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1481 The Fe Palaeoredox Proxies

1482 Ancient rocks record the redox conditions of the ocean-

1483 atmosphere system through the distribution of iron (Fe)

1484 between oxidised and reduced minerals, which can be

1485 formulated into a suite of Fe palaeoredox proxies. The bal-

1486 ance between Fe and S in a given system reflects the variance

1487 in a range of high- and low-temperature sources and sinks.

1488 Iron can be delivered by hydrothermal, diagenetic or clastic

1489 fluxes and can be buried and removed as Fe-oxide phases, Fe-

1490 bearing carbonates such as siderite or ankerite, relatively

1491 unreactive silicate phases, which often pass through the sys-

1492 tem in detrital form, or as a constituent of pyrite (FeS2) using

1493 sulphide sourced by sulphate reduction. Sulphate is delivered

1494 to the ocean primarily from continental weathering, which

1495 requires that a surface oxidative cycle exists, and rates of

1496 sulphate delivery and Fe removal as pyrite should thus

1497 depend on ocean-atmosphere redox. Among other successes,

1498 the iron proxies discussed here have proven their value in

1499 studies of the 2.5 Ga Mt. McRae Formation and specifically

1500 in delineating subtle increases in atmospheric oxygen prior to

1501 the Great Oxidation Event, or ‘GOE’. (Anbar et al. 2007;

1502 Kaufman et al. 2007; Reinhard et al. 2009). These Fe proxies

1503 are our most effective inorganic proxy for ancient euxinia

1504 (anoxic and H2S-rich conditions) on the local scale and are an

1505 essential independent backdrop for meaningful application

1506 of Mo isotopes to address extents of euxinia on ocean scales

1507 (Arnold et al. 2004; Gordon et al. 2009). Thus, in addition to

1508 being informative on their own, Fe-based palaeoredox

1509 indicators are a crucial component of multi-proxy

1510 approaches for distinguishing among oxic, anoxic and Fe

1511 (II)-rich (ferruginous), and euxinic depositional conditions.

1512 Thequantity and speciation of highly reactive iron (FeHR) in

1513 sediments and sedimentary rocks can provide crucial insight

1514 into the redox state of the local depositional environment. The

1515 total pool of FeHR consists of mineral phases that have the

1516 potential to react with dissolved H2S when exposed on short

1517 timescales (within the water column or during earliest diagen-

1518 esis) plus Fe that has already reacted and is present as FeS2
1519 (Raiswell and Canfield 1998). Such minerals include ferrous

1520carbonates (siderite, FeCO3; ankerite, Ca(Fe,Mg,Mn)(CO3)2),

1521crystalline ferric oxides (hematite, Fe2O3; goethite, FeOOH),

1522and the mixed-valence Fe oxide magnetite (Fe3O4). These

1523phases are separated by means of a well-calibrated sequential

1524extraction scheme described in detail elsewhere (Poulton et al.

15252004; Poulton and Canfield 2005; Reinhard et al. 2009).

1526Briefly, ~100 mg of sample powder is first treated with a

1527buffered sodium acetate solution for 48 h to mobilise ferrous

1528carbonate phases. A split of the extract is removed for

1529analysis, the sample is centrifuged, and the remaining super-

1530natant is discarded. The sample is then treated with a sodium

1531dithionite solution for 2 h to dissolve crystalline ferric oxides

1532and processed as before. Finally, the sample is treated with

1533an ammonium oxalate solution for 6 h to mobilise magnetite.

1534All extractions are performed at room temperature in 15 mL

1535centrifuge tubes under constant agitation. The sequential

1536extracts are analysed on an Agilent 7500ce ICP-MS after

1537100-fold dilution in trace-metal grade HNO3 (2 %). Pyrite

1538iron is calculated separately based on weight percent pyrite

1539sulphur extracted during a 2-h, hot chromous chloride distil-

1540lation followed by iodometric titration (Canfield et al. 1986),

1541assuming a stoichiometry of FeS2. For measurement of total

1542Fe (FeT), sample powders are ashed overnight at 450 �C (in

1543order to remove organic matter but preserve volatile metals,

1544such as rhenium) and digested using sequential HNO3-HF-

1545HCl acid treatments (see, for example, Kendall et al. 2009).

