlated to that of the hydrologic responses of 

groundwater and stream: its concentrations in mid to upslope wells were highest when the 

groundwater tables reached their greatest depths during the summer (Figure 6.3 -6.5).  As 

the groundwater table rose, its Mn concentration decreased by two orders of magnitude and 

remained at its lowest levels throughout the rainy season.  The dynamics of Mn followed 

that of major cations (Figure 6.6).  This suggests that most of the Mn behavior is governed 

by the sample processes as major cations and it may be in dissolved phase. The invariant 

Mn concentrations during the high-flow season (Figure 6.4) suggest that its lowest 

concentration is the result of cation exchange reactions; the large pool of exchangeable Mn 

indicates the critical role of cation exchange reactions in determining its concentration of 

the fast-flowing groundwater (Table 6.2).  The Mn concentration in Elder Creek, however 

always remains in the range 10 to 50 nM, and is at least an order of magnitude lower than 

the groundwater (Figure 6.3). This suggests that, even during the high flow season – when 

the groundwater and stream are well connected via shallower and fast-flowing 

groundwater– a significant fraction of Mn is lost from the groundwater as it enters the 

stream.  
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Figure 6.7. The redox speciation of Mn and Fe. The pe-pH diagrams are based on pCO2  

= 4 % (4× 10
4
 μatm; red lines); pCO2 = 400 μatm; dotted line, atmospheric CO2 value)  

[Mn] = 100nM, and [Fe] = 100nM. The pe-pH diagrams of Mn and Fe were modified by 

Essington (2004)
34

 and Sposito (2008)
 35

. The light blue, dark grey, and light grey areas 

represent the general pe ranges of the surface water contact with atmosphere, 

groundwater, and water isolated from atmosphere (Appelo and Postma, 2005)
 36

. 

 

 

Figure 6.7 shows the pe-pH diagram of Mn.  We did not measure the pe of 

Rivendell‟s groundwater or Elder.  In general, the pe of a surface water system at pH 7.5 - 8 

is 12- 15, and that of a groundwater system at pH 5- 7 is 3 - 15.  During the high flow 

season, for the given subsurface pCO2 (4% or 40 matm) and pH conditions (5-6), Mn
2+

 will 

be the predominant species in groundwater (Figure 6.7).  When this groundwater enters the 

stream, which displays a different atmospheric pCO2 level (~400μatm) and a higher pH 

(7.5-8), the predominant form will be Mn-oxide (MnO2; Figure 6.8).  The concentrations of 

Co and Ni, which co-precipitate with Mn 37, were correlated with that of Mn, confirming 

Mn-oxidation (Figure 6.8).  Although Ni-Mn displayed much weaker relationship, but Co-

Mn of the Rivendell groundwater and stream were linearly correlated to each other, 

suggesting the behavior of Mn and Co may be governed by the same processes, oxidation 

processes (Figure 6.8).  
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Figure 6.8. The log-log plot of the concentrations of Co and Ni against Ni in Elder, W1, 

W3 and W10.  

 

 

 

Mn-oxide precipitation may occur at the stream-hillslope interface, where all 

carbonate minerals precipitate.  Harvey and Fuller (1998) 38 demonstrated, via laboratory 

experiments and field observations, that Mn in stream is oxidized, as water circulates 

through the hypoheric zone (zone where groundwater and stream water mix), and that 

microbial processes accelerate the oxidation processes.  The dynamics of Mn and major 

cations, particularly Ca and Mg, strongly suggest that biotic and abiotic processes occur at 

the hillslope-stream interface, thereby governing the water chemistry transition between 

two systems.   

 

Unlike Mn, Fe did not show any systematic correlation with major cations or 

groundwater table fluctuation, suggesting its fate and transport processes may differ from 

the rest of the elements (Figure 6.6).  The pe-pH diagram of Fe suggests that Fe(OH)3 will 

be the most abundant species of Fe (Figure 6.7).  During the development of the gravitation 

filtration system 37, the recovery rate of Fe was highly sensitive to the filtration rates.  This 

suggests that a large fraction of Fe may be in colloidal forms.  While a water sample is 

filtered, colloids rapidly accumulate on the filter membrane surface, thus increasing the 

possibility of coagulation and precipitation 39.  Consequently, the slower filtration rates will 

increase the residence time of colloids on the filter surface and decrease the recovery rate.  

