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Summary  

Sulfidic clays are agriculturally and environmentally important. In this work we examine 

the impacts of electrolytes and pH on the behaviour of colloidal clay extracted from such 

sediments. The distribution of ferrous iron released by pyrite oxidation, aluminium by 

acidic weathering and cations in soils and pore waters in the field are reported. The 

behaviour of open-structured sulfidic colloidal clay in response to changes in solution 

ionic composition were studied; (i) to evaluate the effects of natural oxidation of iron 

sulfide material in pedogenic development, and (ii) to investigate the response of these 

sediments to changes in pore water ionic composition as an option for soft sediment 

engineered dewatering. Photon correlation spectroscopy (PCS) was used to quantify these 

effects. As expected, Mg
2+

 and Ca
2+

 were more effective in inducing coagulation of the 

colloidal clay than Na
+
; however, the effect was more pronounced than theoretically 

expected according to DLVO theory. Comparing the presence/absence of protons in 

cation saturated experiments showed new evidence for the formation of H-colloidal clay 

complexes that resist competitive cation exchange. The critical concentrations of acidic 

cations required for mass rapid aggregation in these experiments is comparable to the 

pore water composition within the soil profile where colloidal clay structural collapse has 

already occurred. 

Introduction 

Marine and estuarine-derived sulfidic clays are a class of naturally-occurring sediments 

which have demonstrated unique physico-chemical characteristics (White et al. 2003). 

Developed in reducing depositional environments, these saturated clay mineral sediments 

have low bulk densities and volumetric water contents around 80%, and after 

consolidation, exhibit an open structure indicative of increased double layer repulsion 

between the minerals. Often referred to as potential acid sulfate soils, their frequently gel-

like consistency presents significant environmental and engineering problems as a 

consequence of both their geochemical and geophysical properties (Sammut et al. 1996; 

Willett et al. 1993; Wilson et al. 1999). There are approximately 90,000 km
2
 (Fitzpatrick 

et al. 2006) of Holocene-age sulfidic sediments which were deposited in low-energy 
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shallow lakes in brackish and estuarine environments across Australia, with worldwide 

estimates ranging up to 1M km
2
 (Dent 1986). 

These clay mineral gels have common compositional features, including the typical 

dominance of illite and chlorite, but also the presence of swelling clays (Gillott 1979; 

1986). The open structures displayed by marine and estuarine clays have been variously 

attributed to the induction of clay mineral coagulation prior to deposition in a saline 

environments; to the effect of connector assemblages linking existing agglomerates; 

along with amorphous materials and/or carbonates linking primary mineral particles 

(Moon 1979; Rosenqvist 1966). Rosenqvist (1966) was the first to conclude that gels will 

develop if the clay mineral sediments, after consolidation, exhibit increased double layer 

repulsion between the minerals. Double layer repulsion is defined as the amount of work 

required to bring particles from infinite separation to a given distance between them (see 

van Olphen 1977). Other factors including the anaerobic transformation of organic 

material, that may be deposited together with clay mineral particles, and the production of 

organic acids can also increase double layer repulsion (Rosenqvist 1966; Soderblom 

1966). Donovan and Lajoie (1979) have also proposed that ion exchange, weathering and 

diagenetic reactions may also be of importance. In the case of the estuarine-derived 

sulfidic sediments in eastern Australia, the resulting geophysical properties include both 

relatively high volumetric water contents (0.78 m
3
/m

3
) and low bulk densities (0.6 t/m

3
) 

(White et al. 2003). They also display and an open „card-house‟ structure, as shown in 

Fig. 1 from White et al. (2005). 

