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Summary 

Capillary electrophoresis (CE) is a widely-used separation technique for the analysis of 

ionic species. It has crucial advantages due to high efficiencies given that small 

differences in ion mobility are often sufficient for the resolution. The key features of the 

CE instrument such as portability, rapidity of analysis and the need for only a small 

sample volume offer the potential to facilitate future work of environmental scientists. 

This thesis presents new applications of a portable CE instrument in the environment, 

including the associated sampling techniques and measurement protocols.  

(i) A new method for the extraction and analysis of lake sediment pore water was 

developed. The extraction of the pore water from the sediment core was performed with 

filter tube samplers. Samples were immediately injected and measured by CE. All major 

cations and anions could be separated at once including the redox sensitive Fe(II) 

without any sample pretreatment. Along with fast injection, this prevents samples from 

alterations and contaminations. Sample volumes of only 20 µL allowed a high spatial 

resolution of the pore water profile, even with low water content. 

(ii) In a next step, the new method was applied in the field at Lake Baikal. The CE 

instrument was thus carried by cabin luggage in the plane and assembled in improvised 

laboratory containers at the shore of the lake. The pore water analysis was performed 

immediately after coring. High-quality data enabled the explanation of the formation 

and transformation of very special iron (III) and manganese (IV) oxide layers, which are 

buried in the reducing part of the sediment. The analysis of Fe (II) and Mn (II) allowed 

the determination of sharp redox boundaries. Overall, the high-quality data from on-site 

measurement eliminated doubts concerning artefacts from previous measurements when 

core squeezing and sample pretreatment had to be practiced.   



 

 (iii) Besides the analysis of pore water, another challenging field in environmental 

science involves the surface analysis of rocks and biofilm. Thereby, surface processes 

are studied in terms of weathering, initial soil formation, as well as growth and vitality 

of microorganism. We developed a new method for the quantification of mobile ions 

and adenosine triphosphate (ATP) on surfaces. For the collection of available ions and 

ATP, a single drop of pure water was spread on the surface of the mineral or lichen and 

recollected for the analysis by CE and a luminometer, respectively. The heterogeneity of 

granites and the effect of wetting and freezing and thawing was shown on bare rock 

surfaces. On lichen, the effect of humidity and age on their vitality was demonstrated. 
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1 Introduction 

1.1 Principles of capillary electrophoresis 

1.1.1 Separation 

Separation with capillary electrophoresis (CE) was first introduced by Tiselius in 1937 
1
. It is 

based on the different migration times of charged species in an electric field. The migration 

velocity v (cm/s) of the analytes depends on their electrophoretic velocity vi and the 

electroosmotic velocity vEOF of the electrolyte inside the capillary.  

v =  vi + vEOF                                                         (�)    

                   

1.1.1.1 Electrophoretic mobility 

The velocity vi of the ions depends on the applied electric field E (V/cm) and the 

electrophoretic mobility µe (cm
2
/Vs). 

vi =  �� �                                                          (	)                      

The electric field E is a function of applied voltage and capillary length. The electrophoretic 

mobility µe depends on the electric and frictional forces the ion experiences. 

The electric force Fe is given by the effective ion charge q and the applied electrical field E.  

Fe = q E                                                          (�)                      

The frictional force Ff  for spherical ions is given by the solution viscosity η, the ion radius r 

and the ion velocity vi.  

Ff = -6 π η r vi                                                      (�)                      

The mobility µe thus can be described by  

µe =  �
� � � �                                                        (�)                      

1



 

The parameters q and r in equation (5) indicate that small and highly charged ions are highly 

mobile, while large and minimally charged ions are less mobile.  

1.1.1.2 Electroosmotic mobility 

A fundamental process that drives CE is known as the electroosmotic flow (EOF) and it was 

first described by Helmholtz 
2
. Many others 

3-7
 have further enhanced the model until present. 

The EOF is caused by the interaction of the interior capillary wall with the ions of the 

electrolyte solution and thus depends on pH. Silanol groups (-SiOH) on silica capillary walls 

become deprotonated to silanolate groups (-SiO
-
) if pH is above 4. The cations of the 

electrolyte solution will be attracted by the negatively charged ions on the capillary wall and 

form two inner layers of cations, a so-called diffuse double layer (Figure 1). The inner layer 

of cations is held to the negatively charged surface wall (fixed layer). This layer cannot 

neutralize the wall completely as the adsorption of the charged ions has insufficient density. 

Therefore, a second, mobile layer of cations is formed between the fixed layer and the 

electrolyte solution. By applying an electrical field, the mobile layer of cations is pulled to the 

cathode. These cations are surrounded by water molecules (solvated) and thus form hydrogen 

bonds to the molecules within the bulk solution. Thus, the bulk solution including cations and 

a variety of anions is swept towards the cathode.  

  

2



 

 

 

 

Figure 1: A cross section of a capillary showing a) the negatively charged capillary wall (yellow), b) a 

positively charged fixed layer, c) the diffuse layer and d) the bulk flow. The blue color indicates 

the diffuse double layer. 

 

The driving force of the EOF is uniformly distributed within the capillary, which leads to a 

flat (rather than laminar) flow profile across the tubing diameter and narrow peaks (Figure 2).  

 

Figure 2: Flow profiles (above) and corresponding solute zones (below). Narrow flow profiles (left above) 

and corresponding sharp solute zones (left below) causing high efficiencies in detection. Small 

differences in migration velocity are sufficient for the resolution of analytes. 

The velocity vEOF of the EOF depends on its mobility µEOF and the applied electrical field E.  

vEOF = µEOF E                                                   (�)       

  

3



 

                

The mobility µEOF can be measured by using a neutral marker and it is proportional to the 

zeta-potential ζ and inversely proportional to the viscosity of the electrolyte η 

µEOF  = 
��
��                                                       (�)                      

l = effective capillary length 

L = total capillary length 

V = electric field 

t = migration time of EOF marker 

µEOF = 
�� �� � 
� � �                                                       (�)              

The zeta-potential ζ describes the electric imbalance between the fixed and mobile cation 

layers due to potential differences. ζ depends on the surface charge of the capillary wall ϭ, the 

thickness of the mobile layer δ and the dielectric constant εr of the electrolyte. 

ζ =   
� � ϭ ! 

�� ��
                                                     (")        

ε0 = 8.854 10
-12

 As/Vm 

 

The EOF plays a fundamental role in the analysis with CE, given that it causes the movement 

of cations and anions (with electrophoretic mobilities smaller than the magnitude of EOF) in 

the same direction. Anions and cations can be analyzed in a single run and in adequate time. 

Equation (8) indicates that the EOF is affected by many factors such as electrolyte viscosity, 

zeta-potential and the dielectric constant. These factors can be influenced by a number of 

parameters such as current, pH and concentration of the electrolyte or temperature. In 

addition, the inner surface charge of the capillary wall can be chemically modified with active 

reagents or ionic resins.  

4



 

1.1.2 Efficiency and resolution 

The efficiency determines the ability to separate or resolve solute zones and is limited by the 

degree of band broadening. Reasons for band broadening are molecular diffusion of the 

analytes, electrodispersion, Joule heating and interactions of the solutes with the capillary 

wall:  

Molecular diffusion is defined by the diffusion coefficient of the analyte and decreases with 

its increasing molecular weight. Electrodispersion is caused by differences in sample zone and 

buffer conductivities. If the solute zone has a higher mobility than the buffer, the peak end 

will be diffuse (tailing) or, conversely, if the solute zone has a lower mobility than the buffer, 

the peak end will be very sharp while the beginning will be diffuse (leading) (Figure 3). 

Interactions of the solutes with the capillary wall can also lead to higher dispersion.  

 

 

Figure 3: Electrodispersion caused by different mobilities in buffer solution and solute zone. Left: The 

solute zone moves slower than the buffer. Middle: The mobilities of buffer and solute zone are 

similar. Right: The solute zone moves faster than the buffer. 

 

A further limiting factor is Joule heating, whereby the passage of the electrical current 

through the conductor generates temperature gradients inside the capillary. The dissipation of 

heat through the capillary wall leads to local changes in viscosity, causing laminar flow and 

thus zone broadening. Consequently, efficiency and resolution will be reduced.  
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The definition of efficiency and resolution in CE is adapted from chromatography. 

To estimate efficiency it can be expressed as a theoretical plate number N:  

N = 5.54
   # �

$�/	
&

	
                                                                        (��)                      

5.54
 
= to complete the Gaussian peak profile  

t = migration time of the analyte 

$�/	  = peak width at half height 

 

The full resolution R between two species is given by the equation:
 

R =  
	 (�	'��)
$� ( $	                                                           (��)                      

t = migration time 

w = baseline peak width (in time) 

Whether two peaks can be resolved from each other mainly depends on their migration times, 

concentration and the degree of band broadening.  

  

6



 

1.1.3 Instrumentation 

The overall simplicity of the instrument is a key feature of CE. A schematic diagram of a 

generic CE system shown in Figure 4, comprising a capillary, two reservoirs for the 

electrolyte background solution (buffer), a high voltage power supply, two electrodes and a 

detector. The ends of the capillary and the electrodes are placed in the buffer reservoir. The 

electrodes make the electric contact between the high voltage power supply and the capillary. 

 

 

Figure 4: Basic parts of a capillary electrophoresis instrument. 

 

To inject the sample into the capillary, the buffer reservoirs have to be replaced by the sample 

vial. A small amount of the sample (pico- to nanoliter) is loaded by applying pressure 

differences or an electrical field. The most common techniques are given in Figure 5. A 

simple method that is also applied in this study is the hydrodynamic injection. In this case, the 

flow of liquid is caused by the difference in pressure when one side of the capillary is lifted 

up to a certain level above the other (siphoning). The amount of the injected sample can be 

regulated by the height and duration of the lifting. After placing the capillary back from the 

sample vial to the buffer reservoir, the electric field is applied and the separation is performed. 
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Figure 5: Common techniques for sample injection in CE. a) An external applied pressure injects the 

sample into the capillary; b) a vacuum at the end of the capillary causes aspiration; c) different 

height levels of the capillary cause aspiration of the sample due to differences in pressure; and 

d) an electrical field causes injection by electromigration.  

The first prototypes of a CE system were constructed between 1958 and 1965 
8
. In 1967, a 

first instrument was designed for the separation of inorganic ions, proteins, nucleic acids and 

microorganisms 
9
. Nevertheless, CE did not gain popular acceptance until the 1980s. Today, 

CE instruments are widely used for the analysis of ionic substances 
8
 in pharmaceutical, 

forensic and clinical applications or the food industry. Most of the benchtop CEs are equipped 

with UV/Vis absorbance, laser induced fluorescence and mass spectrometry detectors 
10

. The 

portable CE instrument used in this study is shown in Figure 6. It was developed by Kubáň et 

al. 
10

 and it comprises a box with dimensions of 310 x 220 x 260 mm made from Perspex 

plates. Two handles were mounted to carry the apparatus. The high-voltage power supply is 

placed in an extra compartment on the back side of the box and the electronic control box to 

operate the current and voltage on the left side of the box. The left side of the box contains a 

tray for the background electrolyte solution. The right side separated by a Perspex plate 

contains another tray for the background electrolyte solution and a detector holder. The 

detection was carried out with a capacitively coupled contactless conductivity (C
4
D) detector. 

An overview of detection in CE is provided in the next section. 

8



 

 

Figure 6: Applying the CE instrument on-site. 

1.1.4 Detection 

Common detection techniques for CE are based on UV/Vis absorbance, laser-induced 

fluorescence and mass spectrometry, as well as electrochemical detection, including 

potentiometric, amperometric, and conductivity methods. The analysis of small ionic 

compounds was traditionally performed with optical detectors, as they were already available 

from HPLC. However, the detection limits were not adequate (> 5 µmol/L) and precision and 

accuracy was lower than in IC analysis 
11

. Reasons for this included the short optical path of 

the fused-silica capillary as well as, high background noise caused by the addition of UV 

absorbents for the indirect detection of alkali and alkaline earth ions as they do not absorb 

UV-radiation.  

Alternative detection methods - such as laser-induced fluorescence and electrochemical 

detection -  have often been complex or fragile, involved high energy consumption or were 

only accessible for certain compounds 
12

. However, small ions have high electrophoretic 

mobility and their corresponding conductivities would result in sensitive detection. 

Conductivity detectors are thus optimal although they were difficult to construct in small 

dimensions needed for capillaries with inner diameter ≤ 50 µm 
13

. The sensing electrodes of 

9



 

first conductivity detectors had been in contact with the electrolyte solution and were either 

placed in the separation field (on-column) or at short distance from the capillary end (end-

column). The measuring and reference electrodes were placed in the same reservoir, which 

caused conflicts between separation voltage and electrochemical detection 
14

. Furthermore, 

the sensing electrodes were difficult to mount and prone to fouling 
15

.  

Small-sized and robust contactless detectors (CCD) were introduced in 1980 for 

isotachophoretic determination of inorganic and organic anions 
16

. The detector cell was used 

for tubings of 800 µm outer and 450 µm inner diameter and could not been adapted for thin 

capillaries used in zone electrophoresis. In 1998 Fracassi da Silva and do Lago as well as 

Zemann et al. designed a capacitively coupled contactless conductivity detector (C
4
D) for 

standard capillaries with two tubular electrodes 
17,18

. The electrodes are placed outside and 

cylindrically around the capillary with a few mm detection gap in between, and form a 

capacitor with the electrolyte solution. Alternating current (ac-) voltage is applied to the first 

electrode, while the ac-current induced in the second electrode is measured, depending on the 

electric conductivity of the solution between the two electrodes (Figure 7). The detector cell is 

inexpensive and commercially available 
19-21

. The combination of CE C
4
D is a widely-used 

detection method for inorganic and organic species or biomolecules at present. However, the 

current challenge in advancing this technique concerns sampling and sample pretreatment 
21

. 
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Figure 7: Schematic drawing of a C
4
D. The capillary is axially wrapped by the electrodes. 

1.2 Analysis of aqueous environmental samples 

The analysis of environmental water is necessary to assess its physical-chemical, chemical or 

biological properties. The parameters are crucial for public health regulations, pollution 

control and to facilitate advantages in technology or policy decision-making 
22

.  

Achieving representative data from the environmental water is generally challenging, given 

that chemical and biological reactions may destroy the analytes after the successful sample 

collection. Laborious pretreatment of the sample is required to preserve its integrity until 

measurement. Procedures include sample splitting for different analytical instruments or 

acidification to prevent precipitation. Therefore, immediate analysis of the sensitive 

compounds is essential and on-site methods are generally preferred. 

Some parameters can be determined by field methods, e.g. dissolved oxygen and oxygen 

demand, pH, acidity and alkalinity, water hardness, and electrical conductivity. Common 

methods include conductivity measurements, colorimetric tests or ion sensitive electrodes. 

While portable laboratories for the on-site determination of some pollutants are commercially 

available, the quantification of the main inorganic constituents – such as SO4
2-

, Cl
-
, NO3

-
, 

Ca
2+

, Mg
2+

, Na
+
 , K

+
 - is usually undertaken in the laboratory. The selection of the method 

depends on the expected concentration, the sample volume and number, as well as the time 

11



 

and cost of the analysis 
23

. The most widely-recommended techniques for the analysis of 

common ions are UV/Vis and atomic spectrometry (AAS, ICP-OES and ICP-MS), as well as 

IC. For instance, samples from lake water and lake sediment pore water have been routinely 

analyzed by IC in our group. In addition, NH4
+
, NO3

-
, SO4

2- 
and orthophosphate has been 

determined with spectrophotometry if concentrations were too low for sufficient analysis by 

IC. The spectrophotometric analysis requires laborious sample pretreatment, e.g. the addition 

of agents to form light absorbing complexes with the analytes.  

The data were used to study element cycling in natural waters and the physical, 

biogeochemical and microbial processes, as well as for water quality control. Depending on 

the concentration, compounds can be assessed as essential nutrients for organism, as well as 

pollutants. Familiar examples are nitrogen and phosphate used in fertilizers, which caused a 

serious eutrophication problem in many surface waters in the past. 

