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Introduction: The small, spherical, hematite con-

cretions “blueberries” in the Burns formation [1] at the 

Meridiani Planum may have great importance for the 

understanding of liquid water and, thus, life on Mars 

[2]. Different mechanisms for the formation of the 

spheres have been suggested (e.g., ooids, lapilli, impact 

spherules, Fe-Mn lakebed nodules), but the presently 

favored model is precipitation of concretion cement 

from fluids passing through permeable sediments [3]. 

A terrestrial analog (the Jurassic Navajo Sandstone 

“Utah model”) for the formation of diagenetic spherical 

hematite concretions was first proposed by Chan et al. 

[4] and Ormö et al. [5], and Morris et al. [6] present 

microscopical spherical hematite concretions from a 

hydrothermal basaltic setting. 

 Spherical concretions in Utah show a variety of 

internal structures, including a cemented rind with an 

uncemented interior (Fig. 1), successive rinds like “on-

ion layering”, and massive/uniform cementation. Some 

“blueberries” on Mars may have internal structures, 

however there are insufficient visual or chemical evi-

dence to confirm or deny 

this prediction. Nonetheless, 

well-defined spherical 

forms of hematite concre-

tions found in Meridiani 

sediments are consistent 

with the well-defined and 

hardened shells of many of 

the terrestrial iron oxide 

concretions.  

Fig. 1. Section of spherical rind concretion from the 

Navajo Sandstone (Utah). “Onion-layered” and mas-

sive forms occur as well. Diameter approx. 4 cm. 

Modified from [8]. 

 

Understanding the evolution of internal structures 

can contribute significantly toward understanding the 

diagenetic environment where the concretions formed. 

Our approach to structure in the Utah concretions ex-

amines two stages: early precipitation of unstable Fe-

hydroxide, followed by a ‘ripening’ or recrystallization 

scenario of the unstable hydroxides into more stable 

iron-oxides. The early iron-hydroxides, due to their 

nature of precipitating in an environment with abun-

dant Fe-source, would lack internal structure. Forma-

tion of discretely spaced nucleation centers is demon-

strated through numerical experiments that effectively 

simulate Liesegang banding phenomena involving Fe 

and oxygen cross-diffusion [7]. The distribution and 

spacing between nucleation centers are functions of 

influx rate of solutes (both Fe and oxygen), as well as 

mineral reaction rates. The simulation also implies that 

heterogeneity of sediments, which can affect the nu-

cleation threshold of minerals as well as the diffusivity 

of solutes, has an important role in determining the 

distribution of the nucleation centers. Subsequent or 

concurrent flushing of the sediments with oxidizing 

groundwater cause secondary chemical interaction of 

the spheres with the water. Here, we examine this sec-

ondary processes that contribute to the formation of 

solid iron-oxide concretions with rinds, but possibly 

also “onion layering” and massive forms. The experi-

ments do not intend to simulate the exact chemistry of 

either the Utah or the Meridiani environment. How-

ever, these studies can elucidate the physical process of 

concretion growth, which may have applications to 

both terrestrial and Meridiani examples.  

Methods: For simplicity, experiments were done in 

two dimensions. A thin film of fine- to medium-grained 

sand of a thickness of a few sand grains (grain size 

approx. 0.6 mm) was spread on the bottom of a petri 

dish, and served as a host sediment for the mixing of 

two fluids (400g/l FeSO4 solution and 2M KOH solu-

tion). In the first experiment, the sand was soaked with 

FeSO4. Then KOH was dropped (about 2 drops per 

second, 400µl total) on one spot of the soaked sand. In 

the second experiment, the same volume of FeSO4 so-

lution was dropped on sand soaked with KOH solution. 

In a third experiment, the sand in the central part of the 

dish was soaked with KOH solution and, simultane-

ously, the sand in the periphery with FeSO4 solution. 

This caused the two fluids to meet with reaction only at 

the front of the contact. 