The oxidation of sulfides that are commonly present in reduced clay mineral gel 

sediments alters the physical and chemical nature of these sediments in a process of soil 

development known as „ripening‟ (van Breemen 1973) or „initial soil development‟ (Pons 

and Zonneveld 1965). This process is the very first stage of sediment „maturation‟ and 

encompasses biological, physical and chemical processes that changes a sediment into a 

soil (Pons and Zonneveld 1965). Ripening results in the irreversible shrinkage, due to the 

acid-induced weathering of the clay mineral fraction, the aggregation of the fine 

fractions, changes in pore size distributions, the drainage of water and formation of 

oxidation products (van Breemen 1973). The loss of water through consolidation, 

drainage and/or evapotranspiration leads to the partial collapse of the soil microstructure, 
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fissuring, increased mechanical strength, and hydraulic conductivity (Ross et al. 1988; 

White et al. 1997; White et al. 2003). Soil physical ripening via dehydration is seen as a 

universal characteristic and the most important process in pedogenesis of clay mineral 

gels, and is due to capillary reduction via the withdrawal of water which results in a 

contraction of the hinging points and eventual collapse of the gel structure, see Pons and 

Zonneveld (1965).  

Whilst dehydration is a key process in the ripening of sediments to soils, other chemical 

and biological processes are also of critical important in this transformation. The 

oxidation of iron sulfides (with the focus on pyrite), along with clay mineral weathering 

are represented by the following stoichiometric equations: 

Pyrite Oxidation Reactions   

     Initial Reaction   

 FeS2(s) + 7/2O2 + H2O → Fe2+ + 2SO4 + 2H+ (1) 

     Propogation Cycle   

 Fe2+ + 1/4O2(aq) + H+ → Fe3+ + 1/2H2O (2) 

 Fe3+ + 3H2O → Fe(OH)3 + 3H+ (3) 

 FeS2(s) + 14Fe3+ + 8H2O → Fe2+ + 2SO4 + 16H+ (4) 

Clay Mineral Weathering 
Reactions 

  

     Kaolinite   

 Al2SiO5(OH)4 + 6H+ → 2Al3+ + 2H4SiO4 + 2H2O (5) 

     Illite   

 (K0.5Na0.36Ca0.05)(Al1.5Fe3+
0.25Mg0.3)(Al0.45Si3.46)O10(OH)2 + 7.41H+ + 2.59H2O →  

 0.5K+ + 0.36Na+ + 0.05Ca2+ + 0.3Mg2+ + 0.25Fe(OH)3 + 1.95Al3+ + 3.46H4SiO4 (6) 

     Montmorillonite   

 (K0.3Na0.15Ca0.1)(Al1.5Fe3+
0.2 Fe2+

0.05Mg0.35)(Al0.15Si3.75)O10(OH)2 + 6.4H+ + 3.6H2O →  

 0.3K+ + 0.15Na+ + 0.1Ca2+ + 0.35Mg2+ + 0.2Fe(OH)3 + 0.05Fe2+ + 1.65Al3+ +   

 3.75H4SiO4 (7) 

 

Although involving a complex interplay of biogeochemical reactions, the oxidation of 

iron sulfides initially proceeds in the presence of oxygen to produce ferrous iron and/or 

the dissolution of ferric oxides, which under acidic conditions allows for the production 

of soluble Fe
3+

 enhancing the oxidation of pyrite and acidity production (Equations 1 to 

4). The subsequent acid weathering of aluminosilicate clays can then take place, releasing 

structural aluminium, silica and iron and sodium, magnesium, potassium and calcium 
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(Equations 5 to 7). Studies of acid sulfate soils pore water chemistry have shown 

oxidation products, including Fe
2+

 and Al
3+

, to be present within the unripened, undrained 

sulfidic gels (Smith and Melville 2004; van Oploo 2000). The presence of these ions 

would infer that chemical ripening of the sediments may be actively occurring, leading to 

the hypothesis that this may indeed be the first step in soil development rather than 

dewatering. Whilst the dilution of pore water electrolytes may increase double layer 

repulsion, elevated pore water electrolyte concentration does not always equate to a 

geophysically sensitive clay minerals (Torrance 1979). In this paper we investigate the 

elemental composition of soil pore waters in sulfidic sediments and quantify the effect of 

these dissolved electrolytes, especially dissolved Fe
2+

 produced by pyrite oxidation, on 

colloidal clay aggregation behaviour.  

