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Abstract 15 

‘Liesegang patterns’, rinds and bands are commonly observed in nature and form by 16 

self-organised periodic precipitation of Fe-oxyhydroxide following a nonlinear reaction-17 

diffusion process. Although strictly Liesegang patterns consist of bands that increase in 18 

width with increasing distance from the source of the Fe that precipitated as Fe-19 

oxyhydroxide, regular banded patterns are also sometimes observed that are otherwise 20 

similar to Liesegang patterns. However, the detailed process and time scale of regular 21 

Fe-oxyhydroxide bands development is still not fully understood. Here we describe an 22 

example of regular Fe-oxyhydroxide bands formed within dacite cobbles. Iron that was 23 

provided to the outer surfaces of the cobbles by acidic water that diffused towards the 24 

cobbles’ cores. The spatial distributions of Ca and Fe within the Fe-oxyhydroxide bands 25 

across the cobbles show that the rhythmic Fe-oxyhydroxide precipitation was controlled 26 

by pH buffering. The width of each band (L) and the expected diffusion coefficient of the 27 

rock matrix (D) provide the rate of reaction (V) and allow us to estimate the duration of 28 

Fe-oxyhydroxide band formation. A ‘diffusion-reaction cross plot’ implies that the 29 

rhythmic Fe-oxyhydroxide patterns formed very rapidly, within an order of 102 - 103 30 

years, considerably faster than previously estimated. The simplified model can be 31 
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applied to estimate the reaction time in any similar rock if regular Fe-oxyhydroxide 32 

bands are observed. 33 

Key words; Liesegang patterns, Fe-oxyhydroxide, growth rate, pH buffering 34 

 35 

1. Introduction 36 

Liesegang rings are bands of a solid precipitate formed when one soluble substance 37 

diffuses into another which is dissolved in a gel. They were first described over a century ago 38 

by German chemist Raphael Liesegang (1896). Liesegang phenomena are now widely 39 

recognized in many natural and artificial situations in which a soluble substance diffuses into 40 

a reactive gel (Nabika et al., 2020).  41 

Strictly, in a ‘Liesegang Phenomenon’ the spacing of the bands is not constant, but 42 

increases with distance from the source of diffusing solutes that precipitated to form the bands, 43 

according to a power law (e.g. Karam et al.,2011; Krug and Brandtstädter,1999). However, 44 

some Fe-oxyhydroxide rhythmic bands in rocks are regular, though in other respects are 45 

similar to ‘Liesegang patterns’. These bands are considered to be ‘fossilized’ evidence of a 46 

water-rock interaction process by which soluble elements are precipitated in waves (e.g. 47 

Ortoleva, 1984; L’Heureux, 2013). Such rhythmic bands are often described as a ‘zebra 48 

texture’ (e.g. Dominic et al., 2017; Kelka et al., 2017) and are found in various rock types 49 

ranging from sedimentary rocks (e.g. Ortoleva, 1993; Fu et al., 1994; Wang et al., 2015) to 50 

igneous rocks (Yamamoto et al., 2013). The proposed formation mechanism involves 51 

weathering by dissolved iron-rich groundwaters that infiltrate the matrix of the rock through 52 

microscopic flow-paths. These flow-paths may consist of one or more types of pore space, 53 

including fracture porosity, inter-granular porosity, intra-granular porosity and secondary 54 

porosity (Yoshida et al., 2011). The iron-rich water participates in redox reactions and/or pH 55 

buffering reactions within the rock matrix, leading to the development of rhythmic features 56 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Hermann++Brandtst%C3%A4dter
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such as a ‘Petra pattern’ that has been described in aeolian Jurassic sandstone (Abel et al., 57 

2004) and ‘Zebra rock’ in Cambrian siltstone (Bevan, 2001). These patterns are known to 58 

form by complex diffusion-precipitation processes at reaction fronts (Msharrafieh et al., 2016, 59 