1.3 Capillary electrophoresis for environmental applications 

Capillary electrophoresis is a widely-used separation technique for the analysis of organic and 

inorganic ionic species. It has crucial advantages due to high efficiencies given that small 

differences in ion mobility are often sufficient for the resolution. Furthermore, CE requires a 

low volume of sample and reagents, is easily automated and can be applied to a wide selection 

of analytes. The instrumentation is simple and inexpensive. The control, suppress and 

adjustment of the EOF allows certain modes to run the CE with high degree of flexibility. 

Analysis by CE is routinely applied in the pharmaceutical, medical and food industries, as 

well as research to detect large organic molecules and biomolecules. This includes the 

detection and development of drugs, the measurement of urine and blood or the control of 

beverages 
21

.  

The analysis of water samples with CE has been mainly described in low-income countries, 

e.g. for the assessment of drinking water from wells, taps or bottles 
e.g.

 
24-27

.  

12



 

Nevertheless, CE was never recommended for routine water analysis by environmental 

authorities, given that the most commonly used UV absorption detectors have not reached 

adequate detection limits (~ 5 µmol/L) and thus IC and AAS remained the standard 

techniques 
13,28

. At present, detection limits in CE are in a range of 0.1 -0.2 µmol/L for small 

inorganic ions with C
4
D detectors 

(reviews 19-21,29)
. The major inorganic ions from water can be 

simultaneously measured including a suite of trace metals 
15,30

. However, detection limits of 

trace metals (1-5 µmol/L) were insufficient for the assessment of pollution and thus 

enrichment techniques have been developed 
31

.  

CE has been applied to monitor heavy metal pollution, particularly arsenic and its 

compounds 
32-34

. In addition to inorganic compounds, the assessment of organic pollutants 

from industry, households and agriculture has been more often reported in recent years. Some 

examples are phenols, surfactants, dyes, polycyclic aromatic hydrocarbons (PAHs), aromatic 

and aliphatic amines, aromatic acids and aromatic sulfonic acids and pesticides 
35

. 

Furthermore, the detection of pollutants from pharmaceutical industries, antibiotics and 

remains from personal care products 
36-39

 have gained increasing importance in policy as they 

are harmful and hardly eliminated by waste water treatment plants.  
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1.4 Pore water analysis 

Sediments from oceans and lakes are formed by particles settling from the water column and 

are important archives for the past. Their analysis allows assessing past environmental 

changes such as the effects of climate change and anthropogenic pollution 
40-42

. The 

diagenetic processes - such as mineralization of organic matter, remobilization of nutrients, 

dissolution of particles, precipitation of secondary phases and adsorption 
43

 - control the 

reaction rates and transport of nutrients and trace elements. This dynamics are reflected in the 

concentration gradients of pore water. In general, the biochemical reactions are driven by the 

degradation of organic matter resulting in the gradual exhaustion of oxidants from the pore 

water. Macroscopically, associated redox processes are sequentially structured starting with 

the consumption of oxygen, denitrification, manganese oxide reduction, ferric oxide reduction 

and eventual methanogenesis 
44

. A highly resolved characterization of the redox zones is thus 

important to understand the dynamics of processes. Concentration gradients of redox sensitive 

components in the pore water - such as NH4
+
, Mn(II), Fe(II), SO4

2-
, NO3

-
 and CH4 - indicate 

the rates of the redox reactions.  

Although pore water reveal important information on early diagenesis, its analysis is still a 

challenge for oceanographers and limnologists. Key issues are fast and contamination-free 

sampling due to temperature and pressure changes inside the sediment cores, the conservation 

of the samples and their transport to the laboratory. Furthermore, the analysis of steep 

concentration gradients in the sediment demands for high spatial sampling resolution and thus 

analytical techniques that only need a minimum amount of sample volume. 

Extracting pore water was first performed in the 1930s by digging holes into the sediment and 

collecting the seep water 
45

. At present, the most widely-used techniques to separate 

interstitial water from sediments are squeezing devices, introduced by Reeburgh 
46

, as well as 

centrifugation, introduced by Edmunds and Bath 
47

. Although both methods bear high risks 

for generating sample alteration due to oxidation and precipitation of compounds, they have 

14



 

often been applied because of low-costs and easy handling. In situ measurements, e.g. 

diffusion plates 
48

 and microelectrodes 
49

 avoid temperature and pressure changes of the 

sediment, although they have long equilibration times or are only available for several species 

and the upper few cm of the sediment, respectively. Since 2005, filter tube samplers have 

been used to extract pore waters from an intact sediment core 
50,51

. Although the sampling 

procedure is faster and less laborious, samples were still prone to alteration until 

measurement. In addition, the minimum sample volume needed for analysis is still > 100 µL, 

due to the standard instrument requirements and the fact that anions and cations could not 

have been measured from the same sample. The minimum sample volume has been often 

difficult to extract as pore water content decreases with increasing sediment depth. This study 

shows that the immediate injection of only a few microliter of sample for the analysis with CE 

can minimize many of the restrictions discussed above. 

1.5 Surface analysis 

Analytical methods for the quantification of bioavailable elements on organic and inorganic 

surfaces did not exist until present. Elements on surfaces have been generally determined by 

expensive techniques mainly based on microscopy or electron and mass spectrometry. For 

their investigation, the objects of interest often have to be removed from the original location 

and treated with coatings, whereby the surfaces were usually destroyed by the measurement. 

The fraction of mobile ions - e.g. to estimate weathering rates of rocks - were thus mainly 

indirectly measured by the concentrations of dissolved mineral constituents in runoffs 
e.g. 52-54

 

or secondary phases in soil profiles 
e.g. 55,56

. Changes in surface reactivity could thereby not be 

considered, although that controls the mineral degradation rate and thus the initial soil 

formation and its fertility 
57

. This is known to be a precondition for the growth of organism 

and may influence the global climate 
58

.  Therefore, a technique to quantify bioavailable ions 

on rock and lichen surfaces was developed in this study. 
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1.6 Thesis outline  

The remainder of this thesis is structured as follows, with a brief overview of each manuscript 

chapter detailed below. Chapters 2.1 and 2.2 have been published in Environmental Science 

Processes and Impacts in 2013 and 2014, respectively, while Chapter 2.3 was submitted to 

Chemical Geology in 2015.  

Chapter 2.1: Sediment porewater extraction and analysis combining filter tube samplers 

and capillary electrophoresis 

The measurement with the portable CE instrument was adapted for the analysis of lake 

sediment pore water. The combination with microporous filter tube samplers allowed the 

extraction of small sample volumes (< 20 µL) of pore water and thus a high spatial resolution 

of 5 mm. Due to immediate measurement with CE no conservation and transport was 

necessary. The risk of contamination was minimized as the samples were immediately 

injected for analysis without extra handling, such as splitting, acidification and dilution. The 

method was validated, comparing the results to those from IC of pore water samples from a 

eutrophic lake in Switzerland (Lake Baldegg). Major inorganic ions were successfully 

separated in less than 15 minutes. Due to fast injection and minimal disturbance of the pore 

water samples, zero-oxygen conditions were maintained, which allowed the analysis of 

oxygen-sensitive Fe(II). The time and effort of pore water sampling and measurement was 

thus reduced to a minimum. At the same time, the quality of the data was enhanced as the risk 

of alteration and contamination of the sample was reduced.  

Chapter 2.2: Early diagenetic processes generate iron and manganese oxide layers in the 

sediments of Lake Baikal, Siberia 

The method introduced in chapter 2.1 was applied on site on sediments from Lake Baikal. The 

pore water analysis was subsequently conducted after coring on site in improvised laboratory 

containers at the shore of the frozen lake. Accordingly, the geochemical processes leading to 
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the formation and dissolution of extraordinary buried iron- and manganese oxide layers in the 

reducing part of the sediment were explained with respect to the redox sequence. Due to the 

new approach, Fe(II) was detected and the iron reduction zone was precisely determined. It 

was demonstrated that the dissolution of the iron and manganese oxides is coupled to 

anaerobic oxidation of CH4. Pathways are either directly coupled to the reduction of Fe (III) 

oxides or via the reduction of SO4
2-

, generating S(-II) which reduces the Fe (III) oxides. 

Moreover, concerns about artefacts resulting in the observed discontinuous NH4
+
 and the 

occurrence of NO3
-
 in anoxic sediment were eliminated with the new technique. We discussed 

possible reasons for the persistence of NO3
-
 and SO4

2-
 in the methanogenic sediment zones, as 

well as for the burial of the Fe/Mn layers.  

Chapter 2.3: A new method to quantify bioavailable elements and mobile ATP on rock 

surfaces and lichens 

A new low-cost and non-destructive method for the on-site analysis of mobile ions and ATP 

on rock surfaces - either bare or overgrown with a biofilm - was developed. The mineral 

surfaces are subject to weathering, a prerequisite for colonization by microorganisms and 

initial soil formation. Given that their investigation is usually carried out under laboratory 

conditions using sophisticated instrumentation, the samples have to be removed and 

transferred. With the new method -  called the DoR (Drop on Rock) method - cations, anions 

and ATP were collected in a drop of pure water previously spread onto the mineral surface. 

The analysis of dissolved ions and ATP in the recovered aqueous solution was carried out 

using a portable CE instrument and a luminometer, respectively. The methods were tested at 

surfaces of bare granite and crustose lichens. Some examples of potential applications of the 

DOR method are shown: the instant availability of nutrients on a bare granite surface depends 

on the local presence of the constituent minerals. Frost-thaw action in the initial state of 

exposition to harsh weather conditions did not enhance ion release. ATP - indicating the 

lichens’ vitality - was found to be highly dependent on humidity and the age of the organism.  
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Sediment porewater extraction and analysis combining

filter tube samplers and capillary electrophoresis

Natascha T. Torres,ab Peter C. Hauser,b Gerhard Furrer,c Helmut Brandld

and Beat Müller*a

Careful extraction and analysis of porewater from sediment cores are critical for the investigation of small-

scale biogeochemical processes. Firstly, small sample volumes and high spatial resolution are required.

Secondly, several chemical species in the anaerobic porewater are sensitive to oxidation when brought

in contact with ambient air. Here we present the combination of a special sampling technique and an

analytical method for the porewater extraction of a varved sediment core from Lake Baldegg in central

Switzerland, using MicroRhizon samplers and a portable capillary electrophoresis (CE) instrument.

MicroRhizon filter tubes of 1 mm diameter and 20 mm length are suitable for fast retrieval of particle-

free porewater samples directly from the sediment core. Since the time-span between sampling and

analysis is less than 20 seconds, oxygen-sensitive Fe(II) can be analyzed in one go together with Na+, K+,

Ca2+, Mg2+, NH4
+, and Mn(II) without splitting, acidification or dilution of the sample. The major

inorganic cations and anions of the sediment porewater can be determined in less than 15 minutes.

Detection limits are in the sub-micromolar concentration range. The capillary electrophoresis instrument

used in this study requires sample volumes of only 20 mL. These remarkable small sample volumes allow

the minimization of disturbance of the sediment cores and a high spatial resolution of the sediment

profile, even in sediments with low water content. The equipment is inexpensive, easy to handle, fully

portable and therefore suitable for environmental on-site applications.

Environmental impact

Early diagenetic processes in lake sediments can be traced and quantied from porewater concentration gradients. Exemplied for the sediments of Lake

Baldegg (Switzerland), a eutrophic lake whose sediment oxygen consumption rate remained unchanged despite signicantly decreased phosphate concen-

trations, we demonstrate the advantages of a new combination of porewater extraction and subsequent analysis of inorganic cations and anions. Remarkably

small sample volumes are collected with minimal disturbance of the sediment and immediately analyzed without any pretreatments steps. The procedure allows

high sample throughput and spatial resolution with a short time-span between sampling and analysis allowing the determination of oxygen-sensitive Fe(II)

together with the major inorganic ions.

1 Introduction

The extraction and analysis of porewater from sediments are

some of the most important techniques for the investigation of

small scale biogeochemical processes and cycles, e.g. for the

estimation of uxes from and to the sediment–water interface,

quantication of burial and mineralization rates of organic

matter and production rates of climate affecting methane, or for

quality assessments to estimate chemical contamination and

toxicity.1,2 Because of the high sensitivity of porewaters to changes

in pressure, temperature, and redox potential, suitable extraction

techniques are essential. They should be easy to use, avoid

contamination risks, and provide sufficient vertical resolution as

well as a good porewater yield at high throughput. Artefacts such

as sorption/desorption processes or cell lysis should be avoided.

For remote areas it is important to have lightweight and simple

equipment. In general, on-site methods are to be preferred

because the long transport of the sediments can cause tempera-

ture changes, outgassing due to decompression, mixing, diffu-

sion, and redox changes at the sediment–water interface.

Since the 1960s porewater extraction techniques have been

improved with regard to simplicity, rapidity, spatial resolution,

and integrity of the sediments. The most widely used methods

are, because of easy handling and inexpensiveness, ex situ
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techniques including squeezing and centrifugation3 of the

sediment. The squeezing methods are classied into core

section squeezers4–6 and whole core squeezers.7,8

Centrifugation is widely used but requires subsequent ltra-

tion to remove remaining suspended particles.1 Moreover, it is

difficult to avoid contact with ambient air. Tominimize sampling

artefacts such as chemical alterations of the porewater induced

by oxygen, temperature changes and decompression,1 in situ

sampling techniques, like diffusion plates (“peepers”) were

introduced by Hesslein9 and rened for the two-dimensional

mapping of sediment sections by Lewandowski et al.10 Peepers

rely on the passive diffusion of dissolved compounds from the

porewater across a lter membrane into compartments lled

with distilled water.11 For the improvement of equilibration time,

a gel sampler12 was developed, which reduced the required

exposition time from days to hours. Proling the sediment–water

interface with ion-selective electrodes allowed the measurement

of porewater concentration gradients with a spatial resolution of

around 25 mm, but were only available for the detection of

particular ions in the top few centimeters.13–15

Many of these limitations (artefacts with ex situ methods on

the one hand and difficult handling with in situmethods on the

other hand) can be overcome by using MicroRhizons (Rhizo-

sphere Research Products, Wageningen), for porewater extrac-

tion. The MicroRhizons consist of a microporous polymer tube

of 0.15 mm pore size16 and a PEEK tubing, which can be con-

nected to a syringe. A vacuum can be applied by a peristaltic

pump or a syringe. Only a few authors2,17,18 used this technology,

which was originally designed for soil science to collect seepage

water, despite the fact that this material is chemically inert and

without ion exchange properties, permeable only for liquids,

durable, fast, easy to use, inexpensive and reusable aer

rinsing.19–21 Seeberg-Elverfeldt et al.2 showed with tracer exper-

iments and numerical modeling that approximately 2 mL

sample volumes can be extracted attaining a resolution of

�1 cm even with low sediment porosities. Short-term processes

can be investigated because of the fast and easy sampling

procedure. The contamination with oxygen is minimal and

anaerobic sampling does not require the installation of a glove

box.17 Despite the many advantages of the method, however,

sample handling and analysis remain a challenge due to the

small volume, the need for splitting and preservation, and the

risk of contamination.14,22 Field-portable instrumentation can

overcome these problems by the immediate analysis of the

extracted sample.23–25 Therefore, a combination of Micro-

Rhizons and a portable capillary electrophoresis (CE) instru-

ment is ideal. Only a few microliters of sample volumes are

needed and the analysis can be carried out on-site.

Kubáň et al.26 developed and optimized a portable capillary

electrophoresis instrument with capacitively coupled contact-

less conductivity detection (C4D)27 for the sensitive eld

measurements of ionic compounds in environmental samples.

Inorganic ions could be determined with detection limits in the

range of �0.2 to 1 mM. CE can be implemented in lightweight

portable equipment as only a separation capillary, a high

voltage power supply, and small volumes of buffer solutions are

needed. The very small and contact free detector system

requires a data acquisition system connected to a laptop

computer for immediate data storage and processing.28 Only

tiny water volumes (<20 mL) are required for analysis. The CE

instrument with C4D has been successfully tested in several

environmental applications, e.g. the determination of major

inorganic cations and anions in natural waters.26,28,29

Here we present an application for porewater sampling and

analysis combining MicroRhizon samplers and a portable CE

instrument. The facility combines the advantages of fast sampling

with minimal bias and high spatial resolution and coincidentally

the analysis of extremely small volumes and portability. The

design and performance of the method is presented and exem-

plied with sediment cores from a eutrophic lake in Switzerland

where porewater concentration measurements were compared

with simultaneous analysis by ion chromatography (IC).