Materials and methods 

Study site 

The study site is located at McLeod‟s Creek, a right bank tributary of the Tweed River, 

on the far north coast of New South Wales, Australia (28°16'45.42"S, 153°30'26.57"E). 

The field site has been extensively studied over the past decade and a review on the 

homogeneity of the fine textured sulfidic and sulfuric sediments can be found in Smith et 

al. (2003) and a review of the climate and hydrology can be found in Wilson et al. 

(1999). The genesis of the sediments has been described in detail by van Oploo (2000) 

and Wilson et al. (1999) and will only be briefly summarised here. The sediments were 

deposited during and after the Holocene sea level rise and dating suggests that the 

localised depositional period began as early as ~10,000 years ago. Over 10 m of clay 

mineral gel sediments have been deposited on site, which eventually formed a back-

swamp and levee landscape of the Tweed River. The back-swamp continued to be 

periodically inundated, fluvial fines continued to be deposited during flooding and an 

organic surface horizon formed. After European settlement the back-swamp was drained, 

especially after the 1950‟s, and the landscape was eventually converted to sugar cane 

agriculture. Overall drainage has caused the oxidation of the sediments to a depth of 

approximately 1 m. 
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In field measurements 

pH, redox, ferrous and ferric ion 

Three soils profiles, representative of fine textured acid sulfate soils within the Tweed 

River floodplain, were sampled in 0.1 m increments to a depth of 1.8 m for ferrous and 

ferric iron determination in the field. Soil pH and redox potential were measured using 

intermediate junction spear probes (Ionode) that were coupled to field meters (WP-81; 

TPS, Springwood, Australia). Samples for the quantification of iron were immediately 

placed in tubes which were purged with nitrogen gas, sealed and stored in an insulated 

container at <4 C, until tested at a nearby field laboratory. The extraction and 

colorimetric determination of Fe
2+

 and Fe
3+

 concentrations by 1,10-phenanthroline were 

performed according to the method of Loeppert and Inskeep (1996). Field analysis of 

ferrous iron is critical due to its oxidation primarily during transport to the laboratory. 

Despite the rapid field analysis times for the determination of ferrous iron concentration, 

typically less than 30 minutes between sample extraction and stabilisation, the authors 

acknowledge that the data presented here may under represent soil concentrations due to 

brief atmospheric exposure of the samples, see Loder et al. (1978).  

Field soil pore-water characterisation 

Pore waters during the regions wet season (December-February), were sampled using 

diffusion controlled dialysis membrane samplers or „peepers‟ (Hesslein 1976), see the 

methodology outlined in van Oploo et al. (2008) for detailed information. Briefly, a 

peeper unit consists of 50 cells at 2 cm depth increments which contain anoxic Milli-Q 

water solutions. Once inserted into the ground, these solutions are equilibrated with the 

surrounding pore water over a period of 14 days. The equilibrated Milli-Q water was then 

sampled, acidified to pH 2 and analysed for Al, Fe, Na, Mg, Ca by Inductively Coupled 

Plasma - Optical Emission Spectrometer (ICP-OES) (Optima 3000DV; Perkin Elmer, 

Waltham, U.S.A.). The approximate H
+
 concentration was derived from the pH values (as 

measured by the method described previously). 

Lab characterisation  
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Soluble and exchangeable cations and total sulfur and carbon 

A soil profile was sampled (0.1 m increments) adjacent to the location of the peepers and 

these samples were sealed in high density plastic bags, frozen in liquid nitrogen and 

transported back to the laboratory. Electrical conductivity (EC), pH and Al, Ca, Fe, K, 

Mg, Mn and Na concentrations (as measured by ICP-OES) were measured on 1:5 

sediment:water and 1:5 sediment:1M NH4Cl extracts. Although this technique may under 

represent ion concentrations in the sampled soils due to oxidation and precipitation 

reactions (Howes et al. 1985; Loder et al. 1978; van Oploo et al. 2008), variations in 

elemental concentrations can still be used as an indicator of pyrite oxidation and 

pedogenic processes. 