1546After digestion, samples are reconstituted in trace-metal

1547grade HNO3 (2 %), diluted, and analysed by ICP-MS

1548In modern oxic sediments deposited across a wide range

1549of environments, FeHR comprises 6–38 % of total sedimen-

1550tary Fe (i.e. FeHR/FeT ¼ 0.06–0.38), with an average value

1551for FeHR/FeT of 0.26 � 0.08 defining the modern

1552siliciclastic baseline (Raiswell and Canfield 1998).

1553Enrichments in FeHR that are in excess of this detrital back-

1554ground ratio indicate a source of reactive Fe that is

1555decoupled from the siliciclastic flux and thus reflect the

1556transport, scavenging and enrichment (see below) of Fe

1557within an anoxic basin (Canfield et al. 1996; Wijsman

1558et al. 2001). In this context, ratios of FeHR/FeT exceeding

1559the siliciclastic range point to anoxic deposition, and the

1560ratio FePY/FeHR can then be used to establish whether the

1561system was Fe(II)- or H2S-buffered. An anoxic system with

1562a relatively small amount of FeHR converted to pyrite

1563indicates a depositional environment in which reactive Fe

1564supply was greater than the titrating capacity of available

1565H2S produced microbially by sulphate reduction, and thus no

1566dissolved H2S was accumulating in pore fluids or the water

1567column. Importantly, this is true even if microbial sulphate

1568reduction and pyrite formation was occurring in the system

1569(Canfield 1989) because the preponderance of Fe precludes

1570the accumulation of free H2S. In contrast, if the vast majority

1571of FeHR is present as pyrite in an anoxic system, euxinic

1572depositional conditions are indicated – a consequence of the
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1573 sparing solubility of Fe(II) in the presence of accumulating

1574 dissolved H2S and the scavenging of the transported reactive

1575 Fe as pyrite in the water column.

1576 Recent work in the Black Sea, the world’s largest modern

1577 euxinic basin, reveals that the additional reactive Fe, which is

1578 deposited as pyrite in the deep basin, can derive from benthic

1579 fluxes out of the oxic-suboxic sediments in the shallow mar-

1580 gin. Mixing of porewater Fe(II) into the overlying water

1581 column produces reactive Fe as nanoparticulate oxides in

1582 modernwell-oxygenated systems, butmay also have liberated

1583 dissolved Fe(II) during the Precambrian. These fluxes are

1584 transported basinward and scavenged from the sulphidic

1585 water column (Fig. 7.167; reviewed in Lyons et al. 2009).

1586 Interpretation of this reactive Fe system can be complicated,

1587 however, by variations in the ratio of the oxic-suboxic benthic

1588 source area to the anoxic/euxinic sink (Canfield et al. 1996;

1589 Lyons 1997; Raiswell and Canfield 1998; Wijsman et al.

1590 2001; Anderson and Raiswell 2004; Raiswell and Anderson

1591 2005), the export efficiency of Fe from shelf sediments

1592 (Raiswell and Anderson 2005), sedimentation rates (Lyons

1593 and Severmann 2006), and in mineralogical transformations

1594 accompanying metamorphism (discussed in Lyons and

1595 Severmann 2006; Reinhard et al. 2009). All three factors

1596 will tend to obscure anoxic and/or euxinic depositional

1597 conditions. For example, a relatively small ratio between the

1598 areal extent of oxic-suboxic benthic source relative to anoxic/

1599 euxinic sink will attenuate reactive Fe enrichments even in an

1600 anoxic system. Similarly, relatively high sedimentation rates

1601 will tend to dilute reactive Fe enrichments through an elevated

1602 flux of material with siliciclastic FeHR/FeT and FeT/Al values

1603 regardless of redox conditions in the overlying water column.