2 Experimental

2.1 Sampling site and sediment coring

Sediment cores were sampled from the deepest location (66 m)

of Lake Baldegg, a eutrophic lake in central Switzerland of

5.2 km2 surface area which has been articially aerated since

1982 (geographic position: Lat 47�11.9070, Lng 8�15.5900).30 The

sediments of Lake Baldegg are varved as a consequence of

anaerobic deep water since 188531 caused by the discharge of

nutrients from household sewage, and intensied agriculture.

Cores for the measurements of anions and cations were

collected in April and June 2012, respectively, using a Uwitec

gravity corer (www.uwitec.at). The tube of 65 cm diameter and

60 cm length was made of PVC and holes of 0.1 cm diameter

were drilled staggered with a vertical resolution of 0.5 cm. The

holes were sealed with a tape before coring. For the retrieval of

porewater the tapes covering the sampling holes were cut open

with a paper knife. A MicroRhizon sampler (Rhizosphere

Research Products, Wageningen, Netherlands) of 2 cm length

and 1 mm diameter connected to a 1 mL syringe was inserted

horizontally and 10 to 50 mL of porewater were drawn out gently.

The MicroRhizon sampler consists of a hydrophilic membrane

(composed of a blend of polyvinylpyrrolidine and poly-

ethersulfone) of 0.15–0.20 mm pore size. Sampling of one loca-

tion takes less than 30 seconds. For the present experiments

relatively large porewater volumes of 50 to 100 mL were collected

until a 5.5 cm depth to allow verication of the CE data by IC

measurements. Otherwise, the retrieval of 10 mL was sufficient

for determinations with CE. The extracted porewater samples

were transferred to 1 mL PE centrifugation tubes and immedi-

ately injected into the capillary for the CE measurement. Blanks

(Nanopure water collected with MicroRhizon samplers) and

certied multielement ion chromatography standard solutions

(Fluka, Buchs, Switzerland) were intermittently measured to

ensure a high data quality. All samples were stored at 5 �C in the

dark for subsequent analysis with IC.

2.2 Apparatus and procedures

The determination of cations and anions was carried out using

a portable capillary electrophoresis (CE) instrument with

716 | Environ. Sci.: Processes Impacts, 2013, 15, 715–720 This journal is ª The Royal Society of Chemistry 2013
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capacitively coupled contactless conductivity detection (C4D).

The instrument was a modication of the model developed by

Kubáň et al.26 A sketch is given in Fig. 1. It consists of a box with

dimensions of 310 � 220 � 260 mm made of Perspex plates,

which can be opened at the front. The le side contains the

sample and the vial holder, and the right side, separated by a

Perspex plate, a vial holder and the detector holder. The high

voltage supply from Spellman High Voltage Electronics Corpo-

ration, New York, was attached to the back, and the purpose-

made electronic controller was xed at the le side of the box.

A TraceDec� C4D detector (Innovative Sensor Technologies

GmbH, Strasshof, Austria) was used and the signal was recorded

with the Tracemon soware application. The peaks were

analyzed using the Chart Soware (version 5.2) from eDAQ,

Australia. A fused silica capillary (50 mm i.d., 360 mm o.d., 55 cm

length) (BGB Analytik AG, Böckten, Switzerland) was used for

the separation. The capillary was preconditioned with 1 M

NaOH for 5 minutes, rinsed with Nanopure water for 5 minutes

and 1 M HCl for 5 minutes, rinsed with Nanopure water for 5

minutes, and nally equilibrated with the electrolyte solution

for at least 30 minutes. A voltage of 15 kV was applied to the

buffer vials at both ends of the capillary. The polarity of the

applied separation voltage could be set by a switch, depending

on whether anions or cations were recorded. The sample was

injected hydrodynamically by elevating the capillary end

immersed in the sample vial. Best results were obtained for an

injection time of 20 seconds at 15 cm height for anions and 8

cm for cations. The detector settings were as follows. Frequency:

2� high, voltage level: 0 dB, gain: 200%, offset: 185. The elec-

trolyte solution for both, the separation of cations as well as

anions, consisted of 11 mmol L�1 L-histidine, 50 mmol L�1

acetic acid, 1.5 mmol L�1 18-crown-6 and 0.1 mmol L�1 citric

acid.26 All solutions were ultrasonicated for 30 minutes.

Chemicals were of p. a. grade (purchased from Sigma-Aldrich,

Steinheim, Germany, or from Fluka, Buchs, Switzerland) and

only used with Nanopure water puried on a Purelab Ultra

(ElGA LabWater, UK). The stock solutions of cations were

prepared immediately before use from the corresponding

chloride salts, except of the ferrous iron stock solution, which

was prepared from its sulfate salt. The stock solutions of anions

were prepared from the corresponding sodium or potassium

salts. The multi-ion standard solutions for the calibration were

freshly prepared from these stock solutions. Cation standard

solutions were prepared in 10�4 M HCl (suprapure). The

concentration range of the standards was adjusted to the range

expected for the sediment porewater samples (Table 1).

Samples, extracted from 0 until 5.5 cm core depth, were

additionally measured by IC (Metrohm, Switzerland). NH4
+,

Na+, K+, Ca2+, Mg2+ and Mn2+ were determined with a Metrosep

C4 100/4.0 column (eluent: 1.7 mmol L�1 nitric acid, 0.7 mmol

L�1 dipicolinic acid, ow: 0.9 mL min�1). Cl�, NO3
� and SO4

2�

were determined with a Metrosep A Supp 5 column (eluent: 3.2

mmol L�1 Na2CO3, 1.0 mmol L�1 NaHCO3, ow: 0.7 mLmin�1).

The concentrations of dissolved inorganic phosphorus (DIP)

and Fe2+ ions were not determined with IC, because acidica-

tion would be necessary to avoid oxidation and precipitation.

The sample volume obtained by the MicroRhizons was too

small for an accurate dilution with acid.

3 Results and discussion

3.1 Performance and validation of CE measurements

The analysis of the entire core was accomplished within less

than ve hours aer coring. Electropherograms from the anal-

ysis of sediment porewater concentrations of cations and

anions are shown in Fig. 2. All peaks could be fully resolved in

undiluted samples. The amount injected was optimized in

order to allow this resolution while still providing the required

sensitivity. For the cations, a high sensitivity was required to

allow the determination of K+, which was present at a low

concentration, but at the same time a signal overlap with Ca2+,

the ion with the highest concentration, had to be avoided.

Results were at an optimum for an injection time of 20 seconds

at 8 cm height for cations and at 15 cm height for anions

(hydrodynamic injection by syphoning). Inorganic cations of

the sediment porewater, Na+, K+, Ca2+, Mg2+, NH4
+ including

Mn(II) and Fe(II), could be analyzed in less than six minutes.

Anions (Cl�, NO3
�, SO4

2�, DIP) were analyzed in less than ten

minutes (Cl�, NO3
�, SO4

2� in less than ve minutes).

Fig. 1 Sketch of the portable capillary electrophoresis instrument with a C4D

detector. (1) Electronic control box, (2) buffer vial holder, (3) capillary, (4) detector

cell holder, (5) detector cell, (6) Spellman High Voltage power supply, and (7)

detector.

Table 1 Concentrations of standards (STc) for the calibration of the instrument

adapted to the concentration ranges in the sediment porewater of Lake Baldegg

Ions
Blank,
mmol L�1

STc 1,
mmol L�1

STc 2,
mmol L�1

STc 3,
mmol L�1

STc 4,
mmol L�1

NH4
+ 0 70 100 200 500

K+ 0 17.5 25 50 125
Ca2+ 0 140 200 400 1000

Na+ 0 70 100 200 500

Mg2+ 0 70 100 200 500

Mn2+ 0 17.5 25 50 125
Fe2+ 0 50 150 300 600

Cl� 0 25 50 100 —

NO3
� 0 25 50 100 —

SO4
2� 0 25 50 100 —

DIP 0 25 50 100 —
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Lines of best t and coefficient values were determined

based on four to ve-point calibrations in the expected

concentration range (Table 2). All calibration functions were

very reproducible over time, and intercepts were close to zero.

Slopes of ve calibration functions recorded on different days in

September 2012 varied only by 6%, even without thermostating

of the detector cell. The limits of detection (LOD) are in the sub-

micromolar range and were determined corresponding to a

three times signal to noise ratio (3 � S/N).

The CE instrumentation has a number of advantages such as

the possibility to detect a large set of cations and anions within

minutes, requiring negligible sample volumes. The determina-

tions are highly reproducible with low detection limits, and the

equipment is inexpensive and lightweight. These characteristics

and the portability of the measuring device are important, e.g.

in the analysis of sediment porewaters requiring fast sampling

of only small volumes and the sensitive measurement of as

many compounds as possible avoiding dilution and preserva-

tion of samples. A representative application to freshwater

sediment porewater analysis in combination with a fast and

easy sampling principle is presented in the following section.

3.2 Lake sediment porewater sampling and analysis

applying MicroRhizons and CE

Fig. 3 depicts porewater concentrations of cations and anions

from sediment cores of Lake Baldegg sampled with Micro-

Rhizon tubes (red lines). Measurements of the same samples by

IC as an established routine method are shown in blue. Values

agree very well, and the average deviation of all values is 6% (IC

value ¼ 100%). The IC samples had to be diluted 2–8-fold to

obtain the volume required for the injection by the autosampler

(100 mL for cations and 800 mL for anions), while CE measure-

ments were done with undiluted porewater and immediately

aer sampling. Dilution of small volumes introduces an addi-

tional error and bears the risk of contamination. Moreover, it is

increasingly difficult to retrieve the relatively large volumes of

porewater required by IC with increasing sediment depth as the

water content decreases with depth from close to 100% at the

surface to 80% at 5 cm and 70% at 15 cm. Collection of larger

volumes required extended sampling time and thus increased

the risk of Fe(II) oxidation and loss of vertical resolution. In our

experiments, it was not feasible to collect enough porewater for

IC analyses below a 5.5 cm core depth. In addition, the detec-

tion limits of IC for Fe(II) and DIP were insufficient, and analysis

with other methods could not be accomplished due to the small

sample volume.

Subsurface peaks of NH4
+, Mn(II) and Fe(II) in the top sedi-

ment layer originate from the most recent settling of a spring

algae bloom. The high amount of organic matter was subject to

immediate mineralization consuming easily available electron

acceptors such as oxygen O2, NO3
� and SO4

2� and subsequently

even Mn(IV)- and Fe(III)-oxy-hydroxides releasing NH4
+, Mn(II)

and Fe(II).

The simultaneous uctuations of the proles (Fig. 3) may be

caused by the laminated structure of the sediment. The varves

consist of alternating layers of biogenically precipitated calcite

of 1–2 mm magnitude deposited aer the rst algae bloom in

spring, and black layers of organic rich material of similar

thickness deposited during summer and autumn. The average

sedimentation rate of Lake Baldegg is 3.4 mm per annum.31 The

diameter of the MicroRhizon sampler tube is only 1 mm and

thus in the same range as the sediment laminae. Incidental

insertion of the sampler in a calcite-rich sediment layer may

thus result in slightly different concentrations of porewater

constituents than in an organic rich layer.

While the sampling and analysis of Mn(II) is usually

straightforward, the collection of Fe(II) from porewater is

Fig. 2 Determination of cations (sample from a 15 cm sediment depth) and

anions (sample at the sediment–water interface) from the Lake Baldegg sediment

porewater. The concentrations were 700 mmol L�1 NH4
+, 100 mmol L�1 K+, 1500

mmol L�1 Ca2+, 500 mmol L�1 Na+, 320 mmol L�1 Mg2+, 120 mmol L�1 Mn2+, and

70 mmol L�1 Fe2+ for the cations and 610 mmol L�1 Cl�, 120 mmol L�1 NO3
�, and

120 mmol L�1 SO4
2� for the anions.

Table 2 Analytical parameters for the determination of inorganic ions. The

relative standard deviation (RSD) was calculated from peak areas of standard

solutions used for the calibration of the porewater samples (Table 1). Each stan-

dard solution was measured three times. The correlation coefficients, r2, were

obtained for the corresponding calibration curves. The limits of detection (LOD)

were defined as three-fold of the signal/noise ratio (3 � S/N)

Ion

RSD (%),

peak area

r2,

peak area

LOD,

mmol L�1

NH4
+ 2.43 0.998 0.46

K+ 2.20 0.997 0.76

Ca2+ 1.32 0.994 0.47

Na+ 3.25 0.997 0.79
Mg2+ 2.72 0.998 0.53

Mn2+ 3.22 0.996 0.82

Fe2+ 2.47 0.998 1.55

Cl� 4.79 0.982 0.98
NO3

� 3.23 0.997 0.29

SO4
2� 1.37 0.999 0.28

DIP 7.80 0.988 0.83
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difficult due to its immediate abiotic oxidation when in contact

with O2. Its sensitivity towards O2 usually requires handling of

sediment cores in a N2 atmosphere and therefore in glove boxes.

Porewater collection by diffusion plates (peepers) is subject to

unknown bias due to the contact of the facility with oxic water

during retrieval.32 Here, the porewater collection with Micro-

Rhizon samplers from closed sediment cores reduces the

contamination with O2 to a minimum, and injection into the CE

capillary is accomplished in less than 20 seconds allowing

analysis of Fe(II) within the set of cations (Fig. 2) without

sample splitting, acidication or dilution. Data obtained in

previous studies17 showed no signicant difference between

sampling in a glove box and sampling in ambient air with the

MicroRhizons.

Fig. 4 shows a simple kinetic experiment to investigate the

potential loss of Fe(II) in the vial aer sampling. Three pore-

water samples were injected and measured at different time

intervals aer retrieval from the sediment core. The rst injec-

tion was made immediately aer sampling (<20 seconds). Three

to four further measurements of the same samples, stored in

the vials without shaking, were carried out at even time intervals

to estimate the oxidation rate. In spite of the oxidation of Fe(II)

being a second order process (depending on the concentration

of the Fe2+ species and O2 (ref. 33)) we observed an initial linear

decrease of Fe(II) concentrations (Fig. 4), originating from the

diffusion of O2 from the atmosphere to the sample solution.

The entire Fe(II) content was found to be oxidized aer less

than 30 minutes. Linear extrapolation of the initial consump-

tion rate to time zero shows that the loss of Fe(II) in the time

between sampling and measurement (20 seconds) is negligible

and within the range of the standard deviation of �5%. These

results demonstrate that our method is fast enough to analyze

Fe(II) with a minimum error. It emphasizes the high practical

value of the proposed method for fast, simple and inexpensive

porewater analysis with a minimum bias.

4 Conclusion

The new method, consisting of a combination of MicroRhizons

for sampling and a portable capillary electrophoresis instru-

ment for analysis, was successfully applied in the investigation

of sediment porewaters of Lake Baldegg. We achieved a full

separation of the major inorganic anions and cations, inclusive

of manganese(II) and ferrous iron, in less than 15 minutes.

MicroRhizon tubes allowed safe handling and sampling of

sediment cores in high spatial resolution with minimal distur-

bance of the sediment structure and zero-oxygen conditions

Fig. 3 Porewater concentration (mmol L�1) profiles from sediment cores of Lake Baldegg collected in April (cations) and June (anions) 2012. Blue dots are IC

measurements of the same samples (sufficient volume was available until 5.5 cm) and archived Fe2+ samples were collected directly from the bottom of the lake with a

“peeper” and measured with AAS (dashed line; B. Wehrli, unpublished results).

Fig. 4 Kinetic experiment depicting the loss of Fe(II) with time between

sampling and injection of the sediment porewater into the capillary (buffer pH

4.1). The initial oxidation of Fe(II) follows a zero-order kinetic.
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during sampling without laborious precautions. Due to the fact

that porewater from sediment cores can be analyzed accurately

without sample splitting, acidication or dilution, the pre-

sented method probably is the most rapid technique for sedi-

ment porewater analysis without losing accuracy. The accuracy

was veried by analyses using ion chromatography. The light-

weight and low-cost CE analyzer runs on mains power as well as

battery power and is thus well suited for environmental on-site

measurements.