Sulfidic gel bulk characterisation: XRD Analysis,  

Samples of unoxidised, undisturbed sulfidic gel were extracted from the study site with a 

Russian D-section auger. To prevent structural degradation, large blocks of soil (~ 0.1 

m
3
) were stored in clean insulated containers, and kept unfrozen at <4 C, and transported 

back to the laboratory. Soil pH was measured during sampling and upon arrival in the 

laboratory. The soil was then wrapped and sealed in plastic and stored in a refrigerator at 

<4 C. Refrigeration is necessary to reduce the rate of biological and chemical oxidation 

and retard the ripening process. The pH of the sediment was checked with a pH spear 

probe coupled to a calibrated portable meter (MC-81; TPS). Samples that returned a pH 

less than 5.5 were considered partially oxidised and discarded. 

X-ray diffraction (XRD; Philips PW1830) was used to determine the mineral phases 

present in the bulk and colloidal samples and to examine the sulfidic compounds. Mineral 

contents were matched from X-ray reflection intensities. No specific cation saturation 

preparation was used, thus due to the limitations of the methods employed; no 

differentiation in the results is made between chlorite and kaolinite and the expansible 

minerals smectite and vermiculite.  

Sulfidic gel physiochemical properties and aggregation behaviour 

To investigate soil colloidal clay properties, particles >3 m were removed by 

sedimentation using a method of particle separation described by Gee and Baulder 
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(1986). Briefly, a 15 g sample of soil was placed in 500 mL of nitrogen saturated, 

deionised Milli-Q water and mechanically dispersed. The dispersion that passed through 

a 45 m sieve was collected in a 2 L measuring cylinder. Nitrogen saturated, deionised 

Milli-Q water was added until the volume of the dispersion was 2 L. The measuring 

cylinder was immersed in a water bath within a constant temperature room (20°C) and 

the dispersion was allowed to settle for 24 hrs. After 24 hrs, 1 L of the dispersion was 

gently decanted from the measuring cylinder into a 1 L polyethylene container. The 

container with the < 3 μm particles was sealed and placed in a refrigerator until analysis.  

The methodology used for examining colloidal clay behaviour follows that described by 

Beattie et al. (1996). The salts NaCl, CaCl2, MgCl2, MgSO4, FeCl2, and Al2Cl6 were of 

analytical grade and were used without any further purification. Solutions were prepared 

with nitrogen saturated Milli-Q water. The experiment was performed such that each 

reagent had a constant H
+
 concentration (0.001M) prior to sample addition. The 

experiment was initiated by the addition of the appropriate volume of electrolyte/HCl 

solution to the 10 mL colloidal clay dispersion within a 25 mL shaking tube that was 

mixed by inversion. Particle sizes and rate of aggregation were measured by dynamic 

light scattering or photon correlation spectroscopy (PCS) using a Malvern 4700c (using a 

15 mW He-Ne laser) spectrometer. A z-average mean diameter of the colloidal fraction 

of 242 nm was measured using PCS. An aliquot of dispersion was placed in the cuvette of 

the spectrometer and measurements were then made at ten second intervals for the 

duration of the aggregation experiment. Each analysis was performed in triplicate, and 

the results averaged and smoothed using a 3-point running average. 

Results and Discussion 

Soil and sediment characterisation  

The backswamp soils at the McLeod‟s Creek study site can be classified as Typic 

Sulfaquepts (Soil Survey Staff 1998). However, as the pH is above 3.5, the sampled soils 

are more accurately described as Humaquepts (Macdonald et al. 2004). The profile 

consists of four distinct horizons (Fig. 2A); an organic horizon which is characterised by 

elevated carbon content (Fig. 2B); a sulfuric horizon; a transition horizon and an 

unoxidised sulfidic horizon. The transition between the oxidising and reducing horizons 
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is reflected in the increasing total sulfur content (Fig. 2B) and the increasing alkalinity 

(inferred by the pH) of the sulfidic horizon. The sulfidic horizon is characterised by a 

light blue-grey coloured gel, in contrast to the red and yellowed mottling of the structured 

sulfuric horizon (Calvert and Ford 1973; Macdonald et al. 2004). The soil above the 

oxidation front is often termed „acid sulfate soil‟ and that below the oxidation front, 

sulfidic sediments.  