1604 We note, however, that when this Fe cycling occurs on an

1605 ocean scale the reactive Fe pool can also be supplemented by

1606 hydrothermal activity along mid-ocean ridge systems.

1607 Taken in isolation, then, proxy reconstructions that rely

1608 on the reactive Fe system can be somewhat ‘asymmetric’

1609 because interpretations that indicate anoxic and/or euxinic

1610 deposition based on clearly elevated FeHR/FeT and FeT/Al

1611 (and FePY/FeHR for euxinia) are relatively straightforward

1612 and robust, and false positives are probably rare (Lyons and

1613 Severmann 2006). On the other hand, interpretations that

1614 indicate oxic deposition are more problematic and are most

1615 convincing when made in concert with other proxy data

1616 (such as trace metal distributions). The last of these

1617 concerns, metamorphism, is of particular importance and is

1618 discussed in more detail below.

1619 Mineralogical transformation accompanying metamor-

1620 phism can complicate interpretations of the reactive Fe sys-

1621 tem. For example, primary reactive mineral phases, such as

1622 FeCO3 or Fe2O3, can be converted to poorly reactive Fe-

1623 containing silicate mineralogies that are not fully removed in

1624 the extraction methodology. This conversion will have the

1625 duel effect of artificially lowering FeHR/FeT values while

1626 increasing FePY/FeHR values (Fig. 7.168a, b). The formation

1627 of authigenic Fe-containing silicate phases in Fe(II)-rich

1628 environments would have a similar effect, particularly with

1629subsequent conversion to poorly reactive (and poorly-

1630extracted) Fe-containing silicates during burial diagenesis

1631and metamorphism.

1632Two approaches for dealing with the above concerns

1633involve (1) interpreting FeHR systematics within the context

1634of total Fe content (FeT/Al) and (2) using another, more

1635operationally defined Fe speciation parameter, Degree of

1636Pyritisation (DOP; Raiswell et al. 1988). DOP is defined as:

DOP ¼ FePY

FePY þ FeHCl

1637twhere FeHCl is extracted by boiling the sample for 1 min in

1638concentrated HCl and quantified using spectrophotometric

1639techniques (Stookey AU71970). FePY is determined as described

1640above. DOP provides a conservative measure of the degree to

1641which reactive Fe has been converted to pyrite, because FeHCl
1642includes some amount of poorly reactive silicate Fe that will

1643not react with dissolved H2S even on long timescales

1644(Canfield et al. 1992; Raiswell et al. 1994; Raiswell and

1645Canfield 1996; summarised in Lyons and Severmann 2006).

1646In addition to some amount of the detritally delivered Fe, this

1647fraction will include some authigenic Fe-containing silicate

1648phases formed in Fe(II)-rich environments and some Fe-

1649silicate phases where these formed secondarily at the expense

1650of reactive Fe pools during burial alteration. As a result, high

1651values for DOP are a convincing proxy for euxinic conditions.

1652In the same way that DOP can be viewed as complemen-

1653tary to FePY/FeHR in terms of delineating H2S-buffered,

1654euxinic systems, FeT/Al ratios can be viewed as an effective

1655partner with FeHR/FeT for recognising anoxic depositional

1656conditions. Because metamorphic repartitioning of reactive

1657Fe phases into poorly reactive silicate mineralogies will not

1658change the total Fe content, anoxic systems showing artifi-

1659cially low FeHR/FeT ratios as a result of metamorphism will

1660still display elevated FeT/Al values. In short, high values for

1661FeT/Al and DOP provide compelling evidence for anoxic

1662and sulphidic (euxinic) depositional conditions, even if sub-

1663stantial Fe mineral transformations have occurred attendant

1664to metamorphism.