Sediment porewater concentration gradients allow the

estimation of uxes of oxidizing agents involved in the

mineralization of organic matter in the sediment (NO3
�,

SO4
2�, Mn(II) and Fe(II)), and released nutrients (NH4

+, DIP).

The possibility of accomplishing fast and unsophisticated

sediment porewater sampling and reliable measurements of

these ions is essential for the monitoring of seasonal variations

and for extended investigations of the mineralization of

organic matter at different depths of lakes, from littoral to

profundal zones,34 and to complement monitoring of the water

column. To date, only a few of such measurements have been

carried out due to the great effort that porewater sampling and

measurements require. The combination of the methods pre-

sented here will signicantly facilitate such projects in the

future.
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Early diagenetic processes generate iron and
manganese oxide layers in the sediments of Lake
Baikal, Siberia

Natascha T. Torres,ab Lawrence M. Och,a Peter C. Hauser,b Gerhard Furrer,c

Helmut Brandl,d Elena Vologina,e Michael Sturm,f Helmut Bürgmanna

and Beat Müller*a

Distinct layers of iron(III) and manganese(IV) (Fe/Mn) oxides are found buried within the reducing part of the

sediments in Lake Baikal and cause considerable complexity and steep vertical gradients with respect to the

redox sequence. For the on-site investigation of the responsible biogeochemical processes, we applied

filter tube samplers for the extraction of sediment porewater combined with a portable capillary

electrophoresis instrument for the analyses of inorganic cations and anions. On the basis of the new

results, the sequence of diagenetic processes leading to the formation, transformation, and dissolution

of the Fe/Mn layers was investigated. With two exemplary cores we demonstrate that the dissolution of

particulate Fe and Mn is coupled to the anaerobic oxidation of CH4 (AOM) either via the reduction of

sulphate (SO4
2�) and the subsequent generation of Fe(II) by S(�II) oxidation, or directly coupled to Fe

reduction. Dissolved Fe(II) diffuses upwards to reduce particulate Mn(IV) thus forming a sharp mineral

boundary. An alternative dissolution pathway is indicated by the occurrence of anaerobic nitrification of

NH4
+ observed at locations with Mn(IV). Furthermore, the reasons and consequences of the non-steady-

state sediment pattern and the resulting redox discontinuities are discussed and a suggestion for the

burial of active Fe/Mn layers is presented.

Environmental impact

Early diagenetic processes in sediments lead to the formation of distinct accumulations of particulate Fe and Mn at the oxic–anoxic interface. Using on-site

porewater measurements of Mn(II), Fe(II), NH4
+, NO3

�, and SO4
2� and later analysis of the solid phase for Mn and Fe, we hypothesize that these layers accu-

mulated with the growing sediment but at some point were halted and subsequently buried in the sediment. This unique pattern of incidental burials of

oxidized layers in the reducing (methanogenic) sediment introduces considerable heterogeneities and leads to very unusual diagenetic redox reactions. This

manuscript provides the rst concise description of the entire diagenetic sequence of processes induced by the Fe/Mn layers from (i) the formation of the Fe/Mn

accumulations at the oxic–anoxic interface, (ii) the reductive dissolution of buried layers, and (iii) mechanisms leading to the burial of Fe/Mn layers.

1 Introduction

Lake Baikal is probably the oldest (30–40 Ma1), and, with a

maximum depth of 1637 m, the deepest and the most volumi-

nous lake in the world. The lake is situated on an active conti-

nental ri in southeastern Siberia, the Baikal Ri Zone,

separating the Siberian craton in the northwest from the

Mongolian–Transbaikalian belt in the southeast e.g. ref. 1. The

proceeding deepening and the high age of the lake are ulti-

mately the reasons for sedimentary deposits of over 7 km depth,

which provide an invaluable archive of geological information

oen used to reconstruct long-term environmental changes,

such as paleoclimate.2–4 The oligotrophic character of the lake5

and its pervasively oxygenated water column lead to unusually

deep O2 penetration into the sediment of up to 20 cm.6

A special feature of Lake Baikal sediments is the up to 3 cm

thick layers of Fe andMn oxides buried within the reducing part

of the sediments and deposited on the deeper plains of all three

sub-basins of the lake.3,7 The origin and the dynamics of the Fe/

Mn layers have been hypothesized to be caused by past climate

changes3,8 or tectonic ri events and the ensuing redistribution

of Fe and Mn.9 The Fe/Mn layers cause considerable vertical
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discontinuities in the redox sequence commonly observed in

sediments10 and are associated with the diagenetic redistribu-

tion of elements such as P, Ca, Sr, As, Sb, and some trace

metals.11 While suggestions for the processes of formation and

transformation of Fe/Mn layers at the oxic–anoxic interface were

brought forward by Müller et al.11 and Och et al.,12 the ultimate

cause for occasional burial is still not claried. Although some

mechanisms have been proposed, such as changes in either the

mass accumulation rate of organic carbon, sedimentation rate,

porosity, or O2 supply to the sediment, no conclusive evidence

has yet been found.

Och et al.12 hypothesized a cycle characterized by the

dynamic growth of Fe and Mn oxide layers right underneath the

depth of maximum O2 penetration, an increasingly slowed

down reductive dissolution followed by the burial of the Fe/Mn

oxide accumulation and the subsequent initiation of a new

dynamic Fe/Mn layer above. Ultimately, the dissolution of the

buried Fe/Mn oxide layer is controlled by the anaerobic oxida-

tion of CH4 (AOM) by SO4
2� and/or Fe oxides in the deeper

sediment, and the formation of the upper dynamic Fe/Mn oxide

layer by the diffusive ux of O2 from the water column into the

sediment.

Until now, investigating the complex redox chemistry of the

Lake Baikal sediments has been limited by the laborious pore-

water sampling, sampling artefacts such as contamination or

the oxidation of dissolved Fe(II), small sample volumes and low

concentrations restricting the number of analyses, as well as

conservation and transport of the samples. Recently developed

portable equipment,13–15 consisting of MicroRhizon tubes and a

portable capillary electrophoresis (CE) instrument,13,16 allowed

determination of in situ porewater data with high spatial reso-

lution. Based on these high-quality data, we

� present the processes leading to the formation and trans-

formation of the Fe/Mn layers on the basis of sediments and

porewater analyses,

� discuss the reasons and consequences of the non-steady-

state situation in the diagenetic process and the discontinuous

redox sequence within the Lake Baikal sediments, and

� suggest possible causes for the burial of dynamically

accumulating surface Fe/Mn layers into deeper sediments.

2 Materials and methods
2.1 Sampling site and sediment coring

Sediment cores were collected in March 2013 from two sites in

the south basin of Lake Baikal (geographic positions: N

51�46004.20 0, E 104�24033.80 0 and N 51�41033.80 0, E 104�18000.10 0)

(Fig. 1). The locations were accessed on the ice by a truck

equipped with a winch for coring. Ice holes with a diameter of

approximately 20 cm were drilled with an engine-driven wimble

through the 90 cm thick ice layer to get access to the sediments

at 1360 m depth, 14.4 km from the shore (core Baik13-4D,

internal codes ‘site A’ or ‘core A’) and 3.8 km from the shore

(core Baik13-6B, internal codes ‘site B’ or ‘core B’). The

following investigations were carried out:

1st core: porewater analysis & solid phase concentration

measurements (site A, site B).

2nd core: methane analyses (site A, site B).

3rd core: lithology &magnetic susceptibility, photograph (site

A, site B).

4th core: XRF & microbial analyses (site A).

Cores were collected using a UWITEC gravity corer (UWITEC,

Mondsee, Austria) with PVC tubes of 6.3 cm diameter and 60 cm

length. Tubes for porewater sampling had holes of 0.15 cm

diameter drilled staggered with a vertical resolution of 0.25 cm,

while tubes for methane samples had holes of 1 cm diameter

staggered with a vertical resolution of 1 cm. Modied liners

were sealed with tape before coring that was cut open for

sampling aer retrieval. Aer the porewater sampling, both

cores A and B were extruded in slices of 0.5 cm thickness for the

uppermost 15 cm of the sediment and 1 cm thickness for the

remaining lower part and transported to Switzerland for sedi-

ment analyses. One undisturbed core (only from site A) was

transported to Switzerland for the microbial and XRF analyses,

and one undisturbed core of each site was transported to the

Russian Institute of Earth's Crust for detailed lithological

analyses and measurement of the magnetic susceptibility.

Samples for CH4 analyses were collected immediately aer

core retrieval. To prevent freezing (air temperature �20 �C) all

the other collected sediment cores were immediately brought to

the base camp to the improvised laboratories, which were

heated to �15 �C. Electricity was available from the close-by

Circum-Baikal Railway line (kilometer 106).

2.2 Porewater sampling and analyses

Equipment for on-site porewater analyses, methane sampling,

and sediment extrusion was packed in two boxes and carried on

the plane as cabin luggage. We used two portable CE instru-

ments for simultaneous on-site determination of cations and

Fig. 1 Map of Lake Baikal and a zoom into the Southern Basin relief.
The coring sites A and B are indicated by red dots. Base camp
(Neutrino station) was at the shore of the lake near the station ‘km 106’
of the Circum-Baikal Railway.
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anions.13,15 All solutions used for the sediment porewater anal-

yses were prepared and ultrasonicated for 30 minutes at Eawag

(Switzerland). Chemicals were of p.a. grade (Sigma-Aldrich,

Steinheim, Germany or Fluka, Buchs, Switzerland) and only

used with high purity deionized water (Purelab Ultra, ELGA

LabWater, UK). The stock solutions of cations were prepared

from the corresponding chloride salts. The stock solutions of

anions were prepared from the corresponding sodium or

potassium salts. Iron(II) standard solutions were prepared in

10�4 M HCl (Suprapur©, Merck, Darmstadt, Germany).

The whole equipment for the extraction and analyses of the

porewater was set-up at the Neutrino station on the shore of Lake

Baikal in the improvised laboratories on two simple working

desks and connected to the local power supply. Porewater

samples were retrieved from the cores immediately aer arrival

from the sampling site with MicroRhizon lter tube samplers of

2 cm length, 1–1.1 mm diameter and 0.15–0.20 mm pore size

(Rhizosphere Research Products, Wageningen, Netherlands).

They were connected to a 1 ml syringe and inserted horizontally

into the staggered holes of the corer to draw 10 to 30 ml of

porewater from the sediment. The samples were transferred to

1 ml PE centrifuge tubes and immediately injected into the

portable CE instrument for measurement. Blanks (high purity

deionized water collected with MicroRhizon samplers) and

certied multi-element ion chromatography standard solutions

(Fluka, Buchs, Switzerland) were intermittently measured to

ensure a high data quality. The relative standard deviations of

triplicate sample measurements were <5% for each ion.

For the data acquisition TraceDec® C4D detectors (Innova-

tive Sensor Technologies GmbH, Strasshof, Austria) were used

and the signals were recorded with the TraceMon soware

application. The peaks were analyzed using the Chart Soware

(version 5.5.8) from eDAQ (Denistone East NSW 2112, Aus-

tralia). Fused silica capillaries (50 mm i.d., 360 mm o.d., 55 cm

length) (BGB Analytik AG, Böckten, Switzerland) were used for

separation. The capillaries were preconditioned with 1 M NaOH

for 5 minutes, rinsed with high purity deionized water for 5

minutes, preconditioned with 1 M HCl for 5 minutes, rinsed

again with high purity deionized water for 5minutes, and nally

equilibrated with the electrolyte solution for at least 30minutes.

A voltage of 15 kV was applied to the buffer vials. The sample

was injected hydrodynamically by elevating the capillary end

immersed in the sample vial for an injection time of 20 seconds

at 15 cm height for anions and 8 cm for cations. The sampling

and measurement of one sampling point was accomplished in

maximum 15 minutes. Eight cations (NH4
+, K+, Ca2+, Na+, Mg2+,

Mn2+, Fe2+, and Li+) and six anions (Cl�, NO3
�, SO4

2�, NO2
�, F�,

and PO4
3�) were fully detected in less than ten minutes from an

undiluted and immediately injected sample. Data evaluation

and preliminary interpretation were done on the same day and

therefore a maximum of exibility in decision-making for

further coring was provided on-site.

2.3 Additional analyses and procedures

Methane. Samples for CH4 measurements were taken

immediately aer coring on the ice. Sediment sub-cores of 2 cm3

volume were collected by insertion of a plastic syringe that was

cut open at the tip through the pre-drilled holes. The tape

covering the holes was cut open with a knife. The sub-samples

were subsequently transferred into a serum ask containing 2 ml

of 10 M NaOH and sealed with a butyl septum stopper. CH4 was

determined by headspace analyses with an Agilent gas chro-

matograph (Agilent Technologies AG, Basel, Switzerland) equip-

ped with a Supelco Carboxene®-1010 column (Sigma-Aldrich,

Steinheim, Germany), at the Eawag laboratory in Switzerland.

Water content and porosity. The water content was deter-

mined by weight difference before and aer freeze-drying. The

porosity (f) was estimated using an empirical relationship

comprising TOC and water content.5

Solid phase analyses. The extruded sediment samples were

freeze-dried and ground in an agatemortar at Eawag. Fe andMn

were determined aer oxidative digestion (4 ml HNO3 conc. and

1 ml H2O2 in a microwave oven for 30 minutes) with an ICP-MS

(Agilent 7500 series, Agilent Technologies AG, Basel, Switzer-

land). Total carbon (TC) and total sulphur (TS) were determined

by thermic combustion using an element analyzer, Euro EA

3000 (HEKAtech, Wegberg, Germany). Total inorganic carbon

(TIC) was determined using a coulometer (CM5015, UIC, Joliet,

IL 60436, USA) and total organic carbon (TOC) by thermic

combustion using an element analyzer, Euro 3000 (HEKAtech,

Wegberg, Germany).

Lithology and magnetic susceptibility. The cores were cut

longitudinally, photographed and analyzed for detailed

lithology, using smear slides and measurements of magnetic

susceptibility. The magnetic susceptibility was determined

using a Bartington GT-2 surface probe (Bartington Instruments,

Witney, Oxford, OX28 4GE, England) at intervals of 1 cm at cores

that were cut open.17,18

XRF core scanning. A whole core of 35 cm length from site A

was transported to Eawag, split in half along the length and

opened. One half was used for a highly resolved and non-

destructive determination of the Fe and Mn composition

longitudinally using an Avaatech X-Ray Fluorescence (XRF) core

scanner (Avaatech XRF, 1812 PS Alkmaar, Netherlands). The

core was analyzed at 10 kV using steps of 2 and 5 mm,

depending on the visually determined complexity of the sedi-

ment. The qualitative prole of Fe and Mn was subsequently

calibrated according to the values from the ICP-MS analysis.

Microbiology. The other half of the opened core (see XRF

core scanning) was sampled for microbial cell counting

following Zarda et al.19 Samples were taken from 35 different

depths from the 35 cm long core and obtained by sectioning the

core in 0.5 cm intervals with sterile metal disks and transferring

each section into sterile 15 ml polypropylene tubes. Subsamples

of 0.5 g of sediment were xed overnight in 4% para-

formaldehyde in phosphate buffered saline (PBS) at 4 �C. Fixed

samples were washed twice with PBS and stored in 1 : 1

ethanol–PBS at �20 �C until analysis. Samples were stained

with 40,6-diamidino-2-phenylindole (DAPI) and analyzed

following established protocols.19 Stained cells were counted on

24 elds from two independently spotted wells per sample

using a Zeiss Axioscope 2 epiuorescence microscope (Carl

Zeiss AG, Oberkochen, Germany).
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Flux calculations. Areal porewater uxes (Jsed) were deter-

mined from concentration gradients applying Fick's rst law of

diffusion e.g. ref. 20.