Sultan et al., 1990, Wang and Budd, 2012), but the detailed process is still little understood. 60 

Also, a methodology for confidently estimating the formation time of these rhythmic patterns 61 

is still lacking. 62 

To address these issues, here we describe an example of Fe-oxyhydroxide banding 63 

formed in dacite cobbles from the Nagara River terrace, central Japan. The rhythmic Fe-64 

oxyhydroxide bands form roughly concentric circles and were investigated to determine the 65 

processes and reaction time scales of their formation. 66 

 67 

2. Studied materials and methods  68 

All the sampled cobbles (25 samples) were collected from the Nagara River terrace in 69 

Gifu prefecture, central Japan. The cobbles have diameters of 15 to 25 cm and consist of 70 

dacite rocks with Fe-oxyhydroxide bands (Fig. 1a).  The cobbles were transported by the 71 

Nagara River from the Cretaceous Okumino Acid Igneous Complex and Mesozoic Mino-72 

terrain sedimentary rocks which are distributed in Gifu prefecture (Tanase, 1982; Wakita, 73 

1984). The estimated age of the terrace deposit is ca. 7.3 ka based on the existence of a well-74 

characterised marker, the Kikai-Akahoya (K-Ah) tephra (Yoshida and Wakita, 1999; 75 

Kitagawa et al., 1995). The concordance of the rhythmic Fe-oxyhydroxide bands with the 76 

outer surfaces of the dacite cobble indicates that the bands developed after the cobbles were 77 

formed and buried in the terrace deposit (Fig. 1). 78 

To characterize the bands in the dacite cobbles, the microscopic occurrences of Fe-79 

oxyhydroxide in the rock matrix were observed in thin-sections. Then, the mineralogy of the 80 

bulk felsic rock and the characteristics of the Fe-oxyhydroxide were determined by X-ray 81 
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diffractometer (XRD; Multiflex, Rigaku Co.) using crushed and powdered samples and Cu-82 

Kα radiation (the Cu being subjected to an electron beam of 40 kV/20 mA). 83 

All cobbles were cut to observe the internal bands, and a representative sample was 84 

selected for analysis. The analysis aimed to measure the elemental distribution on a plane 85 

surface through the centre of the cobble. The 2-D spatial distributions of Fe and other 86 

chemical constituents in this plane were carefully analysed semi-quantitatively by X-ray 87 

fluorescence analyzer (SXAM). The results were used to determine the width of the x-ray 88 

profile peak of each Fe-oxyhydroxide band quantitatively (Fig. 1).  89 

The SXAM analyses were carried out using an X-ray fluorescence analyzer (XGT-90 

2000V Horiba Japan) at the Department of Education, Gifu University, Gifu, Japan. A high-91 

intensity continuous X-ray beam (Rh anode 50 kV 1 mA), 100μm in diameter, was focused 92 

with a guide tube and irradiated the surface of the sample perpendicularly. The sample was 93 

placed on a PC-controllable X-Y stage. X-ray fluorescence from the sample surface was 94 

analysed with the hp-Si detector of an energy-dispersion spectrometer (Katsuta et al., 2003). 95 

 96 

3. Results  97 

All dacite cobbles sampled from the Nagara River terrace have approximately 98 

concentric circular Fe-oxyhydroxide bands in the cores with similar band spacings (Figs.1a, b, 99 

d and f). Although the bands are sometimes intersected by fractures, as shown in Figure 1(a), 100 

basically circular bands are developed concordantly with the outer surface of the cobble.  101 