Many previous studies have pointed out colloids (i.e. nano particles) in natural systems can 

pass through 0.45μm pore-size filters, hence this operational definition of „dissolved‟ 

would be inadequate to represent truly dissolved Fe and Al e.g.40-42.  In this study, 0.45μm of 

pore-size filters were employed, suggesting Fe-colloids can be included in the filtrates.  The 

strong correlation between Fe and Al concentration also support this hypothesis (Figure 

6.9).   
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Figure 6.9. The log-log plot of the concentrations of Si and Al against Fe in Elder, W1, 

W3 and W10.  

 

 

 

 

During the two years of observations, the highest Fe concentrations in the wells and 

Elder were observed at the beginning of the rainy season: the concentrations spiked up to 

>10
3 

nM (Figure 6.4).  For the rest of the rainy season, the Fe concentration in the wells and 

Elder remained at 10 – 100 nM (Figure 6.4).  The Fe concentration of Elder and the wells 

did not show a significant difference throughout the observations, except for October 2011 

in W3, where the Fe concentration increased up to ~2×10
3
 nM (Figure 6.4).  Altogether, 

these observations suggest that Fe-colloids are mostly generated in the unsaturated zone 

during the dry season and will be rapidly washed out from this layer in the early rainy 

season.  These Fe-colloids are likely bound to organic-ligands, which make Fe more stable 

and less bio-available; thus Fe-colloids can be transported from groundwater to stream 

without significant loss at the hillslope-stream interface.  The weakly negative correlation 

between Fe-Si also suggests that a large fraction of Fe is not in mineral form (Figure 6.9).  
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Figure 6.10.  (Upper left) 47mm-Supor Membrane filters wrapped with polypropylene 

mesh and electrical tape (yellow) installed in the hillslope-stream interface for 4 months 

during the summer of 2010. (Upper right) Subsamples of red deposit were scanned using 

a scanning electron microscope with an energy dispersive X-ray detector (SEM-EDX). 

(Bottom panel) Result of SEM-EDX analysis of the subsample.  

 

 

The Fe spike in Elder may be due to Fe-colloids from the unsaturated zone or 

remobilization of Fe-oxides precipitated when deeper groundwater enters the stream.  

Except one dry season at W3, we did not observe high Fe concentrations (>μM), indication 

of a Fe-reductive dissolution condition.  In addition, high Mn concentrations suggest that 

the groundwater system may be Mn-poised, preventing an Fe-reducing condition.  

However, it is possible that some deeper groundwater may have higher Fe concentration 

and thus when this groundwater enters the stream its Fe may precipitate as Fe-oxide at the 

hillslope-stream interface.  During the summer of 2010, four 47mm Super-membrane filters 

wrapped with polypropylene mesh and electrical tape were installed at the hillslope-stream 

interface (Figure 6.10).  The filters were retrieved 3-4 months later.  The Fe-precipitation 

on the hillslope-facing side of the electrical tape was identified using a scanning electron 

microscope with an energy-dispersive X-ray detector (Figure 6.10).  The reason why the Fe 

precipitation was observed only on the electrical tape surfaces is not clear for now.  

However, this is a clear evidence of Fe precipitation in the Elder Creek catchment.  
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Therefore, for transport of Fe, reductive dissolution in groundwater and oxidative 

precipitation at the hillslope-stream processes cannot be ruled out.  Further investigation 

must be carried out to analyze the physical and chemical properties of the Fe-colloids, 

particles from both soils and the stream‟s suspended sediment.  Particle samples were 

collected simultaneously with the water samples using the new sampling method (GFS), 

but have not yet been analyzed.  One reason for the delay was uncertainty regarding the 

potential disturbance of solids surrounding the well casing due to the 20-30 cm well level 

disturbance arising from ISCO sampling (See, e.g. Figure Chapter 4). Stream samples are 

less prone to bias. It is possible that by analyzing these particle samples, our understanding 

of the fate and transport of Fe will be significantly improved.  

