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A	deal	of	evolution	is	involved	in	keeping	due	balance	
between	surface	and	mass	as	growth	goes	on	…

of	these	…
the	helicoid	spiral	is	the	most	interesting	to	the	biologist

…	e.g.,
the	"spiral	valve"	of	the	shark's	gut
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Atmosphere	fed	from	volcanic	CO2	>	H2S,	S8, SO2,	NO,	P4O10
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1	bar	CO2 favors

Rainout	of	NOx	àmicromolar concentration	of	nitrate	at	steady	state

Wong,	Charnay,	Gao,	Yung,	Russell,	2017.	Astrobiology in	press



Deep-water	banded	iron	formation,	Fig	Tree	Group	3.2	Ga	Barberton	Greenstone
Donald	R.	Lowe

Halevy	et	al.,	2017	A	key	role	for	green	rust	in	the	Precambrian	oceans	and	the	genesis
of	iron	formations.			Nature	Geoscience.	10:135	

and	



Fe-mound	formation	in	a	low-
temperature	hydrothermal	

system	at	the	Jan	Mayen	Vent	
Fields

Johannessen et	al.	2017	Geochim
Cosmochim Acta 202:101-123.

cf
Fe-Si-oxyhydroxide deposits	at	The	

Lilliput	hydrothermal	field	
Dekov et	al.	2010	Chem Geol 278:186–200

The	Troll	Wall	field



J.-M.R. Génin et al. / Solid State Sciences 8 (2006) 1330–1343 1341

[(1/3), (2/3)], µ◦[GR∗(x)] = (−618 + 54x) kJ mole−1 and in
[(2/3),1], µ◦[GR∗(x)] = (−632 + 75x) kJ mole−1 leading to
−600, −582 and −557 kJ mole−1 for x = (1/3), (2/3) and 1,
respectively. Consistency between the structural model assum-
ing a progressive filling of the three sublattices and the solid
solution thermodynamics is remarkable.

5. Mass balance diagram

It was previously explained that a mass balance diagram can
be usefully drawn for representing all iron species and follow
the routes that are utilised during any redox process [25]. Any
compound is positioned in such a diagram according to the ra-
tio R = {[OH−]/[Fetotal]} versus the ratio x = {[FeIII]/[Fetotal]}
(Fig. 9). The major species and compounds are according to
their various formulae, FeII and FeIII at points F(0,0) and
I (1,0), Fe(OH)2 and FeOOH at points G(0,2) and E(1,3),
Fe3O4 at point H(0.67,2.67). The ferrous GR(CO3

2−)§, sto-
ichiometric GR(CO3

2−) and ferric GR(CO3
2−)* are at points

A(0,1.67), B(0.33,2) and D(1,2.67), respectively, whereas
at C(0.67,2.33) is found the upper limit of fougerite. Con-
sequently the overall domain of existence of the iron oxyhy-
droxycarbonate is represented by line AD of slope 1. This line
represented already the path followed to prepare stoichiometric
GR(CO3

2−) by aerial exposure of a solution of ferrous hydrox-
ide in the presence of an excess of FeII ions in solution [16].
At that time, point A represented a mixture of Fe(OH)2 and
FeII on tie line FG and the afferent oxidation from A to B

was:

(6)

5Fe(OH)2 + FeII
aq + CO3

2− + 2H2O

⇒ FeII
4FeIII

2(OH)12CO3 + 2H+ + 2e−.

Here, the electrochemical reduction of GR(CO3
2−) at the

cathode goes from B to A where lies ferrous GR(CO3
2−)§

when protonation proceeds and the oxidation from B to D

at the anode allows forming ferric GR(CO3
2−)* by depro-

tonation [18]. Voltammetric cycling curves were represented
by going to and from between A and D [18,26,27]. Ferric
GR(CO3

2−)* crystals on the electrode that are also brownish
orange have the same hexagonal shape [26]. A careful chem-
ical analysis incorporating intercalated water molecules was
reported to give the formula (FeIII)6(O)14.41(H)12.30(CO3)0.74
for GR(CO3

2−)* [27]; except for the carbonate that seems ap-
proximate, this analysis well agrees with our model, giving
(FeIII)6(O)14(H)12(CO3) if 2H2O molecules remain on the av-
erage instead of 3 as likely due to vacancies.