Optical microscopic observations suggest that the cobbles were originally a 102 

holocrystalline intrusive felsic rock with small (< 5mm) phenocrysts of quartz and altered 103 

plagioclase in a matrix of mainly euhedral plagioclase (Figs. 1b and c). Petrographic 104 

microscopic observation shows that central parts of plagioclase phenocrysts, which are 105 

usually richer in Ca than the rims, are selectively replaced by sericite (Figs.1 c-1 and c-2). 106 
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XRD analysis shows no peaks of goethite nor lepidocrocite, suggesting that the Fe-107 

oxyhydroxide observed microscopically is mostly amorphous. This phase has been 108 

precipitated in the inter-granular pores of the rock groundmass and grain boundary of rock 109 

forming minerals (Figs.1 b, c-1 and c-2). Although such precipitation of the Fe-oxyhydroxide 110 

reduced the sizes of micro-pores, the pore spaces form three-dimensional microscopic 111 

connected networks and were not entirely sealed by this process, but continued to act as 112 

diffusion pathways allowing the further development of the Fe-oxyhydroxide bands into the 113 

cores of the cobbles. 114 

SXAM mapping shows one-dimensional element profiles produced along a section 115 

perpendicular to the concentric ring pattern characterised by Fe concentrations, as well as the 116 

distribution of Ca (Fig.1e). Profiles of other elements such as Mn, Si and K are also shown in 117 

the Supplementary. Elemental mapping revealed that Ca is depleted from the cobble and 118 

remains only in the core. In contrast Fe-oxyhydroxide bands formed from the outer part to the 119 

core have accumulated in the part of the cobble where Ca is depleted. 120 

 121 

4. Discussion 122 

4.1. Formation process of Fe-oxyhydroxide bands 123 

The fact that the Fe-oxyhydroxide bands are concentric with the surfaces of the cobbles 124 

strongly suggests that the patterns formed after the cobbles were deposited in the river terrace. 125 

Had the Fe-oxyhydroxide rhythmic bands formed elsewhere then it is likely that they would 126 

have been cross-cut by the cobble surfaces owing to the effect of erosion during transport in 127 

the river. After the cobbles were deposited in the river terrace ca. 7.3 ka ago and buried to a 128 

depth of several metres, acidic water was supplied to the cobbles by the weathered organic 129 

rich soil that formed on the terrace (Yoshida and Wakita, 1999). The similarities of concentric 130 
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circular Fe-oxyhydroxide bands in cobbles suggest that in all cases the bands formed in 131 

cobbles under the same conditions after buried. 132 

The Fe within the Fe-oxyhydroxide bands is considered as ferric. Since there is no 133 

oxidising agent within the cobbles, the Fe within the Fe-oxyhydroxide must have been 134 

transported to the cobbles in the Fe(III) form. This was possible owing to the acidic 135 

conditions developed within the soil of the terrace. The Fe was able to penetrate the cobbles 136 

by diffusion through the intact rock matrix and precipitate as Fe-oxyhydroxide periodically 137 

due to the buffering of pH towards more alkaline values by water / rock reactions within the 138 

cobbles. The solubility of Fe(III) varies from 2.2 x 10-5 mol/kg at pH = 4 to 2.5 x 10-8 mol/kg 139 

at pH=8, assuming equilibrium with Fe(OH)3 (as calculated using PHREEQC and the 140 

thermodynamic databases “phreeqc.dat” (Parkhurst and Appelo, 2013)) for fresh water with 141 

redox buffered by the atmosphere. 142 

The rhythmic Fe-oxyhydroxide bands are therefore considered as ‘fossilized’ evidence of 143 

the reaction-diffusion process. The widths of the bands (Fig.1 and Supplementary) also 144 

indicate the time intervals over which the process proceeded. The fact that among 10 - 20 145 

period bands observed in each cobble, there is little variation in width or spacing, as identified 146 

from the Fe x-ray profile and SXAM (Figs.1d, e, f, g and Supplementary), suggests that the 147 

reaction rate was approximately constant. The Fe-oxyhydroxide was precipitated repeatedly 148 

during the diffusion of ferric iron from outside each cobble. 149 

Within each Fe-oxyhydroxide band, the side closes to the core of the cobble has a 150 

darker reddish color than the side closest to the surface of the cobble. This variation indicates 151 

a greater accumulation of Fe towards the inner side of the band than the outer side of the band. 152 