 

 

 

6.4.2.4. Annual fluxes of Mn and Fe and implications 
 

These parallel, high-frequency observations of both stream and groundwater allow 

quantification of the Fe and Mn fluxes by each process.  First the total annual flux of Fe 

and Mn were estimated using Eq (1):  

 

annual  element fluxes  
tons

year
 =   Qt × Ct   dt                                               (1)

t=365

t=1

 

 

 

where Qt and Ct are the observed mean daily discharge of Elder Creek and the measured 

element (Fe or Mn) concentrations of Elder at t
th

 day of water year, respectively.  The data 

gaps of Mn and Fe data were filled by the average Mn (20nM) and Fe (100nM) 

concentrations of Elder Creek; these elements in Elder were nearly invariant year round and 

were weakly correlated to the Elder discharge (Figure 6.5).  If W3 displays representative 

Fe and Mn concentrations for the groundwater chemistry, the Mn concentration for the fast-

flowing groundwater and the slow-flowing groundwater can be clearly defined by the W3‟s 

groundwater chemistry (~100nM vs. ~ 10000nM).  In case of Fe, its concentration-

groundwater level relationship is relatively weak, but W3‟s fast-flowing groundwater often 

displayed ~100nM and its slow-flowing groundwater displayed ~1000 nM (Figure 6.4 and 

6.5).  Thus the Fe and Mn flux via fast-flowing groundwater (first end-member) and slow-

flowing groundwater (second end-member) were estimated using Eq 2 and Eq 3:  

 

 

 

annual  EM1 fluxes  
tons

year
 =   Qt × CEM 1      dt                                                    (2)

t=365

t=1

 

 

annual  EM2 fluxes  
tons

year
 = total EM2 discharge × CEM 2                                              (3) 
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where CEM1,CEM2 are the element concentration for fast-flowing groundwater and slow-

flowing groundwater, respectively.  The total EM2 discharge was obtained based on major 

cation concentrations in Chapter 5.  In Chapter 4 and 5, the observations demonstrate that 

all Elder discharge becomes first end-member at high flow; thus the Fe and Mn fluxes via 

the fast-flowing groundwater estimated as Eq2.  The Fe and Mn fluxes from the slow-

flowing groundwater are most likely precipitated when the groundwater enters the stream 

because it is equilibrated with the argillite at the high pCO2 and low O2 condition.  

 

 

 

 
 

Figure 6.11(a).  Summary of controlling processes for Mn and Fe transport through the 

critical zone to Elder Creek.  The fluxes of Mn and Fe from each process are shown in 

6.11(b) and 6.11(c), respectively.  Fe rain and throughfall results are to be treated with 

caution due to lack of assessment of contamination during sample collection in the field.  

 

 

 

Both bulk rainwater and throughfall introduced a significant amount of Fe and Mn 

into the Elder Creek catchment (Figure 6.11).  For instance, the Fe and Mn fluxes from 

bulk rainwater were 0.048 t/km
2
/year (but these data are questionable) and 0.006 t/km

2
/ 

year, respectively, which are an order of magnitude higher than the Elder Creek‟s dissolved 

Fe (0.007 t/km
2
/year) and Mn (0.001 t/km

2
/year) flux.  Tree canopy increase the Mn flux by 

an order of magnitude, suggesting a critical role of canopy leaching in the Mn cycle.  The 

fast-flowing groundwater is responsible for 0.006 t/km
2
/year but nearly 90% of it 
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precipitates when it enters the stream (Figure 6.11).  The slow-flowing groundwater is 

responsible for 0.23 t/km
2
/year of Mn fluxes but all of it will precipitate at the hillslope-

stream interface (Figure 6.11). The dissolved Mn concentration of Elder suggests a 

negligible Mn loss from the catchment.  This indicates that Mn is not accumulating in the 

system; the net annual loss of Mn will be ~0.08 t/km
2
/year and most will be as solid.  

 

In case of Fe, the fast-flowing groundwater is responsible for 0.006 t/km
2
/year and 

this Fe flux may directly flow to the stream without the precipitation of solids (Figure 

6.11).  The slow-flowing groundwater may generate 0.02 t/km
2
/year of Fe and all of it will 

be precipitated at the stream-hillslope interface (Figure 6.11).  This Fe budget estimates a 

net accumulation of Fe in the system by 0.03 t/km
2
/year.    