Jsed ¼ fDsed

dC

dx

Dsed ¼
D0

fF

Molecular diffusion coefficients (D0) at 4
�C were taken from

Li & Gregory.21 Dsed was calculated using the porosity f and the

formation factor F as suggested by Maerki et al.22

F ¼ 1.02f�1.81

3 Results and discussion
3.1 Formation, transformation, and dissolution of Fe/Mn

layers

The characteristic pattern of black layers of Mn oxides overlying

thin layers of ochre colored Fe oxides in the top few centimeters

of the sediment is widespread in Lake Baikal sediments and the

occurrence of two or more layers is frequently observed.7,8,23 Two

principal types of layers could be distinguished in cores from

sites A and B depicted in Fig. 2 and 3. As demonstrated by Och

et al.,12 the uppermost Fe/Mn enriched layer is commonly

located right below the O2 penetration depth, i.e. the O2–Mn(II)

redox interface, followed by Fe/Mn layers buried in the deeper,

reducing parts of the sediments.

3.1.1 Core description. The data of cores from site A are

given in Fig. 2. Five apparent peaks of particulate Mn are clearly

distinguishable from the background content of 0.1%. While

the uppermost accumulation is minor (Peak # 1), the highest

two are found within a short interval between 5.5 and 8 cm

depths within the Mn-reducing part of the sediment (Peaks # 2

and # 3) and two additional maxima occur at 13 cm and 18.5 cm

(Peaks # 4 and # 5) depths. Accumulations of particulate Fe are

observed at the same sediment depths as the Mn peaks, or

slightly below (Peaks # 1 and # 2). The background concentra-

tion of particulate Fe, predominantly Fe oxides,12 is about 4%.

The porewater Mn(II) concentration increases from below

detection limit underneath the uppermost Mn oxide layer,

peaks around the maximum particulate Mn accumulations and

decreases towards Peak # 4 at around 14 cm depth. Concen-

trations of dissolved Fe(II) are mostly below the measurable

concentration range down to 9 cm depth with an exception at

4.5 cm, where an isolated peak of 7.5 mmol l�1 occurs. Below 9

cm, between two Fe oxide peaks, a steep increase is observed,

culminating to a maximum of 51 mmol l�1 at a depth of 11 cm

before steeply decreasing again down to �15 mmol l�1.

The data of cores from site B are given in Fig. 3. The

particulate Mn content in the top layer was high (2.3%) and

formed a peak (# 1) of up to 3.5% at 2.25 cm depth. Below 3 cm

depth, a sharp decrease to background concentrations of

around 0.1% is observed above a second peak (# 2) of 0.82%

occurring at 10.25 cm depth. Like in core A, background

contents of the particulate Fe were around 4%. Twomajor peaks

were observed, where the rst reached 6.3% right underneath

the upper particulate Mn peak at 2.75 cm depth (Peak # 1), and

the second reached 9.8% at the same depth as the lower

particulate Mn peak (# 2). A slight increase in the Fe content

occurred at a depth of around 14 cm (Peak # 3).

Porewater Mn(II) is rst detected at 1.25 cm sediment depth.

The concentration increases sharply to 41 mmol l�1 at 2 cm

Fig. 2 Core A, its lithology, composition, and the geochemical profiles as discussed in the present study. Fe andMn oxide enrichments discussed
in the text are numbered (#).
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depth and remains relatively constant at 30–48 mmol l�1 for the

remaining part of the analyzed core. Porewater Fe(II) always

increased right below the Fe oxide accumulations. The

concentration varies around a maximum of 7.2 mmol l�1 at

�5.75 cm and a maximum of 53 mmol l�1 at �14.5 cm.

3.1.2 Formation and transformation of the upper Fe/Mn

layer. The observation of similar multiple Fe/Mn layers in the

uppermost �50 cm of the sediments is rather exceptional and

has so far been described not only from equatorial upwelling

systems in the Atlantic and Pacic Oceans e.g. ref. 24 and the

Centrals Arctic Ocean e.g. ref. 25–27, where they have been

linked to climate variability, but also in lacustrine and marine

environments such as in some settings of the Great Lakes28,29

and Loch Lomond in Scotland.30

The low primary productivity5 and efficient deep water mix-

ing31 of Lake Baikal ensure permanently oxygenated bottom

water and an exceptionally high O2 penetration depth.6 There-

fore, all the settling manganese and iron have been trapped

within the sediments since the formation of Lake Baikal, and

reductive dissolution sets in only several centimeters below the

sediment surface. This situation is like that of the Central Arctic

Ocean, which has been a low-productivity and well-ventilated

setting through most of the quaternary, with deep O2 penetra-

tion depths, and trapping of almost all settling Fe/Mn oxides

within the deep basins.32

Due to the low sedimentation rates of 0.4–0.8 mm a�1 in the

south basin12,33 and the high O2 penetration depth, Mn(II) and

Fe(II) from the reductive dissolution of their respective oxides

diffuse upwards from the deeper sediment and are re-oxidized

to Mn(IV) and Fe(III) accumulating as soon as porewaters contain

appreciable O2 concentrations again. The upper Fe/Mn accu-

mulation (Peak # 1 in Fig. 2 and 3) is located at the active redox

interface where upward diffusing Mn(II) is oxidized. Och et al.12

have shown that O2 penetrates the sediment surface down to

the uppermost Mn oxide layer, which is located at 1 cm in core A

and 1.25 cm in core B. In both cores the Fe layer as well as the

peak of dissolved Fe(II) are positioned a few millimeters below

the Mn layer, indicating that dissolved iron is oxidized in

contact with Mn(IV), a fast abiotic reaction.34,35 Thus, reducing

conditions at the lower end of the Fe/Mn layer and oxidizing

conditions on top (which is O2 for Mn(II), and Mn(IV) for Fe(II))

allow for a dynamic adjustment of the solid phase Fe/Mn layer

to the upward-moving redox interface of the accumulating

sediment.

While the concentration proles of particulate Fe and Mn as

well as porewater Mn(II) of our cores are quite comparable with

previous studies of Granina et al.7 and Och et al.,12 the Fe(II)

proles are markedly different, in particular within the upper

oxic interval of the cores. Indeed, the presence of dissolved Fe in

the uppermost oxic sediment layers as reported by Granina

et al.7 (Fig. 5b/d) and Och et al.12 (Fig. 2 and 3) cannot, according

to thermodynamic considerations, be Fe(II). Our measurements

conrm previous arguments that a signicant portion of Fe

measured by ICP-MS aer ltration through a 0.45 mm

membrane and acidication with 5 ml HNO3 can be attributed to

colloidal iron.36 The CE technique applied for porewater anal-

yses in the present study guarantees the specic detection of

dissolved Fe(II) e.g. ref. 37. Fig. 2 and 3 show that reduced Fe(II)

in cores A and B was detected right below the top Mn layers and,

thus, the upper limit of the iron reduction zone can be deter-

mined precisely with this analytical approach.

We expect that porewater proles experience no signicant

inuence from the inter-annual variability of physical parame-

ters in Lake Baikal. First, because sedimentation rates are very

low and predominantly originate from autochthonous deposi-

tion and second, seasonal convective mixing of the water

Fig. 3 Core B, its lithology, composition, and the geochemical profiles as discussed in the present study. Fe andMn oxide enrichments discussed
in the text are numbered (#).
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column does not reach beneath 300 m depth.31,38 There are,

however, diatom blooms which occur every 3 to 5 years in spring

which can inuence porewater proles in shallow sediment

depths over short periods of time.5

3.1.3 Dissolution of buried Fe/Mn layers. Both cores

contain one or more Fe/Mn oxide layers (Peak # 2 in Fig. 2,

Peaks # 2 and 3 in Fig. 3) buried in the reducing sediment, i.e.

below the upper dynamic Fe/Mn oxide layers. Such buried layers

have even been found in the Baikal sediment up to 65 000–

85 000 years old3 and, as is apparent from the porewater proles

of Fe(II), Mn(II), phosphate and other compounds11 dissolve

slowly, thereby providing additional Fe and Mn to younger

sediment layers. The TOC content in Lake Baikal sediments is

rather high throughout the cores (between 1 and 3% in core A

and 1–3.6% in core B), suggesting that the organic carbon is, to

a certain degree, refractory with a diminished electron donor

capacity. This is particularly evident since sedimentation rates

are low, notably around 0.4 mm in this area of the lake,33

meaning that the turbidites below Peak # 5 in core A and Peak #

3 in core B result from 500 and 400 year old events respectively.

The highly variable TOC prole in core A likely results from the

numerous turbiditic depositions and is not directly correlated

with the Fe/Mn oxide enrichments. Nonetheless, substantial

CH4 uxes from the deeper sediment indicate that organic

matter degradation remains an important driving force for early

diagenesis but it is likely that CH4 is the key electron donor in

this system. Thus, considering CH4 as the ultimate electron

donor, we will discuss the sequence of redox reactions starting

from the bottom of the analyzed cores. In each core, CH4 is

predominantly consumed within short intervals close to the

occurrence of buried Fe (and Mn) oxides, e.g. at 16.5 cm depth

in core A and 13 cm depth in core B. CH4 can be oxidized not

only anaerobically (AOM) by sulphate,39,40 but potentially also by

Fe and Mn oxides41 and NO3
�.42 These methane oxidation

processes can thus contribute to the production of reduced

species such as S(�II), Fe(II), Mn(II), and NH4
+.

The Fe(II) released from the deepest layers diffuses to the

overlying Mn(IV) layer and is oxidized, thus releasing Mn(II),35 as

can be seen in Fig. 2 (Peak # 2).

The present data do not allow deciding whether CH4 is

oxidized by sulphate or rather by Fe oxides. While there might

be a clarifying intersection between the CH4 and SO4
2� proles

in core A if the downward trend in SO4
2� concentrations is

extrapolated linearly, indicating AOM by sulphate, we do not see

a signicant effect in the SO4
2� prole of core B. If CH4 was

oxidized by SO4
2�, we would postulate a cryptic sulphur cycle,

where produced S(�II) is recycled to S0 in contact with Fe(III)

oxides.43–45 It has been shown, however, that further oxidation of

S0 by Fe(III) is inefficient as opposed to oxidation by Mn(IV).46–49

Hence, if Fe oxides were directly reduced by CH4, 8 moles Fe2+

must be released for every mole of oxidized CH4:
41

CH4 + 8Fe(OH)3 + 15H+
/ HCO3

� + 8Fe2+ + 21H2O (1)

However, if SO4
2� was reduced by CH4 prior to the reductive

dissolution of Fe oxides by the resulting sulphides, only 2moles of

Fe(II) are generated by the oxidation of 1 mole CH4 according to:

CH4 + SO4
2�

/ HCO3
� + HS� + H2O (2)

2FeOOH + HS� + 5H+
/ 2Fe2+ + S0 + 4H2O (3)

A constant supply of SO4
2� is indicated around the buried

Fe/Mn accumulation in most Lake Baikal surface sediments

(due to a cryptic sulphur cycle12). Hence, the oxidation of S0 is

likely to involve either Mn(IV) oxides47 or other microbial path-

ways, such as through Thioploca spp. or through dis-

proportionating bacteria from sulphur intermediates.49

Considering a pathway involving the oxidation of S0 by Mn(IV)47

the resulting reaction can be summarized as:

CH4 + 2FeOOH + 3MnO2 + 9H+

/ HCO3
� + 2Fe2+ + 3Mn2+ + 7H2O (4)

As the reaction is faster than the diffusion of CH4, only small

amounts of SO4
2� may be required to keep up the transfer of

electrons from CH4 to Fe(III) and may not cause detectable

effects in the SO4
2� concentration prole. In order to test

whether the above considerations make sense stoichiometri-

cally, we performed diffusive ux calculations using porewater

Mn(II), Fe(II) and CH4 proles.

It is more suitable to start with core B as the porewater

proles extend down to greater depth and are more suitable to

illustrate our case. There, the upward methane ux towards

Peak # 3 in Fig. 3 is�15 mmol m�2 a�1. Assuming that the AOM

involving Fe oxides lead to the release of Fe(II) without the

formation of solid phases or consumption by MnO2, we expect

an either eightfold (reaction (1)) or a twofold (reaction (4))

higher ux of Fe(II), i.e. �120 mmol m�2 a�1 Fe(II) or �30 mmol

m�2 a�1 Fe(II). Although the Fe(II) concentrations were very

variable across the core, we can evaluate the ux according to a

more schematic prole characterized as a succession of peaks

with amplitudes increasing with depth. As a result, the disso-

lution rate of Fe oxides at Peak # 3 is at least 20 mmol m�2 a�1.

However, if the interval taken for the calculation of the uxes is

reduced to the immediate vicinity of Peak # 3 (Fig. 3), i.e.

between 13 and 16 cm depths, the dissolution rate of Fe oxides

increases to 50 mmol m�2 a�1. Hence, observed Fe oxide

dissolution rates are between 20 and 50mmol m�2 a�1 and thus

support a pathway where AOM proceeds through the reduction

of sulphate and only indirectly through the reductive dissolu-

tion of Fe oxides. However, although reactive Mn oxides are

present close to Peak # 3, the precise pathways leading to the

formation of SO4
2� are currently not conclusive.

Similarly in core A the CH4 ux towards the Fe oxide Peak

# 4 and/or 4b in Fig. 2 was >25 mmol m�2 a�1 and could

therefore release a maximum of �200 mmol m�2 a�1 Fe(II)

(reaction (1)) or �50 mmol m�2 a�1 (reaction (4)), respectively.

Unfortunately there are not enough porewater data to calculate

meaningful Fe oxide dissolution rates but the presence of such

small Fe oxide accumulations as in Peaks # 4, 4b and 5 would be

highly unlikely if the AOM would directly reduce Fe oxides

rather than sulphate. Hence, we suggest that the pattern in core

A also points toward the oxidation of CH4 by sulphate and

subsequent formation of elemental S by the reduction of Fe(III).
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3.2 Redox discontinuity caused by the Fe/Mn layers

The incidental burials of oxidized layers of Fe and Mn in the

methanogenic sediment introduce zones of slowly reacting

electron acceptors with a large capacity. Thus, the continuous

succession of redox reactions usually observed in sediments

allowing for a steady-state situation between provision of

organic matter at the sediment surface and a subsequent

degradation by the typical cascade of electron acceptors at

depth, as sketched e.g. by Froelich et al.,10 does not hold for Lake

Baikal sediments. The oxidized zones of the slowly reacting Fe/

Mn phases embedded in a reducing environment cause

complex interactions in the vertical diagenetic prole.

Vertical heterogeneity caused by short-term sedimentary

events disrupts steady-state processes and might temporarily

stimulate microbial growth.50–52 The microbial distribution

across core A (Fig. 4) reects the overall heterogenetic character

of Lake Baikal sediments.

Interestingly, peaks in the cell counts coincide with peaks of

Mn(IV) and in particular Fe(III) enrichments, prompting the

conclusion that the biogeochemical cycling of Mn and Fe sha-

ped the microbial communities in the surface sediments of

Lake Baikal. Hence, early assumptions can be made regarding

the dominant microbial pathways involved in the Fe and Mn

cycling: (1) the uppermost 2 cm may harbor Mn oxidizing

(aerobic) microbes while the underlying 2 cm are likely to be

dominated by Fe oxidizing microbial pathways coupled to

organic matter degradation. (2) Although a large cell peak is

observed within the layer of maximum Mn enrichment, the

highest cell counts correlate better with smaller peaks in the Fe

content and therefore might indicate microbial pathways that

reductively dissolve Mn oxide by Fe(II). (3) Below 10 cm, the

microbial abundance is rather low but increases again at the

next buried oxide layer between 23 and 26 cm, possibly

reecting the presence of a microbial community based on

methanotrophy. Further studies into the phylogenetic and

functional composition on the microbial community would be

required to test these hypotheses.

3.2.1 Anaerobic nitrication by Mn oxides. Porewater

nitrate was observed throughout all investigated cores in

concentrations of 10–20 mmol l�1. These concentrations were

higher than in the overlying water (�10 mmol l�1) and could

therefore not be caused by diffusion through the sediment–

water interface but must originate from anaerobic nitrication

in the sediment. Two questions arise in this context: rst, what

is the oxidant that causes nitrication in the anaerobic sedi-

ment, and second, why does NO3
� persist in the porewater and

is it not denitried by the available reductants?