This Fe concentration gradient in each band is also identified in the SXAM elemental maps 153 

and clearly shown by profile peak of measured Fe concentration (Figs.1d, f and g). The 154 
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textural features of the Fe-oxyhydroxide bands indicate that the Fe was provided continuously 155 

from the outsides of the cobbles and precipitated during diffusion into the rock groundmass.  156 

The relationship between the Ca and Fe distributions can be explained by diffusion of 157 

acidic water from the cobble’s surface into its core. This acidic water transported dissolved Fe, 158 

which was precipitated as pH increased due to reactions involving plagioclase. Other studies 159 

have shown that plagioclase dissolution can result in a low-pH condition (Oxburgh et al., 160 

1994). The replacement of plagioclase suggests the dissolution and release of Ca to the pore 161 

water (Nishimoto and Yoshida, 2010). The dissolved Ca then diffused outwards through the 162 

pore-water leading to the cobble becoming depleted in Ca. These observations and 163 

geochemical analysis indicate that Fe was fixed to form Fe-oxyhydroxide bands as the Ferric 164 

iron-rich acidic water diffused inwards from the outer surfaces of the dacite cobbles. 165 

Precipitation of Fe-oxyhydroxide (here represented for simplicity by ferric hydroxide) will 166 

occur following; 167 

Fe3+ + 3H2O  =  4Fe(OH)3(s) + 3H+     …………. (1) 168 

The neutralization of acid by alteration of plagioclase will occur; 169 

3CaAl2Si2O8 + 2K+ + 4H+ = 3Ca2+ + 2KAl3Si3O10(OH)2 ……….…(2) 170 

Combining the (1) and (2) reactions yields; 171 

4Fe3+ + 12H2O + 9CaAl2Si2O8 + 6K+ = 9Ca2+ + 6KAl3Si3O10(OH)2 + 4Fe(OH)3….(3) 172 

Once the Fe-oxyhydroxide precipitated in the microscopic pores and connected porosity 173 

network, additional acidic water diffused further towards the core of the cobble along flow-174 

paths that have not been clogged by Fe-oxyhydroxide and also through newly developed 175 

microscopic pores produced by plagioclase dissolution. Reaction (3) above will tend to 176 

produce a small amount of porosity (around 2.5 cm3 per mol of plagioclase reacted, using data 177 

in the thermodynamic database thermo.dat, distributed with Geochemists Workbench; Bethke, 178 

2008) because the reaction products have slightly lower molar volumes. Owing to these 179 
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effects, there will be little influence of fracture skins. The acidic water also contained Mn that 180 

precipitated in approximately the same locations as the Fe, producing a consistent correlation 181 

between Fe and Mn bands (Barnaby and Rimstidt, 1989; Supplementary). 182 

On the basis of the above evidence, the following mechanism for Fe-oxyhydroxide band 183 

formation in the cobbles is summarized in Fig. 2: (1) the cobbles were buried in organic rich 184 

terrace sediments containing detrital Fe-rich shale clasts from the Mino-terrain (Wakita, 185 

1988); (2) Fe in the terrace deposit was mobilized as ferric iron from the sediment by acidic 186 

water and was transported downwards to the cobbles, where it penetrated their groundmass 187 