 

Quantifying the fluxes and identifying transport processes of Fe and Mn are 

important to improve our understanding on the interaction between the terrestrial processes 

and the coastal processes.  Particularly, in the Cape Mendocino region, riverine fluxes are 

proposed to be the primary source of Fe to the coastal ecosystem.  Our observations suggest 

that even though Mn is in dissolved form in the groundwater, its transport in surface water 

(e.g. rivers and seawater) is mainly via particle phase.  This indicates that the Mn flux to the 

coastal region will significantly depend on the peak discharge; a large fraction, or nearly 

all, of Mn in the groundwater will precipitate at the stream-hillslope interface and will be 

accumulate throughout the year.  During the highly intense rainstorms, high discharge will 

scour out the accumulated Mn at the hillslope-stream interface and transport it to the coastal 

area.  In contrast, Fe in the fast-flowing groundwater is mainly in organic-bound colloid, 

which is more stable and less bio-available than dissolved solutes but Fe in the slow-

flowing groundwater may be in dissolved phase.  The Fe budget calculation estimated that 

the slow-flowing groundwater Fe flux is higher than the fast-flowing groundwater by a 

factor of four.  If the slow-flowing groundwater and its precipitated Fe is the main source of 

Fe in the coastal area of the Cape Mendocino region, the primary productivity of this region 

should be correlated to the peak discharge.  If the fast-flowing groundwater and its Fe-

colloids is the main source of Fe, the primary productivity of this region should be 

correlated to the discharge during the early rainy season.  

 

A preliminary analysis of the relationship between chlorophyll a concentration 

(SeaWiFS (1999 – 2006) and MODIS (2003 -2010); 39.5 – 40°N and 124.3 – 124.8°W; 

Figure 6.1) and the Eel River discharge (USGS gauging station at Scotia; Figure 6.1) 

reveals that the annual chlorophyll a concentration did not correlate to either peak discharge 

or the discharge of the early rainy season (scenario I and scenario II in Figure 6.14).  

However, except two anomalous years (2002 and 2007), the peak discharge difference 

between a given year and its previous year displayed positive correlation with its following 

year‟s chlorophyll a concentration (Scenario III in Figure 6.12), consistent with Chase et al. 

(2007) to some extent.  This implies that the slow-flowing groundwater might be the 

primary source of Fe in the coastal area but its precipitated Fe-pool might not be 

completely replenished every year, suggesting a supply limited system.  Once a 



151 

 

significantly large flood completely scours out the precipitate Fe-pool from the river bank, 

for the following 1-2 years, only limited Fe-pool will be available.  The one-year lag time 

of peak discharge differences and the chlorophyll a concentration might be due to the time 

required to remobilize the Fe from marine sediments.  The precipitated Fe-pool from the 

slow-flowing groundwater may reside in the stream long enough to develop crystal 

structure, thus becomes less reactive; to re-dissolve this Fe source; it may take two 

upwelling seasons to remobilize this Fe source.  In further research, the physical and 

chemical analysis on the Fe colloid and particles must be carried out to identify the primary 

source of Fe.  The time-lag suggest that other processes such as in-stream biological 

processes or coagulation/precipitation as transporting through Eel River can play a key role 

in delivery of Fe to the coastal area.  Thus, the Fe dynamics in a larger scale (i.e. 

watershed-scale) need to be studied to understand its fate and transport from the critical 

zone to the coastal area.  
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Figure  6.12. Three scenarios of Fe delivery mechanism from the critical zone to the 

coastal area and corresponding observation data.  The chlorophyll a concentrations is 

from SeaWIFS (1999 – 2007; closed diamond) and MODIS (2003- 2010; open triangle) 

and the discharge is from USGS‟s Scotia station which is the closest gauging station to 

the mouth of Eel River. (A general note: the waters near continental margin are 

frequently cloud obscured during the rainy season, also the colloidal Fe – although bio-

available be lost due to coagulation in the salinity gradient) 
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6. 5.  Conclusion and perspectives 

 
High-frequency (1-3 days) observations of Fe and Mn concentrations in 

groundwater at three wells along a hillslope (upslope, midslope and downslope) and stream 

water were documented from 2011 to 2012.  To quantify the atmospheric inputs of these 

elements, bulk rainwater and throughfall were collected at the meadow across the site and 

in the midslope area (Fe results are questioned).  During the high flow season, the 

observations show concentrations of Mn in bulk rain and throughfall were approximately 

an order of magnitude higher than that in groundwater and stream, suggesting large 

fractions of these inputs were retained in the unsaturated zone.  