1665Another issue that emerges when looking at more ancient

1666sedimentary rocks is the potential presence of significant

1667pyrrhotite. Two problems arise: one is analytical and con-

1668founded by uncertain Fe-S stoichiometries; the other is

1669interpretational. In the first case, because sulphur as pyrrho-

1670tite is extracted efficiently during the hot chromous chlo-

1671ride distillation used to quantify pyrite S contents, a

1672significant amount of Fe as pyrrhotite will result in inaccu-

1673rate estimates of reactive Fe inventories if we assume that

1674all chromium-reducible sulphur is present in the form FeS2
1675(Fig. 7.168c, d). Pyrrhotite can be isolated from pyrite

1676through a boiling 6N HCl distillation, and although this

1677method is too aggressive for modern sediments (Chanton

1678and Martens 1985; Cornwell and Morse 1987), it may

1679preferable when analysing ancient sedimentary rocks

1680(Rice et al. 1993). However, the variable stoichiometry of

10 7.10 Chemical Characteristics of Sediments and Seawater



1681 pyrrhotite (Fe1-xS, where 0 < x < 0.25) makes calculation

1682 of the associated Fe content difficult.

1683 The second issue is establishing the mechanism of pyr-

1684 rhotite formation, and this is crucial for making meaningful

1685 interpretation of the primary depositional environment. It

1686 has been suggested that pyrrhotite can be present as a pri-

1687 mary mineral phase, accumulating detritally or

1688 authigenically in systems that are sulphur limited and thus

1689 do not promote the conversion of metastable amorphous FeS

1690 phases to pyrite (Roberts and Turner 1993; Horng and

1691 Roberts 2006; Larrasoana et al. 2007). Separate quantifica-

1692 tion of pyrrhotite allows one to roughly quantify the total

1693 amount of ‘sulphidised’ Fe as follows (Fig. 7.168e, f):

FeS

FeHR
¼ FePY þ FePO

FeHR

1694 where FePO denotes pyrrhotite Fe. In this case, the reactive Fe

1695 system can be interpreted, as before, by examining the frac-

1696 tion of reactive Fe that is fixed via reaction with dissolved

1697 H2S. We note, however, that the presence of primary pyrrho-

1698 tite would tend to suggest a priori that the pyritisation process

1699 has been ‘arrested’ by some factor, most plausibly limited

1700 availability of sulphur intermediates (Sn
2�, S2O3

2�, SnO6
2�)

1701 (Schoonen and Barnes 1991a; Hurtgen et al. 1999).

1702 On the other hand, there are reasons to suspect that the

1703 formation of pyrrhotite as a low temperature authigenic or

1704 diagenetic phase should be unlikely undermost circumstances

1705 (Schoonen and Barnes 1991b; Lennie et al. 1995). A more

1706 probable source for pyrrhotite in ancient sedimentary rocks is

1707 metamorphic reactions involving pyrite and/or Fe-containing

1708 silicate phases. In the simplest case, fluid produced through

1709 metamorphic dehydration of silicates dissolves pyrite to yield

1710 pyrrhotite and an S-bearing fluid (see Tomkins 2010, and

1711 references therein). This desulphurization process can occur

1712 at relatively low temperatures (i.e. sub-greenschist facies;

1713 Lambert 1973; Ferry 1981), and the net result of producing

1714 such a fluid is a loss of Fe-bound sulphur from the rock. The

1715 effect of such a process on the reactive Fe system is depicted

1716 schematically in Fig. 7.168c, d. Pyrrhotite can also be formed

1717 through the later reaction of such a fluid with Fe-containing

1718 silicate phases, but this process is only known to occur at

1719 relatively high grades of metamorphism (Mallio and Gheith

1720 1972; Guidotti et al. 1988; Tompkins 2010). It has also been

1721 shown that reactions at relatively low temperature involving

1722 gypsum can yield secondary pyrrhotite (Hall 1982), but these

1723 are not likely to be a significant source of pyrrhotite in shales.