(Fig. 2b (t1)); and (3) ferric iron transported in the acidic water was fixed to form Fe-188 

oxyhydroxide bands due to pH buffering (Fig. 2b (t2)).  189 

In step (2) the acidic water (pH < 3 ~ 4) was developed below the groundwater table by 190 

liberation of organic acids from the organic rich terrace sediments. Due to its low pH this 191 

water dissolved ferric iron from the weathered detrital Fe-rich shale clasts within the terrace 192 

deposit (Appelo and Postma, 1994). In step (3), as this water penetrated the dacite 193 

groundmass by diffusion, the water’s pH increased due to buffering mainly by water-rock 194 

reactions involving plagioclase in the dacite rock groundmass. Reaction of the plagioclase 195 

consumed H+, thereby increasing the pH at the front of penetrating acidic water and causing 196 

the mobilized ferric iron to precipitate in a band of Fe-oxyhydroxide at the front. As the 197 

supply of water containing Fe continues, the reaction front moves towards the core of the 198 

cobble and a new buffering reaction begins at a new front, where a new Fe-oxyhydroxide rich 199 

band forms (Fig. 2b (t3)). In this process, an Fe-oxyhydroxide band precipitates and new 200 

ferric iron inflows to the band. However, the acid water that flows to the band is already 201 

saturated with Fe in equilibrium with Fe-oxyhydroxide, just at a lower pH. Hence, it cannot 202 

dissolve any of the pre-precipiated Fe-oxyhydroxide. This step-wise progression of the 203 

reaction front continues to form rhythmic Fe-oxyhydroxide bands with certain rim widths 204 
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until the termination of the acidic water supply or the consumption of almost all feldspar 205 

within the groundmass. 206 

 207 

4.2.Reaction time estimation 208 

As the diffusion-controlled mechanism is responsible for the spherical Fe-oxyhydroxide 209 

bands studied here, it follows that the width of each band should reflect the rate of Fe-210 

oxyhydroxide precipitation, with lower rates producing narrower bands. Therefore, the 211 

rhythmic Fe-oxyhydroxide pattern in the spherical intact rocks can be used to estimate the 212 

time of an individual band’s formation as well as the overall formation time of the circular Fe-213 

oxyhydroxide bands formed in a cobble. 214 

Due to the clear concentration change of Fe-oxyhydroxide in the bands, the highest Fe 215 

concentration peaks are readily identified and the spacing between the bands can be measured 216 

(L: av. 3 ± 1 mm). Within the low-permeability igneous rock groundmass, any elemental mass 217 

transport is controlled by diffusion and therefore the width (L) can be used to estimate the 218 

duration of reaction (Figs.1g and f; Supplementary). 219 

The acidic water penetrates the cobbles from outside. The speed of penetration of the 220 

reaction front is V. The penetration timescale required for the width of each band L is L/V. At 221 

the same time, ferric iron diffuses through the low pH water inward from the outside. The 222 

concentration of Fe in the rock at the penetration front gradually increases due to pH buffering 223 

and eventually exceeds the precipitation threshold, leading to the formation of a band of Fe-224 

oxyhydroxide. The time required to exceed the threshold is given by the diffusion timescale of 225 

width L, given by L2/D (D: diffusion coefficient of ferric iron in igneous rocks). Equating 226 

these two timescales leads to: 227 

L = D/V ………[1] 228 
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The penetration rate (V) at any time would be constant in a cobble, since there is a 229 

negligible temperature gradient across the cobble owing to its small size and also by the 230 

relatively homogenous intact rock groundmass. This means that a wider L is developed if the 231 

rock groundmass has a higher value of D and a narrower L is produced where the rock 232 

groundmass has a lower value of D. From the presently observed circular concentric Fe-233 

oxyhydroxide banding pattern, we can determine L (3 mm average), corresponding to the 234 

development of rhythmic Fe-oxyhydroxide bands. The growth rate of the Fe-oxyhydroxide 235 

bands can be used to estimate the average width of each band. A growth timescaleτis given 236 

by: 237 

τ= R/V ………[2] 238 

where R is the radius of a cobble.  239 

From equations [1] and [2], we can constrain the diffusion rate of relevant ions through 240 

the cobbles groundmass, and the timescale taken for an Fe-oxyhydroxide band to form, as 241 

shown in a ‘Diffusion-reaction rate cross-plot’ (Fig. 3). Published values of effective ferric 242 

iron diffusion coefficients in igneous rocks (e.g. 10-8 cm2/s) with similar characteristics to 243 

those studied here (e.g. Arcos et al., 2006; Savage et al., 2009), can be used to estimate the 244 

minimum formation rate of an Fe-oxyhydroxide band. If the value of 3 mm is used, the 245 

expected formation time of an individual Fe-oxyhydroxide band would be within the order of 246 