The pore water and field-measured soil pH and redox potential profile, shown in Fig. 3 

and 4A, indicates that the depth of the oxidation front is at 0.85 m. These (roughly 

inverse) depth profiles are typical for an acid sulfate soil, where a sulfuric layer overlies 

an unoxidised sulfidic soil. However, there is spatial variation in the depth to oxidation of 

the profile (compare to Fig. 2A) and this variable pedogenesis is caused by the 

geomorphic evolution of the floodplain (Smith et al. 2003). 

Soil pore waters, Fe
2+

 / Fe
3+

 distributions, pH and redox potential profiles 

The organic and sulfuric horizons has elevated concentrations of soluble Al and Fe 

relative to the cations (Na, Ca, K, Mg) seen in both the soil (Fig.s 2C and D) and the pore 

water profiles (Fig. 3). Such distributions are common in acid sulfate soils (see Ross et al. 

1988), with these Al and Fe being derived from pyrite oxidation and clay mineral 

weathering (Equation 5-7, Shamshuddin and Auxtero 1991) and due to their superior 

electrostatic force they are able to replace lower valence cations (e.g. Na) on clay mineral 

exchange sites within these soil layers (Fig.s 2E and F). The depletion of soluble cations 

(Fig. 2D and 3B) and the enhanced acidity increases Al and Fe solubility (Fig.s 2C and 3) 

in the soil solution. K concentration increases in the transition zone and sulfidic horizon 

relative to the overlying horizons (Fig. 2D). The formation of iron oxyhydroxides and 

oxidation status controls K-availability and solubility in such sediments (Keene 2000), 

and as such, its measurement is most likely a function of the decrease in iron 

oxyhydroxide concentrations in these lower horizons. Below 0.4 m, Na, Ca and Mg 

dominate the soluble fraction relative to Fe, Al, Mn and K (Fig.s 2C and D). The 

relationship between the soluble and exchangeable cations, Na, Ca, and Mg, in the 

sulfidic and sulfuric horizon are in agreement with Schofield‟s ratio law (Schofield 

1947).  
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Soluble Fe
2+

 and Fe
3+

 are concentrated above the oxidation front within the sulfuric 

horizon (Fig.s 3 and 4B). However, there is a significant difference between the two 

concentrations at this depth (0.65 m; pair t-test t = -4.269), with the ferrous iron being 

nearly an order of magnitude greater than the ferric iron concentration. This is 

presumably due the low equilibrium solubility of Fe(III) phases compared to Fe(II) 

phases which occur in this acid sulfate soil. The oxidation of the sulfidic materials, 

principally iron sulfides (in the form of pyrite), releases Fe
2+

 into the soil solution (refer 

back to equations 1 to 4). Owing to continual fluxes in water table heights, there exists a 

shifting redox boundary, which prevents the complete oxidation of Fe
2+

 and precipitation 

of Fe(III) oxides, a factor enhanced by the mildly acidic conditions at this depth. 

However, above the oxidation front, at depths shallower than 0.5 m, pH and Eh (Fig. 4A) 

conditions are no longer favourable for the Fe
2+

 to remain in solution and it is oxidised 

and precipitated as iron oxyhydroxides. Soluble Fe(II) that occurs below the oxidation 

front, within the transition zone (0.7-1.0 m) and in the grey pyritic gel (Fig. 4B), would 

most likely be associated with downward diffusion from the oxidation front and/or as a 

remnant from prior oxidation (van Oploo et al. 2008). An alternative source for the 

soluble Fe (II) is also the partial reduction of any Fe (III) oxides that were formed as a 

result of previous oxidation cycles.  