1724 In short, care must be taken when interpreting Fe specia-

1725 tion data for sedimentary rocks that have experienced even

1726 low-grade metamorphism. Nevertheless, robust arguments

1727 for primary depositional conditions can be constructed even

1728 within the limitations imposed by potential metamorphic

1729 overprinting. Such considerations will be particularly impor-

1730 tant for the FAR-DEEP materials, as many sulphide-

1731 containing siliciclastic units show elevated magnetic

1732susceptibility indicating that a substantial portion of the

1733sulphide mineral pool may be represented by pyrrhotite,

1734which is confirmed by visual examination of the core. It

1735will thus be crucial to consider the effects of metamorphism

1736on Fe mineral assemblages through both textural and micro-

1737scopic observations and wet chemical methods. Most impor-

1738tant of the latter will be a coupled approach that considers the

1739reactive Fe pools in terms of more conservative redox

1740indicators such as FeT/Al and DOP, in addition to the devel-

1741opment and use of a method for isolating pyrite from pyrrho-

1742tite that is tailored to ancient sedimentary rocks.

1743Such an approach has already yielded important informa-

1744tion about the structure and evolution of Earth’s ancient

1745oceans. For example, detailed studies of Archaean (Reinhard

1746et al. 2009; Scott et al. 2011), Palaeoproterozoic (Poulton et al.

17472004, 2010), and Neoproterozoic (Canfield et al. 2008) shales

1748and iron formations have demonstrated that the history of

1749deep ocean chemistry on Earth has been variable on a number

1750of temporal and spatial scales, with complex responses to

1751changing ocean-atmosphere redox and concomitant effects

1752on the evolution of life. Given the rather poorly constrained

1753redox status of the deep ocean during the Palaeoproterozoic

1754(Canfield 2005), the FAR-DEEP drillcores will provide

1755important new constraints on the response of ocean chemistry

1756to the initial oxygenation of the ocean-atmosphere system.

1757Fe Isotope Approaches

1758Natural mass-dependent Fe isotope variations are defined by

1759comparing 56Fe/54Fe ratios between a given sample and a

1760standard reference material, and are expressed in units of

1761parts-per-thousand (‘per mil’ or ‰) using conventional

1762‘delta’ notation:

d56Fe ¼ 1,000 x [(56Fe/54FeÞsample=ð56Fe/54FeÞstandard � 1�:

1763Differences in the isotopic composition between two

1764phases X and Y (D56FeX�Y ¼ d56FeX � d56FeY) can be

1765related to the isotopic fractionation factor (a) through the

1766approximation D56FeX-Y ~ 103lnaX-Y. Values for d
56Fe in a

1767variety of natural materials span a range of up to 5 ‰ (Anbar

17682003; Beard et al. 1999; Dauphas and Rouxel 2006; Johnson

1769et al. 2004). Experimental and theoretical studies have shown

1770that Fe isotopes should fractionate strongly between ferric

1771and ferrous iron species in aqueous environments (Anbar

1772et al. 2005; Jarzecki et al. 2004; Johnson et al. 2002; Welch

1773et al. 2003), making the Fe isotope system responsive to

1774redox-dependent Fe cycling. Average isotope fractionations

1775between Fe(II)aq and Fe(III)aq species (D56FeFe(II)-Fe(III)) of

17762.5–3.6 ‰ were measured by Johnson et al. (2002) and

1777Welch et al. (2003) in dilute HCl solutions at temperatures

1778of 0–22 �C, consistent with the theoretical calculations of

1779Anbar et al. (2005) and Jarzecki et al. (2004). Investigation of

1780isotope exchange kinetics between Fe(II)aq and Fe(III)aq by

L.R.H. Kump et al.



1781 mixing solutions of dissolved ferrous and ferric iron have

1782 shown that isotopic equilibrium is reached in approximately

1783 150–300 seconds, meaning that isotopic equilibrium effects

1784 between Fe(II) and Fe(III) compounds tend to dominate in

1785 both biological and inorganic redox processes.