 

The relationship between Mn concentration and groundwater table/stream discharge 

resembled that of major cations, but its concentration changed within much greater ranges 

(2-3 orders of magnitude vs 2-6 factors); the Mn concentration increased when the 

groundwater table/Elder discharge were low and vice versa.  In contrast, Fe concentrations 

were highly scattered and did not co-vary with the groundwater table/Elder discharge 

fluctuation.  The Mn concentration in Elder was at least an order of magnitude lower than 

that in groundwater while Fe in the groundwater and stream displayed insignificant 

differences.  These observations suggest that Mn is mostly in the dissolved phase and its 

concentration in groundwater is governed by seasonal alternation of two processes: cation 

exchange reactions during the high flow season and mineral dissolution/precipitation, 

particularly redox processes, during the low flow season.  In contrast, Fe is likely in 

colloidal/particle phases, which may be produced by chemical weathering of rocks in the 

vadose zone.  The highest Fe concentration displayed at the beginning of the rainy season, 

suggesting this Fe-colloid pool will be quickly depleted.  These Fe-spikes suggest that the 

Fe-colloids may either 1) be gradually accumulated throughout the dry season and be 

quickly washed off at the beginning of the rainy season or 2) the first rainstorm 

substantially stimulates microbial community in the vadoze zone, resulting intense but 

episodic events of Fe-colloid generation.  These Fe-colloid generation hypotheses can be 

tested via analyzing the chemical and physical properties of particle and colloid samples. 

Fe-colloids of the first hypothesis may display relatively well-developed structure 

compared with the second hypothesis.  When this groundwater enters the oxygen saturated, 

high pH stream, Mn in both fast-flowing and slow-flowing groundwater precipitates as Mn-

oxides at the hillslope-stream interface and/or in the stream bed.  However, Fe-colloid in 

the fast-flowing groundwater is not affected by this transition, suggesting Fe may be more 

stable and less bio-available than Mn. The slow-flowing groundwater may precipitate a 

significant amount of Fe but high Fe levels have been observed in limited time and place 

(W3, Oct 2011); thus further field campaigns need to be carried out to locate the Fe-

precipitation spots.  

 

In future research, the physical and chemical properties of particles/colloids must be 

carried out.  Soil samples around the stream bank, the biofilm in the streambed and 
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suspended sediment must be included in this analysis.  To identify the primary process for 

Fe-colloid production, high-frequency (hours ~ <day) water/solid sampling combined with 

high-frequency gas chemistry analysis during the first rainstorm will be critical.  These 

intense high-frequency observations will also provide important understanding on the role 

of microbes in chemical weathering processes.  Altogether, this study will contribute to 

identifying the source of Fe and Mn and their transport mechanism from the critical zone to 

the coastal region.   
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Chapter 7 

Summary and Perspectives  

 

 

Water chemistry evolution through the critical zone in a hillslope (dubbed 

“Rivendell”) in the Elder Creek catchment, located at Angelo Coast Range Reserve, South 

Fork of Eel River, Northern California has been studied.  This dissertation is based on 

parallel observations of the hydrochemistry of groundwater and stream water at 1 – 3 days 

frequency for five years (2009 -2013).  These observations directly monitor inside the 

hillslope, which has been treated as a “black-box”; thus, provide critical information to 

identify the processes and environmental factors for water chemistry evolution through the 

critical zone.  The fundamental hydrochemistry platform has been developed based on the 

dynamics of major cations in groundwater and stream water.  The motivation for 

development of this platform is to understand the mobilization, fate and transport of 

reactive species such as Fe and Mn which are critical limiting nutrients in California coastal 

waters.  