Characterisation of the sulfidic gel 

Mineral composition and gel structure 

The sand, organic and coarse silt fraction (>45 m) of the pyritic gels was found by dry 

weight analysis to be 3.84% ( 603.1ˆ , n=6). The mineral faction (3.682%) and the 

organic matter (0.162%) fraction are minor components of the pyritic gels sediment. The 

gels (96.16%) within the Tweed River floodplain are composed of particles < 45 m.  

The mineral composition of the sulfidic horizon is dominated by quartz, smectite, 

kaolinite and illite (Table 1), which is in agreement with an earlier study at the same 

location (van Oploo 2000). The horizon is characterised by the presence of pyrite, which 

is generally 5% of the composition of this horizon (Wilson et al. 1999). The average 

electrolyte concentrations of the porewaters in the unoxidised gels are Na 24.20, Ca 3.16, 

Mg 11.60, Fe 0.38, and Al 0.008 mmol/L. The clay mineral fraction is a kaolinitic-
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smectitic/illitic mixture which is a similar composition to other marine and estuarine-

deposited clay mineral gels (Gillott 1979). The clay minerals were originally deposited in 

a brackish water environment, which has been previously confirmed by the presence of 

foraminifera and pollen in the reduced sediments (van Oploo 2000). Owing to the low 

hydraulic conductivity of the sediments (White et al. 2005; White et al. 2003), there are 

doubts that an extensive leaching of in-situ cations resulted in the increased double layer 

repulsion. Alternatively the increased double layer repulsion after deposition could occur 

due to;  

 Microbial reduction of structural Fe(III) to Fe(II) in the deposited clays (see 

Ernstsen et al. 1998), which increases the negative charge of the clay minerals; 

 Reduction of sulfate to sulfide and the subsequent formation of negatively 

charged sulfide-rich colloids (Donovan and Lajoie 1979); 

 Formation of magnesium and sodium carbonates, which would reduce the 

concentration of positively charged counter-ions in solution (Donovan and 

Lajoie 1979; Soderblom 1959); and 

 Concentrations of organic matter, which impart a high negative charge to clay 

minerals by adhering to their surface and may also induce permanent alterations 

to the crystalline structure (Donovan and Lajoie 1979; Visser et al. 1965). 

Aggregation Rate 

There was variability in the measurement of particle size due to the combined effects of 

settling within the cuvette during each sample run and the inherent variability of sample 

mineralogy (Figs. 6-8). Despite this, the overall effect of concentration and type of ionic 

species on the aggregation rate is still easily distinguished. 

To gauge the affect of protons on aggregation behaviour, a dispersion of the gel-clay 

mineral particles was mixed with HCl solutions of increasing concentration. The 

electrolyte concentrations that were used in these studies (> 0.15 M) were above the 

critical coagulation concentration at which slow coagulation gives way to rapid (salt 

concentration independent) coagulation (Fig. 6A). This is not surprising, since counter-

ions on the exchange complex are readily replaced by hydrogen ions and hence are a 

significant determinant of the double layer thickness (Gilbert and Laudelout 1965). 
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A dispersion of gel-clay minerals was mixed with NaCl solution of increasing 

concentrations at pH 6.75 and aggregation of the colloidal clay was followed using PCS. 

Aggregation of the colloidal clay did not occur in NaCl solutions < 0.25 M. At 

concentrations above 0.25 M, aggregation occurred at incremental rates corresponding to 

the increasing NaCl molarity. A critical coagulation concentration was not observed 

below 0.7 M NaCl (data not shown). However, when the system was acidified with 1 mM 

HCl, a critical coagulation concentration in the order of 0.15 M NaCl was observed (Fig. 

5B). Supporting this observation, Tombacz and Szekeres (2004; 2006) found that pure 

montmorillonite and kaolinite dispersions both had critical coagulation concentrations 

around 0.1 M NaCl at pH ~ 6.5, with the kaolinite dispersion stability being strongly pH 

dependent. The broad implication of our finding is that the release of protons, which will 

occur during pyrite oxidation, will change the surface charge of the clays enhancing the 

ability of the single valance cations, such as Na, to induce aggregation within the gel 

structure.  