1786 Microbiological experiments have also shown that signif-

1787 icant Fe isotope fractionations up to 2–3 ‰ occur during

1788 dissimilatory Fe(III) reduction (Beard et al. 2003; Icopini

1789 et al. 2004; Johnson et al. 2005AU8 ) and anaerobic photosyn-

1790 thetic Fe(II) oxidation (Croal et al. 2004). Fe isotope

1791 fractionations can also occur during abiotic Fe(II) oxidation

1792 and precipitation of ferric hydroxides (Balci et al. 2006;

1793 Bullen et al. 2001), and through sorption of aqueous Fe(II)

1794 onto ferric hydroxides (Icopini et al. 2004).

1795 Iron is readily soluble in oxygen-depleted environments

1796 as Fe(II) species and typically precipitated as Fe(III) after

1797 oxidation in solution. Therefore, the total reaction of Fe

1798 (II)aq ! Fe(III)aq ! Fe(III)solid is a key process for under-

1799 standing Fe isotopic variations in the geologic record, and

1800 particularly in rocks associated with significant changes in

1801 Earth surface redox such as the GOE at 2.3 Ga (e.g.

1802 Farquhar et al. 2000; Hannah et al. 2004; Bekker et al.

1803 2004; Guo et al. 2009). The hydrolysis and precipitation

1804 of Fe(III) (the second step in the above reaction) may also

1805 include net fractionation depending on the precipitated

1806 phase, the kinetics of the Fe(III)aq ! Fe(III)solid reaction

1807 (equilibrium vs. kinetic fractionation), and mass balance

1808 relationships between reactant and product. Skulan et al.

1809 (2002) measured equilibrium and kinetic fractionation

1810 factors during haematite precipitation from Fe(III)aq of

1811 103lnaFe(III)-hematite ¼ 0.1 � 0.2 ‰ and 103lnaFe(III)--
1812 hematite ¼ 1.3 ‰, respectively, and other precipitated

1813 minerals may produce different values. For instance, Butler

1814 et al. (2005) investigated Fe-isotope fractionation during

1815 FeS (i.e. mackinawite) precipitation from Fe(II)aq solutions

1816 and demonstrated kinetic Fe-isotope fractionation up to

1817 �0.8 ‰ which may explain the generally negative d56Fe
1818 values in pyrite found in sedimentary (Severmann et al.

1819 2006a) and hydrothermal environments (Rouxel et al.

1820 2008a). These studies emphasise the importance of the

1821 precipitation mechanism for the interpretation of Fe isoto-

1822 pic compositions in the geological record. Clearly, mass

1823 balance between the different Fe phases also plays an

1824 important role. In cases where the oxidation and precipita-

1825 tion of the aqueous iron is quantitative, fractionations will

1826 cancel out and the isotopic composition of the sediment

1827 will reflect directly that of the source solution (e.g. sea

1828 water). If the process is not complete, the quantitative

1829 relationship between the phases and the precipitation

1830 model should be considered (i.e. Rayleigh distillation vs.

1831 equilibrium fractionation).

1832 Lithogenic sources of Fe on the modern oxygenated Earth

1833 have similar Fe isotope composition to those of bulk silicate

1834 Earth (Beard et al. 2003). In contrast, marked variations in Fe

1835 isotope composition have been reported in organic-rich

1836sediments (Beard et al. 2003; Jenkyns et al. 2007; Matthews

1837et al. 2004; Rouxel et al. 2005; Yamaguchi et al. 2005),

1838banded iron formations (Dauphas et al. 2004; Johnson et al.