 

The first part of this dissertation has focused on developing a new sampling method 

that is capable of preserving water sample integrity for trace metals for 2-3 months in field 

environments.  The new sampling method gravity filters water samples within 30 minutes 

of sample collection.  Analysis of reference samples collected following standard protocols 

(immediate filtration and acidification) confirmed that the new sampling method preserves 

the dissolved/particulate partitioning for Fe and Mn.  The new method took nearly three 

years to perfect and has been employed in field since Oct 2011.  

 



159 

 

The dynamics of major cations at Rivendell revealed how and where infiltrating rain 

and throughfall are chemically transformed to form groundwater and then flow to the 

stream.  Four years of observations, the groundwater chemistry and groundwater table 

repeated its annual cycles.  These observations demonstrated that two major processes are 

responsible for the groundwater chemistry.  During the high flow season, cation exchange 

reactions enhanced by elevated subsurface pCO2 rapidly increase cation concentration of 

rainwater, and then recharge the groundwater.  In contrast, during the dry season, the 

groundwater chemistry is thermodynamic equilibrium with reactive minerals (e.g. calcite, 

clay minerals) in the argillite, but not with primary minerals (e.g. albite).  This implies that 

during the dry season, the groundwater‟s reaction time will be critical to determine its 

solute concentrations, particularly Na.  

 

During the wet season, when flow is high, the groundwater and stream are well 

connected and displayed quite similar chemistry.  Thus, the first process- cation exchange 

reactions enhanced by CO2 in the unsaturated zone – may also play a critical role in 

determining the lowest cation concentration of the stream.  However, during the dry season, 

when flow is low, the solute concentrations of groundwater were higher than that in stream.  

In addition, the relative concentrations of groundwater/stream varied element to element.  

For example, the groundwater/stream ratios of Ca, Mg, Na and K were 3-6, 1.3, 1.1 and 

1.1, respectively.  Precipitation of calcite with CO2 degassing occurs at the hillslope-stream 

interface, and largely explains the Ca concentration differences.  The higher Na/Mg ratio of 

the stream‟s baseflow than the groundwater can be explained by two hypotheses– 1) rapidly 

chemical alteration at hillslope-stream interface via abiotic (degassing of CO2) and biotic 

processes (microbial carbonate precipitation); and 2) spatial heterogeneity of transit time 

distribution.  

 

Calcite precipitation from the groundwater samples have been clearly documented 

throughout the study period: in the subsurface, the groundwater is equilibrated with the 

argillite at high pCO2. When it enters an atmospheric CO2 level system, CO2 degasses from 

the solution and its pH will increase.  Consequently, calcite will precipitate.  The early 

time-series of the groundwater chemistry suggest that CO2 degassing may be responsible 

for 80-85% of calcite precipitation and the rest 20-20% may be induced by microbial 

carbonate precipitation in the stream.  This biotic process may increase the partitioning 

ratio of Mg in calcite, decreasing the Mg concentration of the groundwater when it enters 

the stream.  Therefore, the Na/Mg ratio becomes higher than the groundwater.  

 

The second hypothesis was evaluating the effect of the spatial heterogeneity of 

transit time.  When groundwater flows through different distances of flow paths, which is 

assumed to be a function of hillslope length, they may display different chemistry.  Transit 

time is depends on the porosity, hydraulic conductivity, flow length and hydraulic head 

gradient.  The flow of groundwater is assumed to follow the surface topography, and the 

hydraulic head gradient was assumed to be 80% of the surface elevation difference.  Based 

on previously reported values in other studies, multiple conditions of porosity and hydraulic 
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conductivity with three mineral dissolution rates and mineral surface areas of chlorite (Mg) 

and albite (Na) were evaluated.  All of the combinations can reasonably predict the 

observed stream chemistry data, suggesting the estimation of transit time is highly 

uncertain.  However, this calculation suggests that during the baseflow season, the 

groundwater may flow through less weathered bedrock zone.  In addition, this implies that 

the stream chemistry may display spatial heterogeneity.  