When Mg was used to induce destabilisation of clay colloids dispersed in 1 mM HCl 

solutions, aggregation began at Mg < 0.001 M with rates increasing to diffusion 

limitation at Mg  0.01 M (Fig.s 7A and B). This indicates that the cation valency 

controls aggregation in these gels as expected from Fig. 6. According to the Schulze-

Hardy rule, the cation charge effect on critical coagulation concentration should be 

proportional to Z
2
 (under low surface potential), where Z is the cation charge (Hunter 

1981). If this rule holds, the concentration of Mg required to aggregate the clay minerals 

should be one quarter that of Na. This is clearly not the case here. Measurements of the 

hydraulic properties of clay minerals slurries also suggest that diffuse double layer theory 

does not quantitatively predict the impact of mono- and divalent cations (Smiles 2000). 

The efficacy of chloride and sulfate with 1 mM HCl, such as MgCl2 and MgSO4 (Fig. 6), 

demonstrates the limited influence of anions in aggregation behaviour.  

The aggregation behaviour in the presence of acidic cations (such as Al
3+

 and 1 mM HCl) 

was an order of magnitude greater than divalent cations (Fig. 7A), which is less than the 

predicted Z
2
 value. When the aggregation behaviour of a FeCl2 and 1 mM HCl solution 

was studied, aggregation began at a total concentration that was an order of magnitude 

below that of the magnesium solutions (Fig. 7B and 8). Saejiew (2004) found similar 
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critical coagulation concentrations for Fe
2+

 and Ca
2+

 in smectite clays. Similar rates of 

colloidal clay aggregation in this study are induced by lower concentrations of Fe
2+

 than 

Al
3+

 (Fig. 7) which is not surprising since the aluminium will most likely be present 

principally as poly-hydroxyl aluminium complexes
 
at alkaline pH.  

 

Mattew and Rao (1997) found that there was a “marked influence of valency and the 

hydrated ionic radii of the absorbed cations on the geotechnical properties of marine 

clays”. Essentially for the same valency, a reduction of in the ionic radius decreases the 

double-layer thickness and enables a greater degree of aggregation and clay mineral 

particle coagulation. Mattew and Rao‟s (1997) experimental method used homo-ionic 

clay minerals which involved repeated dispersions of 100g portions of marine clay 

minerals in 1.0 M solution of the metal chloride. The geotechnical properties of this 

homo-ionic clay minerals were then quantified. This approach contrasts with the methods 

employed here and may explain the differences in the results between the two studies. It 

would be expected, based on Mattew and Rao‟s (1997) work that Fe
2+

 and Ca
2+

, because 

both ions have the same valence and hydrated ionic radii (see Table 2), should cause 

similar rates of coagulation and aggregation of the suspended clay minerals. This was not 

the case (Fig. 7) and the results suggest that Fe
2+

 and Al
3+

 their specific chemical 

properties are different than other simple divalent cations. These results highlight the fact 

that charge and ionic radius effects alone are insufficient to account for the effects of 

counter-ions on aggregation behaviour of the colloidal clay of interest here. 

Implications to sediment ripening 

It is evident from this study that the products of iron sulfide oxidation (Fe and H) and the 

resulting clay mineral weathering (Al) will have a dramatic effect on colloidal clay 

stability (Fig.s 6 to 8). The critical coagulation concentrations identified in the 

aggregation experiments are typically reached within the transition horizon and 

occasionally within the sulfidic horizon (Fig.s 2 to 4). This may mean that the collapse of 

the open clay mineral „honeycomb‟ structures in the studied system, see White et al. 

(2005), is due to changes in pore water composition. Although the H
 
concentrations in the 

soil profile do not reach the concentrations used in the aggregation experiments, some 

contribution can be expected. The results support the hypothesis of White et al. (2003) 
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that accelerated dewatering of these sulfidic soils could be achieved by the additions of 

higher valence cations to gel pore water solutions. The change of pore water chemistry, 

would change the surface charge characteristics of the clays within the sulfidic gels and 

induce a collapse of the gel structure, which although partially evident in hydraulic 

conductivity studies on acid sulfate soils (Le et al. 2008), does not occur to the same 

extent as in studies of other marine clays, e.g. Rao et al. (1995). 