The NH4
+ porewater proles (Fig. 2 and 3) are unsteady in

both sediment cores. In homogeneous sediments, a smooth

increase in the concentration of NH4
+ with depth is usually

observed, as it is the degradation product of amino acids in an

anoxic environment. However, NH4
+ can be re-assimilated into

biomass or sorb onto clay minerals and/or re-oxidized to nitrite

or nitrate during nitrication or anaerobic ammonium oxida-

tion e.g. ref. 53–57.

In core A (see Fig. 2), NH4
+ is already detected at 0.5 cm

depth, followed by a two-step increase, initially to 10–15 mmol

l�1 at 1 cm and, aer a few incidental excursions back to zero, to

�30 mmol l�1 at 6.5 cm. Both steps are delimited by Fe/Mn oxide

layers (Peaks # 1 and 2). A single NH4
+ peak of up to 64 mmol l�1

occurs between Peaks # 3 and 4.

In core B (see Fig. 3), NH4
+ is rst detected at 5.5 cm (between

Peaks # 1 and 2) before concentrations increase to 18 mmol l�1

with zones devoid of NH4
+ between Peaks # 2 and 3. Steady

concentrations of �15 mmol l�1 prevail below 14 cm depth

underneath Peak # 3.

Nitrate and ammonium anomalies were found in several

other studies and sometimes explained as sampling artefacts

due to cell bursting during centrifugation, stress reactions of

the sediment fauna during decompression, and warming of the

Fig. 4 Depth profile of DAPI-stained cells in the sediment (with standard deviation in grey). The core was taken close to the location of core A.
Peaks at 2, 6, 9.5 and 28 cm depth confirm the heterogeneity of the sediment. The peaks coincide clearly with the visible Mn oxide (blackish) and
Fe oxide (reddish) layers from the photograph as well as with the XRF scan reflecting Mn and Fe oxide levels. The top peak at 2 cm corresponds to
the current oxic–anoxic interface.
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sediment core e.g. ref. 58 and 59. We also found discontinuous

NH4
+ porewater proles and the occurrence of NO3

� in anoxic

sediment strata in data from previous eld trips to Lake Baikal

throughout all porewater measurements using various methods

for sampling as well as for analyses (B. Müller, unpublished

data). Furthermore, we observed a close correlation between the

vertical concentration patterns of NO3
� and SO4

2� but not with

Cl� (data not shown). Hence, we exclude a bias in the analytical

determination of anions by CE. So far, it was unclear whether

the exceptional NH4
+ and NO3

� concentration proles repre-

sented the true situation or were caused by unknown bias. The

results of the on-site measurements in this study, designed to

avoid such sampling artefacts, conrmed the previous ndings.

Due to the irregular occurrence of buried oxidized Fe/Mn layers

in the Baikal sediments, the redox sequence is discontinuous,

and we do not have a successively increasing reductive intensity

with depth. The intermittently distributed oxides of Mn(IV) (and

potentially Fe(III)) can act as oxidants for microbially mediated

nitrication, which was observed by Luther et al.,60 Aller et al.,61

as well as Anschutz et al.,62 and investigated by Hulth et al.55 and

Bartlett et al.53 Anomalies of N species in marine sediments

were also observed by several other authors50,58,63 and more

recently also in a lacustrine system.64 The direct oxidation to N2

or the oxidation to NO3
�/NO2

� and subsequent denitrication

are possible. The following equation for anaerobic nitrication

was proposed by Hulth et al.:55

4MnO2 + NH4
+ + 6H+

/ 4Mn2+ + NO3
� + 5H2O (5)

However, there have been difficulties in obtaining conclusive

evidence for the anaerobic oxidation of ammonium by Mn

oxides.65,66 Bartlett et al.53 put forward that sediment perturba-

tions might be a prerequisite for the expression of anaerobic

nitrication (reaction (5)), be it physical or chemical. The

otherwise unusual presence of large amounts of Mn oxides

buried in Lake Baikal sediments is likely to represent such a

case. Similarly, anaerobic nitrication might occur in the

presence of Fe(III)oxides. However, Anschutz et al.50 estimated

that this pathway was feasible only when Fe(II) concentrations

were low and pH relatively high. Hence, the nitrication of NH4
+

by Fe oxides was considered less likely than by Mn oxides. A

close coupling of reaction (5) with the sulphur cycle is sug-

gested, as the proles of NO3
� and SO4

2� oen covary (see Fig. 2

and 3), which could be explained by the biogenic oxidation of

labile sulphides:46

4 MnO2 + 8H+ + FeS(s) / 4Mn2+ + SO4
2� + Fe2+ + 4H2O (6)

The simultaneous oxidation of labile S(�II) (and possibly

S(0)) and NH4
+ with reactive MnO2 particulate surfaces could

explain the correlated pattern of NO3
� and SO4

2� porewater

concentrations. However, the unusually high NO3
� and SO4

2�

concentrations reaching deeply into the sediments deserve

further considerations and we outline possible processes in the

following section.

3.2.2 Nitrate and sulphate anomalies. While the proles of

most species adequately reect the dominant early diagenetic

processes in the surface sediments of Lake Baikal, the detection

of NO3
� and SO4

2� in the methanogenic sediment zones of both

cores represent the most unusual result encountered in the

present study.

In core A (Fig. 2), NO3
� concentrations slightly increase with

depth and exhibit considerable variations, from 8 mmol l�1 at

the sediment water interface to 29 mmol l�1 at depth. SO4
2�

rst

reaches concentrations of up to 104 mmol l�1 at 2.75 cm depth,

which is even higher than in the overlying water (49 mmol l�1)

and then slowly decreases down to 30 mmol l�1.

NO3
� concentrations in core B (Fig. 3) remain within the

same range as in core A with an average of 17 mmol l�1 (16 mmol

l�1 in core A), a minimum of 9 and a maximum of 29 mmol l�1.

The SO4
2� concentrations are up to 90 mmol l�1 within the

uppermost sediment and decrease down to 50 mmol l�1 at a

depth of about 4.5 cm. The concentrations remain generally

above 20 mmol l�1 until the end of the core at 26 cm, but exhibit

a sharp decrease underneath the upper Fe and Mn oxide accu-

mulation (Peak # 1) before aligning with NO3
�. In the previous

chapter we discussed biogeochemical reactions that explained

the occurrence of these oxidized species in a heterogeneous

sediment. However, it is more puzzling how these species could

be preserved in sediment where potential reductants such as

Mn(II), Fe(II), TOC, and CH4 are abundant. However, similar

concentration proles were previously observed in Lake Baikal

sediments67,68 (Müller, unpublished data) as well as in other

lacustrine64 and marine surface sediments.50,63,69

We calculated the thermodynamic equilibrium for the pre-

vailing chemical conditions of the sediment and found that

denitrication by Mn(II) can be ruled out, which is in agreement

with the estimations of Hulth et al.55 Testing Fe(II) as a possible

reductant for NO3
� (ref. 70) revealed that the sediment was

approximately at equilibrium with the prevailing concentra-

tions, pH 6 and a pN2 of 1 atm. TOC, in spite of the high sedi-

ment content, was already ruled out as a signicant reductant

for the buried Fe/Mn layers and, apparently, did not affect NO3
�

concentrations in the porewater during the observed time scale

(sediment depth) either. It seems that the reactivity of the

buried TOC, probably due to its long exposure to oxic condi-

tions, is very low and only slow fermentation at greater depth,

i.e. a longer time scale, eventually leads to the formation of CH4.

Thus, only CH4 remains as an unambiguous potential reductant

for NO3
�, at least in thermodynamic terms. Until the recent

discovery of a microbial consortium71,72 that actually linked

AOM to denitrication42 there was no experimental evidence of

this reaction and the pathway was considered “missing in

nature”. Apparently, these microorganisms develop with a very

slow growth rate only in the total absence of other oxidants.

This may be a reason why this oxidation pathway had never

been observed in lacustrine or marine sediments before, and in

Lake Baikal it would have to occur at lower rates than the

production of nitrate. Considering all the above arguments, we

can thus explain the formation and the persistence of NO3
� in

the sediment porewater. Explaining the presence of SO4
2�,

however, is more challenging.

The possibility of a cryptic sulphur cycle deeper in the

sediment has already been mentioned in Section 3.1.3 but,
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unlike previous studies on Lake Baikal sediment porewaters,12

elevated SO4
2� concentrations are not limited to the intervals

with large Fe and Mn oxide enrichments and other microbial

pathways should also be considered. Several authors reported

the presence of vertically migrating facultative chemoautotro-

phic sulphide-oxidizing bacteria, Thioploca spp. in marine73–75

and lacustrine environments76–78 and in Lake Baikal.68,79,80 They

are phylogenetically similar to Beggiatoa spp. and are able to

pump NO3
� from the bottom water into the sediment. NO3

� is

accumulated intracellularly to concentrations up to four orders

of magnitude higher than bottom-water concentrations.73

Within their sheaths they can vertically glide down over 15 cm

and reduce NO3
� to NH4

+ and NO2
�, concomitant with the

oxidation of S(�II), which provides perfect conditions for

anammox bacteria too.81 Interestingly, Zemskaya et al.68 found

increased SO4
2� (up to 800 mmol l�1) and NO3

� (20–500 mmol

l�1) concentrations in some Thioploca habitats in Lake Baikal

sediments. Although we did not nd any visual evidence of

Thioploca laments in our cores, their potential existence

cannot currently be excluded. To obtain further information on

the presence of Thioploca spp. or Beggiatoa spp., we plan to

extract the DNA from Lake Baikal sediments and analyze the

microbial community composition in a next step.

3.3 Burial of the Fe/Mn layers

Vertical proles of element contents and porewater uxes in the

sediments allow conclusions on the biogeochemical processes

controlling the formation and transformation of Fe/Mn layers

right below the O2–Mn(II) redox interface and the gradual

dissolution of buried layers in the reducing (methanogenic)

sediment. However, the critical incident required to bury a Fe/

Mn layer in the sediment cannot, at present, be investigated by

measurements. Four scenarios affecting the position of the O2–

Mn(II) redox interface may be anticipated:

� Changes in the mass accumulation rate of organic matter:

an increase of the settling organic matter would increase the

sediment oxygen consumption and thus O2 penetration depth.

� Decreasing bottom water O2 concentration due to

restrained water columnmixing would decrease O2 penetration.

� A growing Fe/Mn layer could at some point constrain the

diffusion of dissolved compounds.

� The increasing sedimentation rate would enlarge the

diffusive pathway and separate the O2–Mn(II) interface.

The rst two processes might result from climatic variations

over the last 1000 years e.g. ref. 82, but it is difficult to infer that

from the geochemical proles alone. The third process is

unlikely as the diffusivity across the Fe/Mn oxide accumulations

is only marginally slower considering the range of calculated

porosities in the present study. However, the last process could

be conrmed from the lithology of core A, which incidentally

shows the occurrence of a turbidite layer of 3 cm magnitude

about 0.5 cm right above a Fe/Mn layer (Fig. 5).

Sediment slides, however, are not a frequent cause for the

detachment of Fe/Mn layers and we have never observed them

above buried Fe/Mn oxide enrichments in other sediment cores

from Lake Baikal. To date, none of the other processes

suggested above could be evidenced with sediment analyses.

Currently, we apply a diagenetic computer model to estimate

the constraining variables for the formation, detachment and

dissolution of Fe/Mn layers (Och et al., in preparation).

4 Conclusions

One of the unique features in the Lake Baikal sediments is the

redox heterogeneity introduced by the temporally irregular

detachment of oxidized layers of Mn and Fe. The occurrence of

the resulting sediment structures is rare in such clear patterns,

thus allowing the investigation of distinct diagenetic processes

and rates. These are mirrored in the porewater samples where

the investigation requires advanced analytical equipment to

meet the demands of fast sampling, of small volumes, and on-

site treatment and analyses.

The application of Rhizon porewater samplers in combina-

tion with portable CE instruments with a contact-free detector

cell proved to be ideal and reliable for eldwork even when local

working conditions were challenging. Using the resulting

porewater data we were able to explain the geochemical reac-

tions leading to the formation and reductive dissolution of Fe/

Mn layers and discuss the consequences of diagenetic processes

that cause non-steady-state sediment patterns. Concerns about

the quality of earlier data from samples of NH4
+, NO3

� and

SO4
2�, that were hypothesized to change during sampling in

Siberia, transportation to and analyses in Switzerland, have

been dispelled. Further investigations will be required to fully

understand the causes of the presence of SO4
2� in the meth-

anogenic porewater.
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Biol. Biochem., 2005, 37, 2323–2328.

55 S. Hulth, R. C. Aller and F. Gilbert, Geochim. Cosmochim.

Acta, 1999, 63, 49–66.

56 J. E.Mackin andR. C. Aller, Limnol. Oceanogr., 1984, 29, 250–257.

57 B. Thamdrup and T. Dalsgaard, inMicrob. Ecol. Oceans, John

Wiley & Sons, Inc., 2008, pp. 527–568, DOI: 10.1002/

9780470281840.ch14.

58 D. E. Hammond, J. McManus, W. M. Berelson, T. E. Kilgore

and R. H. Pope, Deep Sea Res., Part II, 1996, 43, 1365–1412.

59 W. B. Homoky, D. J. Hembury, L. E. Hepburn, R. A. Mills,

P. J. Statham, G. R. Fones and M. R. Palmer, Geochim.

Cosmochim. Acta, 2011, 75, 5032–5048.

60 G. W. I. Luther, B. Sundby, B. L. Lewis, P. J. Brendel and

N. Silverberg, Geochim. Cosmochim. Acta, 1997, 61, 4043–4052.

61 R. C. Aller, P. O. J. Hall, P. D. Rude and J. Y. Aller, Deep Sea

Res., Part I, 1998, 45, 133–165.

62 P. Anschutz, K. Dedieu, F. Desmazes and G. Chaillou, Chem.

Geol., 2005, 218, 265–279.

63 C. Hyacinthe, P. Anschutz, P. Carbonel, J. M. Jouanneau and

F. J. Jorissen, Mar. Geol., 2001, 177, 111–128.

64 J. Tapia and S. Audry, Appl. Geochem., 2013, 31, 60–78.

65 R. Bartlett, R. J. G. Mortimer and K. M. Morris, Cont. Shelf

Res., 2007, 27, 1501–1509.

66 B. Thamdrup and T. Dalsgaard, Geochim. Cosmochim. Acta,

2000, 64, 4157–4164.

67 T. V. Pogodaeva, T. I. Zemskaya, L. P. Golobokova,

O. M. Khlystov, H. Minami and H. Sakagami, Russ. Geol.

Geophys., 2007, 48, 886–900.

68 T. I. Zemskaya, S. M. Chernitsyna, N. M. Dul'tseva,

V. N. Sergeeva, T. V. Pogodaeva and B. B. Namsaraev,

Microbiology, 2009, 78, 117–124.

69 N. S. Suits and M. A. Arthur, Deep Sea Res., Part I, 2000, 47,

1829–1853.

70 J. Sørensen, Geomicrobiol. J., 1987, 5, 401–421.

71 K. F. Ettwig, M. K. Butler, D. Le Paslier, E. Pelletier,

S. Mangenot, M. M. M. Kuypers, F. Schreiber, B. E. Dutilh,

J. Zedelius, D. de Beer, J. Gloerich, H. J. C. T. Wessels,

T. van Alen, F. Luesken, M. L. Wu, K. T. van de Pas-

Schoonen, H. J. M. Op den Camp, E. M. Janssen-Megens,

K.-J. Francoijs, H. Stunnenberg, J. Weissenbach,

M. S. M. Jetten and M. Strous, Nature, 2010, 464,

543–548.

72 K. F. Ettwig, S. Shima, K. T. Van De Pas-Schoonen, J. Kahnt,

M. H. Medema, H. J. M. Op Den Camp, M. S. M. Jetten and

M. Strous, Environ. Microbiol., 2008, 10, 3164–3173.

73 H. Fossing, V. A. Gallardo, B. B. Jorgensen, M. Huttel,

L. P. Nielsen, H. Schulz, D. E. Caneld, S. Forster,

R. N. Glud, J. K. Gundersen, J. Kuver, N. B. Ramsing,

A. Teske, B. Thamdrup and O. Ulloa, Nature, 1995, 374,

713–715.

74 B. B. Jørgensen and V. A. Gallardo, FEMS Microbiol. Ecol.,

1999, 28, 301–313.