 Results: Immediate interaction of the injected 

fluid with the soaked substrate forms a first, greenish 

precipitate at the chemical interface. The injected fluid 

continues to spread until, suddenly, a more distinct, 

soft, greenish rind of iron hydroxide forms. This halts 

further spread of the fluid. The rind of the “concretion” 

then grows inwards independently if the experiment is 

done with the iron-solution mainly on the outside or the 

inside of the rind. The rind growth stops after a few 

hours, possibly because the rind gets hermetically 
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sealed. Tests by dropping new iron-solution inside a 

“concretion” showed that the inside KOH solution still 

had capacity to react (i.e., not all reactants were con-

sumed). After 15 minutes, the greenish iron-hydroxide 

rind becomes red and harder, possibly due to dehydra-

tion (Fig. 2). After 48 hrs, all the green iron-hydroxide 

has turned red, and after 72 hrs no further change is 

observed. The concretions from FeSO4 injected into 

KOH formed more distinct rinds, apparently due to the 

fact that the FeSO4 does not spread outwards as fast as 

the KOH solution, and thus forms a concentrated pool 

when the initial rind forms. During this process, iron-

hydroxide from the interior of the “concretion” seems 

to diffuse towards the 

rind, causing inward 

growth. As precipitata-

tion proceeds, the inte-

rior gets depleted in 

iron-hydroxide and the 

sand becomes again 

more visible. The third 

experiment also gener-

ated a rind, but the inte-

rior of the “concretion” 

lacked iron-hydroxide 

precipitation. Also in 

this case, the rind grew 

inwards. 

Fig. 2. Detail of inward rind growth in laboratory 

“concretion”. Upper frame is 15 minutes and lower 

frame 72 hrs after first reaction. Frame width 12 mm. 

 

After several hours, a breach of the rind occurred in 

one of the “concretions” of experiment 3 due to a slight 

shaking of the petri-dish. Some 

of the exterior solution (FeSO4) 

passed through the rind and 

formed new precipitate in the 

form of new rinds of iron hy-

droxide (Fig. 3). This may give 

some hint on the possible forma-

tion of “onion layered” concre-

tions. 

 

Fig. 3. Laboratory “concretion” with possible pre-

liminary stage of “onion layering”. Diameter approx. 

2 cm. 

 

Discussion: The laboratory experiments begin at a 

stage of concretion formation after the first amorphous 

spheres formed in the sediment. In order to produce 

rapid precipitation of spherical iron-hydroxide, we 

used purposeful injection of extreme chemical solu-

tions that may or may not be analogous to the Utah or 

Mars examples. Hence, the circular shape of the lab 

“concretions” is not due to the process of self-

organization and diffusion expected for the field occur-

rences, but may, nevertheless, provide a simple model 

of the transition from amorphous spheres into solid 

concretions. The experiments do show that variance in 

the amount of reactant, and the ability to seal off the 

fluids (and not allow more reactants in) may be con-

trolling factors in how concretions grow and whether 

they might produce rinds, layering, or solid interiors. 

An inward rind growth in some Utah concretions is 

observed both by SEM micro-structural analysis of the 

hematite mineral growth of the rind [8], as well as visi-

ble bulbous projections on the inside of the rind in 

other samples. Variations in the Utah concretion forms 

may be due to more complicated processes working 

over time or perhaps even episodically in a geologic 

setting that cannot be easily replicated in a laboratory 

model. There are certainly kinetics and scaling issues 

that cannot be fully evaluated. Despite the limitations, 

the laboratory model still provides a baseline for com-

parison and to examine cause and effect of different 

processes. 

Conclusions: Field observations and laboratory 

experiments indicate that spherical iron oxide concre-

tions can form without growth from a nucleus. Instead, 

self-organized zones of super-saturated (above nuclea-

tion threshold) solution and diffusion cause spherical 

precipitates of iron-hydroxide. Chemical gradients be-

tween the inside and the outside of these spheres cause 

diffusion of Fe ions towards the outer perimeter of the 

amorphous sphere forming a rind. The rind then grows 

inwards due to diffusion within the sphere. Breaches in 

the rind may cause “onion layering”. Massive concre-

tions may form when the rind growth can proceed to-

wards the center. Dehydration and/or an increase of 

temperature change the iron-hydroxide to iron-oxide. 

The occurrence of specular gray hematite in the Merid-

iani spheres suggest some unique conditions of diffu-

sion with supersaturated solutions and tempera-

ture/pressure regimes that favored the formation of 

hematite (with or without intermediate iron oxide 

stages), as well as an abundant and reactive iron 

source.  
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