18392003, 2008a; Steinhoefel et al. 2009), hydrothermal fluids and

1840precipitates (Rouxel et al. 2008a; Sharma et al. 2001), and

1841altered volcanic rocks (Rouxel et al. 2003). Initial study of the

1842Fe isotope composition of marine sediments and sedimentary

1843rocks over geological time has provided new insights into the

1844ancient Fe cycle (Rouxel et al. 2005) (Fig. 7.169). The general

1845pattern of this record divides Earth’s history into three stages

1846which are strikingly similar to the stages defined by the d34S
1847and D33S records as well as other indicators of the redox state

1848of the atmosphere and ocean such as the appearance of red

1849beds, oxidised palaeosols, haematitic o€olites and pisolites,

1850Mn-oxide deposits, and Ce anomalies in chemical sedimen-

1851tary deposits (Holland 1984; Cloud 1987; Baker and Fallick

18521989; Bau and Moller 1993; Karhu and Holland 1996;

1853Canfield 1998; Gutzmer and Beukes 1998; Farquhar et al.

18542000; Bekker et al. 2004). Highly variable and negative d56Fe
1855values of pyrite before 2.32Gamay reflect reservoir effects on

1856dissolved Fe in the ocean resulting from the removal of

1857isotopically heavy Fe during oxidative precipitation (Rouxel

1858et al. 2005). Similarly, the positive d56Fe values between 1.8

1859to 2.3 Ga might be related to the increased effect of sulphide

1860precipitation in a redox-stratified ocean. After 1.8 Ga, the

1861near-complete scavenging of dissolved Fe by the reaction

1862with dissolved oxygen or biogenic H2S to form Fe oxide and

1863sulphide minerals limits the extent of Fe isotope variability in

1864sediments (Anbar and Rouxel 2007; Rouxel et al. 2005).

1865Although both S- and Fe-isotope systematics, as well as Fe-

1866and S-speciation (Poulton et al. 2004) indicate a transition

1867from anoxic (Fe(II)-rich) to widespread euxinic (H2S-rich)

1868deep ocean conditions in the Palaeoproterozoic, there is

1869conflicting information in the distribution of rare earth

1870elements in late Palaeoproterozoic BIFs (Slack et al. 2007),

1871and the nature and timing of the relationship between oceanic

1872Fe- and S- biogeochemical cycles during the rise of atmo-

1873spheric oxygen remains unclear.

1874Although several interpretations of the Fe-isotope record

1875in black shales were proposed (Archer and Vance 2006;

1876Rouxel et al. 2005; Severmann et al. 2006b; Yamaguchi

1877et al. 2005), it is likely that the shift from high d56Fe
1878variability in >2.3 Ga black shales to little variability

1879<1.8 Ga reflects redox-related changes in the global oceanic

1880Fe cycle (Fig. 7.169). It appears that Fe isotope variations in

1881sedimentary pyrite are particularly sensitive to the concen-

1882tration of dissolved Fe(II) (i.e. the size of aqueous Fe reser-

1883voir) and can be used to place important constraints on the

1884sources to and sinks from this Fe(II) reservoir in past oceans.

1885Subsequent studies of modern oxygen-deficient sedimen-

1886tary and oceanic systems (Rouxel et al. 2008b; Severmann

1887et al. 2006a, 2008; Staubwasser et al. 2006) have helped to

1888better constrain the fractionation of Fe-isotopes during

1889early diagenesis and their palaeo-environmental implications,

1890thus providingmodern analogues to the Precambrian Fe cycle
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1891 in redox-stratified oceans. In particular, dissimilatory Fe

1892 reduction (DIR) in sediment porewater may produce strongly

1893 negative d56Fe signatures in pyrite in organic-rich sediments

1894 similar to those observed in Precambrian black shales

1895 (Fig. 7.167). By analogy with bacterial sulphate reduction, it

1896 has been proposed that the secular variation of d56Fe values in
1897 black shale pyrite is primarily controlled by the extent of Fe

1898 (III) reduction during diagenesis, which is itself dependent on

1899 the amount of reactive Fe(III) available for DIR. Since Fe(III)