75 B. Thamdrup and D. E. Caneld, Limnol. Oceanogr., 1996, 41,

1629–1650.

76 R. Dermott and M. Legner, J. Great Lakes Res., 2002, 28, 688–

697.

77 R. Lauterborn, Ber. Dtsch. Bot. Ges., 1907, 25, 238–242.

78 M. Nishino, M. Fukui and T. Nakajima, Water Res., 1998, 32,

953–957.

79 N. M. Dul'tseva, S. M. Chernitsina and T. I. Zemskaya,

Microbiology, 2012, 81, 67–78.

80 B. B. Namsaraev, L. E. Dulov, G. A. Dubinina, T. I. Zemskaya,

L. Z. Granina and E. V. Karabanov, Microbiology, 1994, 163,

193–197.

81 M. G. Prokopenko, M. B. Hirst, L. De Brabandere,

D. J. P. Lawrence, W. M. Berelson, J. Granger, B. X. Chang,

S. Dawson, E. J. Crane Iii, L. Chong, B. Thamdrup,

A. Townsend-Small and D. M. Sigman, Nature, 2013, 500,

194–198.

82 A. W. Mackay, D. B. Ryves, R. W. Battarbee, R. J. Flower,

D. Jewson, P. Rioual and M. Sturm, Global Planet. Change,

2005, 46, 281–297.

This journal is © The Royal Society of Chemistry 2014 Environ. Sci.: Processes Impacts, 2014, 16, 879–889 | 889

Paper Environmental Science: Processes & Impacts

42



 

2.3 A new method to quantify bioavailable elements and 
mobile ATP on rock surfaces and lichens 

 

Submitted to Chemical Geology  

 

43



 1 

 A new method to quantify bioavailable elements 

and mobile ATP on rock surfaces and lichens 

Natascha T. Torres
ab

, Thomas Chwalek
ac

, Helen Droz-Georget
c
, Beat Müller

a
, Helmut Brandl

d
, 

Peter C. Hauser
b
 and Gerhard Furrer

c
* 

a Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-6047 Kastanienbaum, 

Switzerland 

b
 Department of Chemistry, University of Basel, CH-4056 Basel, Switzerland 

c
 Institute of Biogeochemistry and Pollution Dynamics, ETH Zurich, CH-8092 Zürich, 

Switzerland 

d 
Institute of Evolutionary Biology and Environmental Studies, University of Zürich, CH-8057 

Zurich, Switzerland 

* Gerhard Furrer; Phone: +41 44 633 60 09; email: gerhard.furrer@env.ethz.ch 

 

KEYWORDS. adenosine triphosphate, capillary electrophoresis, granite, lichen, Rhizocarpon 

geographicum 

44



 2

ABSTRACT 1 

 The quantification of mobile ions on rock surfaces is essential for the investigation of mineral 2 

weathering. A need for such measurements arises from the study of initial soil formation in 3 

pioneering environments, the biogeochemical weathering of monuments and buildings, and the 4 

chemical reactivity of minerals in general. In the case of mineral surfaces covered by lichens, the 5 

quantification of adenosine triphosphate (ATP) reveals an indication of the vitality of the 6 

organisms. To date, non-destructive investigations of rock surfaces and growth of biofilms have 7 

generally been limited to visual techniques. We evaluated a new technique for the analysis of 8 

readily available ions and ATP. For this, a single drop of pure water is spread on bare mineral 9 

surfaces or rock-based crustose lichens. The solution is recollected and analyzed for dissolved 10 

ions and ATP using a portable capillary electrophoresis instrument and a luminometer, 11 

respectively. By application of the method, we show the natural heterogeneity of available ions 12 

on freshly broken granite surfaces and the effects of subsequent wetting, freezing and thawing. In 13 

addition, the influence of humidity and age of crustose lichens is demonstrated by ion and ATP 14 

analysis. 15 

1 INTRODUCTION 16 

Rock surfaces are habitats for microbes and primary sources of nutrients. The non-destructive 17 

investigation of these surfaces and their degradation has been limited to visual techniques. In 18 

water-unsaturated conditions, the reactivity of accessible minerals controls the rate of weathering 19 

and therefore the rate of initial soil formation and development of soil fertility 
1
. This is a 20 

prerequisite for the prosperity of life and can influence global climate 2.  21 
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To date, the mobilized ions on rock surfaces have been analyzed only indirectly, i.e. via the 22 

measurement of the infiltrate 
3
 or by the weight loss of the rock 

4
. The heterogeneity of rock 23 

surfaces becomes particularly pronounced on the microscale, the scale of migroorganisms. 24 

Weathering processes and the microbial colonization develop at particularly vulnerable sites, 25 

such as fissures, grain boundaries, as well as kinks and steps within single minerals 5. The 26 

weathering age of rocks has often been determined by lichens, due to their slow growth and 27 

longevity 
6
. Nevertheless, metabolic processes can hardly be studied, since the cultivation and 28 

separation of crustose lichens is fraught with difficulties 
7
. The concentration of adenosine 29 

triphosphate (ATP) indicates the viability of the lichens 
8
 
and citations therein

, but the analysis has been 30 

limited to lichens that can easily be separated from the substrate 
e.g.9-11

. 31 

The present work introduces a new and non-destructive sampling method for the measurement 32 

of readily available ions and mobile ATP from rock surfaces that are either bare or covered by 33 

lichens. The method (DoR, “Drop-on-Rock”) is based on the analysis of a drop of pure water 34 

spread onto and recollected from the rock surface to be investigated. Dissolved ions and ATP are 35 

analyzed by a capillary electrophoresis (CE) instrument and a luminometer, respectively. Both 36 

instruments are portable and can deal with sample volumes as low as 25 µL. 37 

We applied the DoR method to freshly broken and pre-weathered granite surfaces, as well as to 38 

rock surfaces covered by map lichen (Rhizocarpon geographicum). In particular, we evaluated (i) 39 

the macroscopic surface heterogeneity of bare granite surfaces with respect to readily available 40 

cations and (ii) the effect of wetting and freezing. In addition, (iii) we analyzed the readily 41 

available ions and mobile ATP on lichens. For this purpose, lichen-covered granite surfaces were 42 

investigated with respect to their age (size) and to humidity.  43 
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2 EXPERIMENTAL  44 

2.1 Granite samples 45 

All experiments were conducted with granite specimens. Fist-sized samples were collected along 46 

the glacier chronosequence of the Damma glacier forefield (Central Alps, Switzerland) from 2012 47 

to 2014. Samples for the lichen experiments were collected in October 2013 and June 2014 using 48 

sterile gloves and immediately packed in sterile plastic bags for transportation to the laboratory. 49 

From each sampling site, the lichens with the largest diameter were preferred, as they represented 50 

the earliest colonization. The investigated granite was composed mainly of plagioclase, quartz, 51 

microcline, muscovite, biotite, epidote. Accessory minerals were chlorite, apatite, and magnetite 52 

12-14
. The granite was formed 300 million years ago, metamorphosed under greenschist conditions 53 

and belongs to the Aar massif 15, 16. 54 

To obtain pairs of freshly broken and unweathered rock surfaces, the granite samples for the 55 

wetting and freezing experiments were cut to ~ 100 cm
3
 uniform cuboids or fist-sized chunks 56 

using a water-cooled diamond saw. Afterwards, the samples were incised to a depth of 1 cm with 57 

the diamond saw, cleaned with pure water, and split with a chisel and a hammer to produce a pair 58 

of mirror-imaged specimens. All samples were stored in a clean bench with a high efficiency 59 

particulate air filter (HEPA) to avoid contamination. All freshly broken rock surfaces were 60 

photographed to document the sampling points. 61 

2.2 Wetting and freezing-thawing experiments 62 

The granite samples were placed in plastic boxes filled with pure water up to 1 cm below the 63 

freshly broken surface for the duration of six hours. Care was taken not to submerge the surface 64 

to be sampled in water to avoid the removal of readily available ions. The assembly was placed in 65 

a desiccator (without drying agent) and a vacuum applied causing the pore spaces of the granite 66 
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sample to fill with water, thus humidifying the granites completely. The water-saturated granite 67 

specimen were either stored in the clean bench for drying or frozen at -20 °C for 24 hours. For 68 

thawing, the granite samples were placed back into the clean bench at room temperature for 69 

another 24 hours. As soon as the granite specimens were visibly dry the next DoR sampling was 70 

carried out.  The same spots were sampled before and after wetting and freezing.  71 

2.3 Field exposure experiments on Mount Pilatus 72 

Freshly broken granite surfaces (6 pairs of mirror-faced samples) were exposed on three field 73 

locations within an altitude transect on the northern slope of Mount Pilatus, Central Switzerland. 74 

The lowest location (1007 m a.s.l.) was in a fen characterized by low-grown vegetation. The 75 

intermediate location (1445 m a.s.l.) was in a forest glade and the topmost location was above the 76 

timberline on the roof of the hotel building on top of Mount Pilatus (2075 m a.s.l.) (Figure 1, 77 

left). At all sites, humidity and temperature were recorded with a sensor (Hioki LR5001, Nagano, 78 

Japan). Additional climate data were provided by the Federal Office of Meteorology and 79 

Climatology (IDAWEB 1.1.21© MeteoSwiss). For the study of the influence of atmospheric 80 

deposition both halves of the fist-sized granite chunks were mounted side by side. One half of 81 

each pair was positioned facing downwards, while the corresponding half was placed facing 82 

upwards in open plastic containers (17 x 25 cm) with holes drilled for drainage. Inside the 83 

containers the rock samples were suspended with the help of a grid made from cable ties 84 

(Figure 1, right). The plastic containers exposed below the timberline were mounted 40 cm above 85 

ground to avoid soil contamination. DoR samples were taken on site from 2012 to 2014 once 86 

each summer. 87 
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2.4 DoR sampling on lichens and ATP analysis 88 

Lichen-covered granite samples from 2013 were stored in plastic bags at 5 °C, while those from 89 

2014 were placed on the roof of the institute but sheltered to avoid atmospheric deposition. The 90 

humidity experiments were conducted with samples from 2013, all other experiments with 91 

samples from 2014. 92 

Before sampling, all rocks collected in 2014 were conditioned in a self-built humidifier system 93 

(plastic box of 16 x 39 x 68 cm, containing an automatic humidifier from Le Veil, Spokane, WA, 94 

USA) for 0.5 hours with 80% humidity. Note, DoR sampling on lichens was carried out without 95 

the ring of rubber foam as the surface of lichens is hydrophobic the drop remained confined. The 96 

age of the lichens was derived from their diameter assuming an annual growth rate of 0.5 mm
 17, 

97 

18
. ATP analysis was performed with the BacTiter-Glo Microbial Cell Viability Assay and the 98 

GloMax® 20/20 luminometer (Promega, Dübendorf, Switzerland). The ATP for the stock 99 

solution was from Thermo Scientific (Waltham, MA, USA). In deviation from the standard 100 

procedure given in the manual of the instrument the assay kit was equilibrated at room 101 

temperature and 10 mL of the substrate added to the buffer to prepare the reagent. The reagent 102 

(30 µL) was then pipetted into sterile reaction tubes (Greiner Bio One, Frickenhausen, Germany) 103 

and stored at -20 °C for further use. Samples and reagents were warmed up to 25 °C for 104 

2 minutes. For the actual measurement, 30 µL of the sample was added to the reagent solution 105 

and incubated at 25 °C for 20 seconds.  106 

2.5 Ion analysis with capillary electrophoresis 107 

The analysis of ions was performed with a portable CE instrument with capacitively coupled 108 

contactless conductivity detection (C
4
D) 

19, 20
. The equipment can deal with ~25 µL of sample 109 

and is suitable for field applications 21. The detailed measurement protocol is described in Torres 110 

et al. 22 In short, the background electrolyte solution consisted of 11 mmol/L L-histidine, 111 
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50 mmol/L acetic acid, and 1.5 mmol/L 18-crown-6. Reagents for the stock solutions were 112 

provided by Fluka or Sigma-Aldrich (Buchs, Switzerland; Steinheim, Germany). Pure water for 113 

the preparation of the solutions and for the DoR sampling was from Merck (Zug, Switzerland). 114 

Vials and pipette tips were cleaned with 0.1 molar acetic acid and pure water, and air dried in a 115 

HEPA clean bench. A fused silica capillary (50 µm i.d., 360 µm o.d., 55 cm length) (BGB 116 

Analytic AG, Böckten, Switzerland) was used for the separation of ions under application of a 117 

voltage of 15 kV. For the simultaneous analysis of anions and cations, we injected the sample on 118 

two different CE instruments (identical set-ups, but different polarities) for 20 seconds 119 

hydrodynamically with 15 cm height for anions and 8 cm height for cations. The TraceDec® C
4
D 120 

detector (Innovative Sensor Technologies, Strasshof, Austria) and the eDAQ Chart software 121 

(version 5.5.8, Denistone East NSW 2112, Australia) were employed for data acquisition. The 122 

statistical significance of the data was evaluated with the Student’s t-test in R (GNU statistical 123 

software). 124 

2.6 Scanning electron microscopy (SEM) 125 

Scanning electron microscopy (Nova NanoSEM 230 FEI) with a gaseous analytical detector 126 

(GAD) was used for the visualization of the surface topography of the granite samples before and 127 

after freezing and thawing. To avoid alteration of the rock surfaces, the samples were not coated 128 

and a low vacuum mode was chosen (0.7 mbar). The spot size was set to 3.5, and beam current to 129 

15 kV. The rock surfaces were marked with three dots (~0.25 mm) of colloidal silver paste 130 

(Electron Microscopy Sciences, Hatfield, USA) as anchor points of a coordinate system.  131 
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132 
Figure 1. Experimental setting of exposed rock samples located at the hotel on top of Mount 133 

Pilatus (Central Switzerland). On the right, a pair of freshly broken mirror-faced granite surfaces 134 

is visible in the box. One surface was facing upwards (back) and the other was facing downwards 135 

(front) to determine the influence of atmospheric deposition. A humidity and temperature sensor 136 

was mounted in front of the box. 137 

3 RESULTS AND DISCUSSION 138 

3.1 The drop-on-rock method 139 

The extraction of readily available ions in a small volume (50 µL) of water from bare rock 140 

surfaces required its confinement in a defined area. We used a ring made of rubber foam (ear 141 

plugs) of clinical quality (Ohropax, Wehrheim, Germany) with an inner diameter of 8 mm. The 142 

rubber foam proofed to be chemically inert to the species of interest and allowed easy handling 143 

without leaking. While pipetting, the rubber ring was pressed onto the rock surface using a plastic 144 
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ring as shown in Figure 2 (left). The contact time between the rock and the drop was set as short 145 

as possible (~1 s) as otherwise the water drop would be absorbed by the pores of the granite 146 

samples. The procedure was repeated two times for each sample spot with the same drop of water 147 

to guarantee a sufficient mixing. Finally, the remaining solution (~30 µL) was transferred to a 148 

100 µL plastic vial or a sterile 2 mL reaction tube (Greiner Bio One, Frickenhausen, Germany) 149 

for the ion or ATP analysis, respectively.  150 

Various eluents were tested to assure that only readily available ions were extracted but not 151 

ions released from the crystal lattice by hydrolysis. The differences in ion concentrations 152 

removed from the surface with a drop of pure H2O, 1 mmol/L HCl, or 1 mmol/L oxalic acid were 153 

statistically not significant. Hence, we conclude that the contact time of a few seconds was short 154 

enough to avoid hydrolysis. Repeated sampling of one spot resulted in decreasing concentrations 155 

of ions removed from the surface. This behavior suggested that the surface was increasingly 156 

exhausted of readily available compounds as a result of stepwise elution.  157 

The portable CE instrument allowed the ion analysis of tiny sample volumes (~25 µL) within 158 

10 minutes with detection limits in the sub-micromolar range 
22

. The quality of the sampling 159 

water was critical for low detection limits. For the analysis of mobile ATP with the luminometer 160 

we achieved standard deviations of < 10% for concentrations of ≤ 5 nmol/L, and < 5% for 161 

concentrations of ≤ 10 nmol/L from triplicate measurements. Relative standard coefficients for 162 

five point calibration curves were ≥ 99%. 163 
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164 
Figure 2. Left: Applying the DoR method on a freshly broken rock surface with the confining 165 

rubber foam ring (yellow) pressed on by a plastic ring (colorless, opaque). Right: Applying the 166 