Conclusions 

Ca
2+

 was much more effective in inducing aggregation of the fine (< 3 m) fraction than 

monovalent Na at the same proton concentration. The effect was more than expected 

from simple double layer theory. It was further found that the proton concentration had a 

dramatic impact on coagulation due presumably to the reduction of clay mineral double 

layer on decreasing pH.  

The results of field investigations show that these soils are bathed in Fe
2+

 solution in the 

vicinity of the oxidation front.  Fe
2+

 solutions appeared to have a stronger effect on 

coagulation than Mg and Al
 
at the same H

+
 concentration. At this stage the reasons for 

this are unclear but could be related to steric or specific surface interaction effects. 

Further work is needed to examine the applicability of the Schulze-Hardy rule in these 

systems and to understand the interaction of other counter ions which are released during 

and after the oxidation of iron pyrite on the properties of sulfidic gel clay mineral soils. 
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 FIG. CAPTIONS  

Fig. 1. SEM image and model of „house of cards‟ / open structure of the sulfidic gel 

taken from McLeod‟s Creek. Adapted from White et al. (2005) 

Fig. 2. Soil chemical properties for the McLeod‟s Creek profile (A) EC (dS/m), soluble 

and exchangeable pH,  and soil horizons; (B) LECO - total carbon and sulfur 

(%); (C) Soluble Al, Fe, and Mn; (D) Soluble Na, Ca, Mg, and K; (E) 

Exchangeable Al, Fe, and Mn; (F) Exchangeable Na, Ca, Mg, and K 

Fig. 3. Concentrations of Al, Fe, Na, Mg, Na, Ca, and H in the pore waters of an acid 

sulfate soil at McLeod‟s Creek with the symbol; (i) representing the organic, 

(ii) the sulfuric, and (iii) the sulfidic horizon 

Fig. 4. (A) The mean and standard error of field redox potential (Eh) and pH profile; (B) 

Mean and standard error of iron (II) and iron (III); measured for the 3 sampling 

locations in the acid sulfate soil in the flood plain of the Tweed River, NSW  

Fig. 5. Time dependence of the mean particle size of sulfidic colloidal clay bathed in 

NaCl (A) and HCl (B) solutions with 1 mM HCl 

Fig. 6. Time dependence of the mean particle size of sulfidic colloidal clay bathed in 

MgCl2 (A) and MgSO4 (B) solutions with 1 mM HCl 

Fig. 7. Time dependence of the mean particle size of sulfidic colloidal clay bathed in 

Al2Cl6 (A) and FeCl2 (B) solutions with 1 mM HCl 

Fig. 8. Time dependence of the running average ((yx(i)+yx(i+1))/2) particle size of sulfidic 

colloidal clay bathed in ionic solutions with 1 mM HCl 
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Fig.2 
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Fig. 3 
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Fig. 4 
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Fig. 5  
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Fig. 6 
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Fig. 7 
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Fig. 8 
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TABLE CAPTIONS 

Table 1. Mineral composition of randomly oriented sulfidic sediments. 

Table 2 Hydrated ionic radii of cations used in this study (Kielland 1937). 
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Table 1 

Mineral Semi quantitative estimate 

(%) 

Quartz 40-20 

Smectite 40-20 

Illite 20-5 

Kaolinite 40-20 

Feldspar(s) 20-5 

Pyrite 20-5 

Anatase <5 

Gypsum <5 
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Table 2 

 

Cation Hydrated ionic radius (nm) 

Na+ 0.4-0.45 

K+ 0.3 

Mg2+ 0.8 

Ca2+ 0.6 

Fe2+ 0.6 

Fe3+ 0.9 

Al3+ 0.9 

 

 