 

These two hypotheses can be inter-related to one another.  The groundwater 

chemistry during the low flow season may be determined by its flow lengths and its 

chemistry altered rapidly at the hillslope-stream interface.  However, the groundwater 

chemistry during the low-flow season did not show systematically increasing trend from 

upslope to downslope.  Field campaigns to examine the spatial heterogeneity of the stream 

chemistry will greatly contribute to the identification of the primary processes for the 

baseflow chemistry.  The first hypothesis will predict relatively more homogeneous 

baseflow chemistry on the scale of Elder Creek catchment than the second hypothesis.  The 

concentrations of anions such as nutrient species (NO3, NO2, PO4 and SO4) may provide a 

critical insight into the evaluation of role of microbial processes.  

 

The framework provided by major species behavior is applied to the understanding 

of subsurface Fe and Mn dynamics.  Evidence suggests that mobilized Fe is predominantly 

in colloidal and ligand-bound forms while mobilized Mn is mostly dissolved.  During the 

high flow season, Mn tightly follows the systematic of major cations with a quasi-log – 

linear relationship.  The Mn concentration is highest at the deepest depth of groundwater 

levels and it is mobilized particularly in anoxic/suboxic conditions.  This similarity 

suggests that Mn is leached in the vadose zone via cation exchange reactions, like major 

cations, and then is delivered to the groundwater.  When the groundwater enters the stream, 

due to higher pH and higher O2 of stream, Mn will precipitate as Mn-oxides at the 

hillslope-stream interface.  This Mn-oxidation process may also be enhanced by microbial 

processes.  In contrast, Fe may be mostly in a colloidal form, likely bounded to organic 

ligands.  Fe-rich colloids may be mobilized during the early rainy season and be transported 

to stream.  Because it is bounded to organic ligands, Fe-rich colloids are stable and less bio-

available, thus Fe loss at the hillslope-stream interface may be insignificant.  However, Fe-

precipitation at the hillslope-stream interface has been directly observed, indicating deeper 

groundwater flow-paths may be at a Fe- reductive dissolution environment and delivery 

dissolved Fe to stream.  

 

This dissertation proposes an important role of microbes in determining the 

groundwater and stream chemistry, particularly at the hillslope-stream interface.  Further 

research must be carried out to define and quantify the role of microbes at our site.  For 

example, microbes may significantly increase the Mg partitioning ratio in calcite.  This 

dissertation provided a single, but clear example of high Mg-calcite precipitation.  Field 

campaigns to locate the carbonate deposits in the Elder Creek catchment must be carried 
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out not only to find direct evidence of Mg-carbonate precipitation but to identify the role of 

microbes.    

 

For better understanding of Fe and Mn, the physical and chemical properties of 

particle samples must be characterized, especially for Fe.  Fe may be in a colloidal form; 

however, processes that produce Fe-rich colloids have not been identified.  Fe-rich colloids 

may be generated throughout the dry season and be rapidly mobilized at the beginning of 

the rainy season.  On the other hand, during the first significant rainstorms of each rainy 

season, microbe communities become extremely active, implying intense weathering 

processes.  The generation of Fe-rich colloids may be either through gradual accumulation 

throughout the dry season or during short- and intense early rain season events.  Gas 

chemistry observations, combining with the groundwater and stream chemistry may 

provide insight into this question.  The sources of organic ligands for Fe also have not been 

identified.  The sources could be either (or both) microbe or tree exudates.  Identifying the 

source of organic ligand will be important to understand the bioavailability of Fe-colloids 

and to predict fluxes of Fe-colloids.   

 

Finally, the dynamics of Si is still not clearly understood.  The concentration of Si in 

the upslope and midslope wells displayed an opposite trend compared with that of cations.  

While Si in W1 and Elder Creek displayed no variation despite W1 groundwater table and 

Elder discharge were highly responsive to rainfall inputs.  Many previous studies have 

proposed a significant role of biogenic Si pool in the Si dynamics in streams; the relative 

concentration of Ge/Si is often used to identify the source of Si.  Germanium is closely 

involved in secondary mineral formation but not in biogenic Si pools.  Thus, the dynamics 

of Ge/Si will provide an useful tool to scrutinize the source of Si, furthermore improve our 

understanding on the Si dynamics.  
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