6. The fougerite mineral

6.1. Fougerite identification

The formation in Nature of GR(CO3
2−)*, the fougerite min-

eral, comes from bioreduction of ferric oxyhydroxides. Once
trapped in the anoxic groundwater, bacteria, e.g., DIRB, that
look for an electron acceptor replace oxygen by FeIII for res-
piration. The ferric oxyhydroxide dissolves gradually into FeII

ions that join the circumneutral solution. Concomitantly, bac-
teria produce HCO3

− ions so that all constituents are present

Fig. 9. Mass balance diagram reporting R = {[OH−]/[Fetotal]} versus x = {[FeIII]/[Fetotal]} for representing iron oxyhydroxycarbonates obtained by protonation
and deprotonation of GR(CO3

2−) in the complete [0,1] range of x.
Iron	oxy-hydroxycarbonates obtained	by	protonation and	deprotonation of	GR(CO3

2−)	
(Génin et	al.	2006		Solid	state	sciences 8:1330-1343)

mössbauerite
trébeurdenite

fougèrite Fe2+4Fe3+2(OH)12CO3.3H2O	à trébeurdenite Fe2+2Fe3+4O2(OH)10CO3·3H2O



Structure	of	Green	Rust	and	Methane	Monooxygenase	active	site

iron nitrogen hydrogen	oxygen

Nitschke et	al.,	2013	Biochim Biophys Acta 1827:871–881
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green	rust	nanocrysts

Diffusion	in	GR	rectified	through
coupling	to	redox	&	pH	gradients	



NH32H++	NO3
- NO2

- HNO H2NOH NH2NO

H+ à NH3	à NH4
+		+	C3H4O3

- à C3H6O2NH2	à [C3H5O2NH2]n

ß ē ē

ß ē ē

ß

ß ē ē

OH
-

H2MEMBRANE	

polyalanine

H+/OH-

H+/OH-

H+		à

H+		à

H+		à

H+		à

NO3

CO2

OCEAN

ē

ē

ē

ē
H+	

ē

ē
2H+

ē

H+/OH-

H+/OH-

2H+ 2H+
ē

H+

CH4

CH4 +	NO	+	2e- +	2H+ àCH3OH	+	NH2

GREEN	RUST	AS	READY-MADE	MULTIFUNCTIONAL	GR	ENGINE
Russell	and	Nitschke 2017	Astrobiology



Génin et	al.	2005	Fougerite and	Fe	II–III	hydroxy-
carbonate	green	rust.	Solid	State	Sciences 7:545-572			



How	bodily	surface	can	keep	pace	with	volume	– the	parking	garage	structure

"spiral	valve"	of
the	shark's	gut

D’Arcy	Thompson

Terasaki Berry

Forticeaux



How	bodily	surface	can	keep	pace	with	volume	– the	parking	garage	structure

Terasaki et	al.	2013	Cell 154:285-296	 Berry et al. 2016 Phys Rev C, 94:55801 

Forticaux et al., 2016 Nano lett 15:3403. 

cf.	expansion	
of	a	sphere

V	=	4𝝅r3/3

S	=	4𝝅r2



“Ready	made”	garage	parking	structure	or	helical	baffle
In	this	case	function	follows	form	!

Cf.						Double	layer	hydroxide	such	as	“green	rust”
~	FeII4FeIII2[OH]12CO3·3H2O	<->	FeII2FeIII4O2(OH)10CO3.3H2O		

Forticaux,	Dang,	Liang,	Jin (2015)	Controlled	synthesis	of	layered	
double	hydroxide	nanoplates driven	by	screw	dislocations.	Nano	
letters,	15,	3403.



Greenwell & Coveney 2006  
After Figure 6
OLEB, 36,	13-37.

Russell	&	Beckett	2017	
ABSCICON	abstract	3192	

A	digital	computer?
Fe2+	=	ZERO
Fe3+	=	ONE



O'Loughlin	et	al.	2015	Curr Inorg Chem 5:214
Hansen	&	Poulsen 1999	Clays	Clay	Miner 47:312

GR
Division	(?)
of	screw	
dislocated
(helicoidal)
GREEN	RUST

Wang	&	O'Hare	2012	J	Materials	Chem 22:23064-23070

Green	rust	nanorod;	Johnson	2015
Am	Mineralogist	100:2091-2105

Johnson	et	al.	2015	Am	Min	100:20,	Fig	6k



Denitrifying	methanotrophic acetogenesis

Nitschke and	Russell	2013;	Russell	and	Nitschke 2017
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