101 years. Therefore a ‘Liesegang patterns’ with multiple Fe-oxyhydroxide bands suggests 247 

that the overall reaction time within the cobbles is up to 102 ~ 103 years at maximum. The 248 

timescales are much shorter than previously estimated (e.g.Yoshida et al., 2011). 249 

 250 

Conclusion 251 

In summary, the ‘Diffusion-reaction rate cross-plot’ with the values for ‘L’ obtained from 252 

‘Liesegang patterns’ in dacite cobbles revealed that the record of short-term fluid-flow history 253 
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preserved in cementation patterns precipitated at fairly rapid time scales of rhythmic Fe-254 

oxyhydroxide band growth. In particular, parametric analysis of transport processes shows 255 

that an individual band is only developed when diffusion occurs in combination with 256 

relatively rapid Fe-oxyhydroxide precipitation. The rhythmic Fe-oxyhydroxide pattern in a 257 

single cobble may have formed within a geologically very short time scale of 102 ~ 103 years. 258 

The cross-plot also shows how conditions conducive to the formation of regular Fe-259 

oxyhydroxide bands developed in the rock groundmass. The cross-plot can be applied to 260 

estimate the reaction time in similar types of rock in which regular Fe-oxyhydroxide bands, 261 

which are otherwise similar to ‘Liesegang patterns’ are observed. 262 

 263 

CAPTIONS 264 

Fig. 1 Occurrence of Fe-oxyhydroxide band.  Cross-cut view of dacite cobble and Fe-265 

oxyhydroxide bands (a). Fe-oxyhydroxide bands and Fe-oxyhydroxide precipitates in 266 

rock thin section. Fe-oxyhydroxide precipitated in rock groundmass (b) and feldspar 267 

grain (c-1: open, c-2: cross polar). Fe (d) and Ca (e) distribution in cobble measured 268 

by SXAM (cnt: X-ray intensity; count per second). Fe profile across the cobble (f) and 269 

measured intervals between each Fe peak (g).  270 

 271 

Fig. 2 Formation process of Fe-oxyhydroxide bands in cobbles. Schematic image of Fe-272 

oxyhydroxide band formation in dacite cobble after burial in organic rich terrace 273 

sediments (a). A model for Fe-oxyhydroxide band formation (b). t1: Beginning of the 274 

formation at the cobble surface. t2; Fe-oxyhydroxide band grown at a certain distance 275 

from the cobble surface because of sufficient pH buffering. t3; After Fe-oxyhydroxide 276 

precipitation, the reaction front moves to a deeper point and forms the next Fe-277 

oxyhydroxide band by a reaction between the rock and acidic water. Fe-oxyhydroxide 278 
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bands are successively developed until the termination of the source fluid supply 279 

and/or the consumption of feldspar. 280 

 281 

Fig. 3 Diffusion–growth rate cross-plot. The relationship between L (width of reaction 282 

front), D (diffusion coefficient of ferric iron in igneous rocks), and V (linear growth 283 

rate of reaction front) can be written as L = D/V. The relationship between the 284 

effective diffusion coefficient (D; cm2/s) and the growth rate of Fe-oxyhydroxide 285 

bands (V; cm/s) is defined by dimension analysis. The width (L:0.3cm) and the 286 

effective diffusion coefficient of ferric iron in similar kinds of igneous rocks show a 287 

very rapid growth rate of multiple Fe-oxyhydroxide bands within an order of 102 - 103 288 

years. 289 
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