1900 oxides are insoluble (unlike sulphate), DIR is expected to

1901 produce an isotopically heavy Fe(III)-rich reservoir which

1902 should largely remain in the sediments, and diagenetic

1903 remobilisation of reactive Fe (see above) will promote the

1904 removal of light Fe as dissolved Fe(II) (see below). Although

1905 d56Fe analyses of various coexisting Fe-pools in black shales,
1906 such as Fe-carbonates, Fe-oxides and disseminated pyrite and

1907 silicates do not provide evidence for the complementary high

1908 d56Fe components (Duan et al. 2010; Rouxel et al. 2006), an

1909 important prospect of the FARDEEP research will further test

1910 the effects of DIR on secular Fe-isotope variations during the

1911 Archaean and Palaeoproterozoic era by coupling d56Fe
1912 analyses with Fe speciation analyses on the same sample.

1913It has also been demonstrated that suboxic porewaters on

1914modern continental shelves have characteristically light

1915(d56Fe < �2.0 ‰) iron isotope values (Rouxel et al.

19162008b; Severmann et al. 2006a). Consistent with a shelf-to-

1917basin iron transport inferred for modern euxinic basins

1918(Lyons and Severmann 2006), Palaeoproterozoic sediments

1919might have experienced a similar iron-shuttle that generated

1920an isotopically light benthic iron flux (Severmann et al.

19212008). The Palaeoproterozoic sulphidic shales from the

1922Fennoscandian Shield available in FAR-DEEP drillcores

1923will allow the potential contribution of shelf-derived Fe to

1924be estimated through higher reactive Fe concentrations and

1925increased Fe/Al ratios in bulk shales. These contributions

1926should also correlate with negative d56Fe values, although

1927hydrothermal enrichment should also exert a strong influ-

1928ence on the Fe isotope mass balance in Archaean and

1929Palaeoproterozoic oceans.

1930In conclusion, by providing a context for interpreting

1931trace metal chemistry and transition metal isotope systemat-

1932ics, the Fe-speciation approach is critical to our use of the

1933FAR-DEEP cores as windows to the tempo and mode of

1934early Earth oxygenation.

Fig. 7.167 Schematic depiction of the benthic Fe shuttle as a mecha-

nism for enriching anoxic sediments in biogeochemically reactive Fe.

Reactive Fe is transported from shelf sediments, either as amorphous

Fe oxy(hydr)oxides or as dissolved Fe(II) subsequent to dissimilatory

Fe reduction (DIR) within shelf sediments, and is scavenged and buried

as syngenetic Fe phases in the deeper water column. This is manifested

in sediments by progressively increasing values for FeT/Al, FeHR/FeT,

and DOP. Shown here is a euxinic basin in which the ultimate reposi-

tory for reactive Fe is pyrite (FeS2) but in ferruginous systems this

syngenetic reactive Fe phase may be Fe carbonates or oxides (Modified

after Lyons and Severmann (2006))
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Fig. 7.168 Hypothesised shifts in Fe speciation parameters attendant

to different metamorphic overprints. The y-axis represents values for
each given ratio. Open symbols represent the primary sediment values,

while shaded symbols represent values following hypothetical meta-

morphic overprinting. Panels (a) and (b) show shifts expected under the

circumstance that some portion of the originally reactive Fe pool is

incorporated into poorly reactive Fe-containing silicates. Panels (c–f)
depict one possible series of shifts accompanying metamorphic

desulphurisation of pyrite and subsequent loss of S from the rock in a

reducing fluid. It is assumed for illustration that roughly two thirds of

the sulphur originally present as pyrite (stoichiometry of FeS2) is

removed, and the remaining Cr-reducible S is converted to pyrrhotite

(approximate stoichiometry of FeS). The first case (c, d) depicts a

scenario where all Cr-reducible S is assumed to be present as pyrite.

The second case (e, f) depicts a scenario utilising a refined method for

pyrrhotite separation and correction of stoichiometry. FeS is as defined

in the text
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