DoR method on R. geographicum growing on a granite specimen. Note that the drop at the 167 

pipette tip remains intact due to the hydrophobic nature of the surface of the lichen. 168 

3.2 Ion availability from freshly broken and water-treated granite 169 

surfaces 170 

The release of ions from a rock surface is expected to depend on its mineral composition, the 171 

orientation of the minerals in relation to the rock’s surface, and its weathering state 
e.g. 23

. 172 

Therefore, ion availability was tested at selected spots on the rock surface at areas dominated by 173 

either quartz or biotite minerals. Measurements were made first on the untreated surface after 174 

break-up and repeated after wetting and drying of the rock. The photo in Figure 3 shows one face 175 

of a cuboid granite specimen with the investigated DoR sampling spots. Initial measurements on 176 

untreated surfaces did not display any significant difference between locations dominated by 177 

either quartz or biotite. While quartz is prone to be most resistant with regard to weathering, e.g. 178 
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biotite (Spots # 1 and 3, Figure 3) and feldspar contain ions that can easily be removed from the 179 

crystal lattice by hydrolysis. Results indicated that no dissolution of surface minerals occurred on 180 

freshly broken surfaces. However, granite surfaces that had been subjected to six hours of 181 

wetting, followed by drying, before sampling showed that all ion concentrations significantly 182 

increased. Concentrations were highest on spots dominated by biotite minerals (# 3, 1) and 183 

decreased with increasing proportions of quartz (in the sequence of # 4, 2, 5). The results were 184 

confirmed with replicate tests on three different granite surfaces (data not shown). 185 

In conclusion, wetting caused a correlation between the concentrations of the released ions and 186 

the weatherability of the sampled spots.  187 

 188 

Figure 3. Freshly broken surface of a granite cuboid exhibiting a typical mineral distribution. 189 

Dashed circles highlight the areas sampled with the DoR method. Pie charts represent the cation 190 

concentrations on the sampled spots. Calcium concentrations (µmol/L) are indicated in the blue 191 

parts of the pie charts. 192 

3.3 Ion availability from frozen and thawed granite surfaces 193 

To investigate the impact of physical stress several pairs of mirror-imaged granite specimens 194 

were treated by freezing and thawing. Figure 4 shows a surface of a granite specimen with the 195 
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investigated DoR sampling spots (top) and the sodium concentrations in the DoR samples before 196 

and after several freeze-thaw cycles (bottom). Regardless the increasing number of freeze-thaw 197 

cycles the concentrations did not show any trend. The scatter of data along the number of freeze-198 

thaw cycles were probably caused by slight deviations of the sampled surface area in the course 199 

of the experimental campaign. As seen already in section 3.2, the DoR samples from spots 200 

dominated by feldspar or biotite (# 1, 2, and 3) generally released higher sodium concentrations 201 

than other spots.  202 

 203 

Figure 4. Sodium concentrations obtained from sampling spots 1 - 6 after various cycles of 204 

freezing and thawing (0, 4, 8, 12, 16, 24). Sampling Spot # 1 was characterized by a high content 205 

of feldspar minerals, while 2 and 4 contained more biotite. Spots # 3, 5 and 6 were dominated by 206 

quartz. 207 

In addition, we compared a pair of mirror-imaged granite specimens, one only wetted, and the 208 

other also frozen and thawed. The surfaces of both halves released more ions than before 209 

treatment - surprisingly at comparable concentrations. To examine the possibility of surface 210 

generation through freezing, the same 300 µm x 300 µm surface area before and after freezing 211 
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and thawing was imaged by SEM (Figure 5). As a consequence of frost action, pronounced 212 

surface break-down and rearrangement of particles were observed. However, the expected 213 

increase of instantly available cations was not confirmed by the CE measurements. Thus, the 214 

mobilization of cations from the granite surface appears to be promoted mainly by wetting rather 215 

than by subsequent freezing and thawing. 216 

217 
Figure 5. SEM pictures of feldspar minerals on a granite surface before (left) and after (right, 218 

slightly distorted with respect to the left image) freezing and thawing. The yellow circles 219 

highlight altered locations, where material was quarried out or rearranged. (An animation of 220 

surface changes due to freezing are provided in the supplementary information). 221 

Again, surface spots dominated by phyllosilicates showed the highest concentrations of 222 

instantly available cations after wetting. Frost action did not increase the availability of ions in 223 

our experiments. Hence, the creation of new reactive surfaces relevant for the instant availability 224 

of cations appears to depend on the scale. Additional alterations on the micrometer scale through 225 

freezing and thawing are probably not relevant for increasing the release of ions during the very 226 

beginning of exposure. To verify these laboratory results we exposed granite samples to alpine 227 

field conditions (section 3.4). 228 
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3.4 Ion availability from rocks exposed to an alpine environment 229 

We investigated the influence of atmospheric deposition and altitude-dependent climate on the 230 

surface-specific availability of nutrients in an alpine environment. Fresh granite surfaces were 231 

exposed on the northern slope and on top of Mount Pilatus from 2012 to 2014. On the mountain 232 

top, the temperature ranged from -25 °C to +55 °C. In contrast, the temperature at the lowest 233 

exposure site that was surrounded by shrub-sized vegetation, varied only between -5 °C and +22 234 

°C. Among the approximately 200 DoR samples, no significant differences were found between 235 

the different altitudes. This applied also to the comparison between granite surfaces that were 236 

facing upwards or downwards.  237 

At all three altitudes, the concentrations of phosphate, nitrate and sulfate were mostly below 238 

detection limits according to Torres et al. 
22

. However, less than 10 % of the DoR samples 239 

collected on the upwards oriented granite surfaces showed concentrations of phosphate, nitrate 240 

and sulfate in the order of 1-40, 0.5-10, and 0.5-5 µmol/L, respectively. Annual rates of 241 

atmospheric deposition were several orders of magnitude higher 24. Thus, we conclude that bare 242 

granite surfaces did not accumulate atmospheric deposition, and therefore the DoR samples 243 

include the recently deposited material only. This can be seen also in the comparison of the three 244 

years of exposure, i.e. the highest ion concentrations were observed during the driest summer 245 

(2013).  246 

In conclusion, the contribution of atmospheric deposition is of limited residence time, if at all. 247 

For the given time-span, extrinsic factors such as frost, wind and radiation did not enhance the 248 

reactivity of the granite surface. These findings are in agreement with the freeze-thaw 249 

experiments (previous chapter). Despite the resistance of granite with respect to extrinsic factors, 250 

concentrations of instantly available ions can be significantly increased after the first contact with 251 

water - especially on spots with minerals prone to weathering. 252 
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3.5 ATP and cation availability from lichen surfaces 253 

The lichen R. geographicum is one of the first colonizers of freshly exposed rocks. Within the 254 

same locality under identical climatic conditions the lichens’ diameter is seen to represent their 255 

relative age 
6
. Although, R. geographicum is widely used for geochronology, the study of 256 

crustose lichens is challenging as they grow very slowly and cannot be seperated easily from the 257 

substrate 7. Although, ATP represents the vitality of the lichen 9, the analysis of ATP has not been 258 

applied yet to crustose lichen. 259 

Using the DoR method we analyzed in parallel the concentrations of ions and mobile ATP as a 260 

factor of humidity and age (size). As shown in Figure 6 (left panel), initial experiments revealed 261 

that the mobile ATP on a lichen surface was highly dependent on ambient humidity. Mobile ATP 262 

was significantly higher when lichens were conditioned with moisture in comparison to 263 

unconditioned lichens. Thus, the production of ATP was reduced if the relative humidity was not 264 

optimal. Lichens are able to constrain their metabolism to protect themselves from desiccation 18. 265 

To study the necessary time span of humidification for optimal metabolic rates, we analyzed the 266 

ATP concentrations of three individuals as a function of their exposure time (0.5, 2, and 13 hours) 267 

to a constant ambient humidity of 80%. The data shown in Figure 6 (right) reveal that ATP did 268 

not increase further after the first half hour of humidification.  269 

 270 
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Figure 6. Left: Immediately mobile ATP on dry and humid lichens. Right: Effect of 271 

humidification time (80% humidity) on ATP availability after 0.5 h (white), 2 h (light grey) and 272 

13 h (dark grey). The data represent single measurements. 273 

Furthermore, we investigated the relationship of the lichens’ size and mobile ATP to estimate 274 

the dependence of vitality on age. ATP concentrations measured from R. geographicum 275 

individuals of 0.5 to 3.9 cm in diameter (10 to 80 years old) indicate a parabolic trend (Figure 7). 276 

Our findings are in accordance with previous observations of Armstrong and Bradwell 
7, 25

. Their 277 

data on radial growth rates of 3 to 50 years old lichens showed also a parabolic trend. Therefore, 278 

they concluded that growth accelerates after colonization and decelerates as lichens become 279 

older. It is assumed that cell degradation in the senescent phase may slow down growth 
26

. This 280 

could also explain the decline in ATP concentration in our study. It must be stated, however, that 281 

differences in ATP availability from the older part (center) in comparison to the younger part 282 

(corona) of R. geographicum were not statistically significant. 283 

The analysis of potassium
 
in the same DoR samples revealed a similar parabolic trend as 284 

observed from ATP. However, the other prominent cations, i.e. sodium, calcium and magnesium 285 

did not show any trend as a function of size. Potassium is an important nutrient for the lichen’s 286 

algae and can be mobilized by lichens from biotite  
27,28

. To date it is not clear if a limited supply 287 

of K+ for the algae cell is corresponding to cell degradation. The DoR method may be a useful 288 

tool to study such metabolic interactions. 289 
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 290 

Figure 7. The dependence of mobile ATP (black dots) and readily available K
+
 (red crosses) on 291 

thallus size of R. geographicum. Data points are representing mean values of four DoR samples. 292 

Curves show best fit (the outlier of 14 nmol/L ATP was omitted for the fitting).  293 

In conclusion, the DoR method proved to be applicable for the investigation of rock surfaces 294 

for their readily available ions and mobile ATP. This opens a new experimental access to surface 295 

processes. The sampling procedure is simple, non-destructive and therefore also ideal for on-site 296 

studies, especially in remote areas or on samples that cannot be removed, e.g. buildings, 297 

monuments or large boulders. The analysis with the portable capillary electrophoresis instrument 298 

and the luminometer is reliable, inexpensive and suitable for fieldwork. A promising future 299 

application might be the investigation of microorganisms in interaction with their chemical 300 

environment, e.g. by identifying the enrichment of elements on surfaces. As a follow-up to this 301 

study, the initial weathering of further rock types will be investigated with the DoR method, e.g. 302 

limestone, which is a very common building material and also important in global weathering 303 

cycles.  304 

Appendix A. 305 

A video animation of SEM pictures shows granite surfaces before and after freezing and thawing. 306 

This material can be found online at  307 
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3 Conclusion and Outlook 

3.1 Main findings 

A new protocol for the extraction and analysis of (i) pore water from lake sediments and (ii) 

available ions and adenosine triphosphate on rock surfaces and lichens was developed and 

applied.  

Pore water was extracted with filter tube samplers and subsequently analyzed with CE. Major 

inorganic anions and cations - including Mn(II) and Fe(II) - were fully separated in less than 15 

minutes. Sediment pore water was sampled with high spatial resolution, minimal disturbance and 

without subsequent acidification or dilution. The complex biogeochemistry of Lake Baikal 

sediments was explained by applying the new method. With on-site measurements in improvised 

laboratories on the shore of Lake Baikal, the method was proven reliable even when conditions 

were challenging. Therefore, the risk of sample alteration due to long and laborious transport was 

minimized.  

Furthermore, a new technique (DOR) for the quantification of available ions and ATP on rock 

surfaces was developed and applied on a granite surface. The spatial heterogeneity of a bare 

granite surface was shown and the effect of wetting and freezing and thawing was investigated. 

ATP from crustose lichens that overgrow the rock was found to be highly dependent based upon 

their age and humidity.  

3.2 Main advantages  

Conclusively, the study could be performed due to the main advantages of CE, namely that the 

device is portable and simple and the process from sampling until analysis is rapid. Beside this, 

CE only requires a few microliters of sample volume. 
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The CE instrument is portable, lightweight and can be operated by batteries. It fits in a normal-

sized backpack or can be transported as hand luggage in air planes. Laborious and heavy sample 

transport and pretreatment can be avoided by on-site measurements, as the study on Lake Baikal 

showed. Thus, maximum freedom in decision-making for further sampling is possible at any 

time, which can be extremely important in remote and hard-to-reach areas. The portability of the 

CE instrument also allows the application of the DOR method on immobile surfaces, such as 

buildings, monuments and large boulders. To our knowledge, there were no previous possibilities 

to study such surfaces, besides through visual assessments. 

The rapidity in sampling and subsequent measurements minimizes the risk of sample alteration, 

e.g. by oxygen and temperature changes, while it enables measuring redox sensitive Fe(II) and 

phosphate, which is prone to precipitate. Through the analysis of Fe(II) in Lake Baikal sediments, 

sharp redox boundaries could be determined.   

The device is simple and can easily be reproduced. A second CE instrument was built during this 

study for the simultaneous measurement of anions and cations. The simplicity facilitates a high 

degree of freedom in handling. The sample injection by siphoning is flexible in duration and 

height, effective and the total capillary length can be easily adapted, as well as the applied 

electrical field. Thus, the measurement protocol can be spontaneously refined, e.g. in case of peak 

overlap resulting from unexpected high concentrations.  

Given that only a small sample volume is needed for the analysis, pore water could be extracted 

fast and with high resolution from sediments. A drop of water - spread on a rock surface to 

collect available ions - was sufficient for analysis. This application implies that CE is a perfect 

method for the analysis of interstitial water in general, as well as any kind of aqueous sample that 

is too small in volume and/or low in concentration to be diluted. By using the filter tube samplers, 

all water containing sediments or soils can be investigated in mm resolution.  
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3.3 Main challenges 

Despite such advantages, some parts of CE remain challenging. For instance, the analysis of 

small volumes or low concentrated samples required a number of precautions to avoid 

contaminations by alkali and alkaline earth ions. All vials, tubes, syringes and pipette tips had to 

be cleaned with pure water before usage, dried in a clean bench and transported only in sterile 

plastic bags. However, the risk of sample contamination could not be generally eliminated, 

especially during field sampling with the DOR method. In general, contaminations were 

indicated by an unusually high concentration of ammonia, potassium and sodium, while calcium 

and magnesium both remained in the order of the expected sample concentration. The quality of 

pure water and buffer solution was critical for high sensitivity and low detection limits.  

Temperature changes caused shifts in migration time and sensitivity. Although the detector cell 

was found to be sufficiently isolated, the buffer solution was adjusting to ambient temperature 

and thus it was subject to local fluctuations. Thus, periodic calibration measurements were 

essential.   

3.4 Future applications 

Recent projects have already been motivated by this work. The mineralization process of organic 

matter in lake sediments is studied at eawag by using the introduced sampling and measurement 

protocol for pore water analysis. Although the analysis works well, the procedures are time-

consuming for high numbers of samples. Therefore, an automation for the injection of small 

sample volumes has recently been introduced 
1
. Another research project will assess the impacts 

of mines on aquatic environments in the Andes, whereby the CE instrument will also be modified 

for this purpose. Both examples show that the high flexibility in design and modes of the CE 

instrument can be used for versatile projects in the environment. Each new application will define 

the requirements for the construction of the instrument and the measurement protocol, which 
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demands experience in handling and technical knowledge. In general, the automation of the 

system will facilitate routine use, as well as reducing flexibility. The effort in troubleshooting 

will be greater and should be considered in remote areas, for instance. The remaining question is 

thus how to make portable CE more user-friendly. Due to the general simplicity and 

inexpensiveness of the device, low-income countries without access to laboratories could benefit 

from it. Solutes and surfaces could be assessed for quality or toxicity with a minimum sample 

volume and effort for analysis. Given that surface analysis with the DoR method is still at the 

beginning, potentials and limitations for such projects have to be thoroughly investigated in 

future projects. 
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