(Y

A

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

THE ROYAL A

PHILOSOPHICAL
TRANSACTIONS

2 |

SOCIETY

Y & |
AL A

JA

SOCIETY

PN

OF

OF

Downloaded from rsta.royalsocietypublishing.org

TRANSACTIONS

PHILOSOPHICAL THE ROYAL
OF SOCIETY

Microbial Mineralization of Organic Matter:
Mechanisms of Self-Organization and Inferred
Rates of Precipitation of Diagenetic Minerals [and
Discussion]

M. L. Coleman, R. Raiswell, A. Brown, C. D. Curtis, A. C. Aplin, P. J. Ortoleva, M.
Gruszczynski, T. Lyons, D. R. Lovley and G. Eglinton

Phil. Trans. R. Soc. Lond. A 1993 344, 69-87
doi: 10.1098/rsta.1993.0076

i i i Receive free email alerts when new articles cite this article - sign up in
Email alerti ng service the box at the top right-hand corner of the article or click here

To subscribe to Phil. Trans. R. Soc. Lond. A go to:
http://rsta.royalsocietypublishing.org/subscriptions

This journal is © 1993 The Royal Society


http://rsta.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=roypta;344/1670/69&return_type=article&return_url=http://rsta.royalsocietypublishing.org/content/344/1670/69.full.pdf
http://rsta.royalsocietypublishing.org/subscriptions
http://rsta.royalsocietypublishing.org/

\\ \\

L

J

i AR

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

X

/

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

Microbial mineralization of organic matter:
mechanisms of self-organization and inferred rates
of precipitation of diagenetic minerals

By M. L. CorEMAN! AND R. RATsweLL?

! Postgraduate Research Institute for Sedimentology, University of Reading,
PO Box 227, Reading RG6 2AB, UK., and BP Exploration, BP Research and
Engineering Centre, Sunbury-on-Thames, Middx. TW16 7LN, UK.

2 Earth Sciences Department, University of Leeds, Leeds LS2 9JT, UK.

Carbonate concretions attract study because, unlike intergranular cements, they
form conspicuous spheroidal or laterally extensive bodies. However, they pose a
fundamental challenge to uniformitarianism because no concretions identical to
geologically preserved ones are forming today. Nevertheless, understanding their
origin can be accomplished by simulation of geological processes, using present-day
processes and pore-water compositions. The successive reactions (mainly microbial)
degrading organic-matter during sediment burial produce inorganic species which
may form carbonate and sulphide minerals and can be characterized by stable
isotope and chemical compositions. Pyrite-rimmed, spheroidal carbonate carbonate
concretions (Jurassic) resulted from outward diffusion of microbially produced
sulphide which reacted with inwardly diffusing iron. Extensive, bedded siderite
concretions (Coal Measures) were formed by microbial reduction of Fe(III) which
could only proceed because the reaction was buffered by precipitation of carbonate
produced by methanogens degrading more deeply buried organic matter. By-
products of the reactions may either inhibit or promote initiation of similar
precipitation reactions locally. The former case leads to situations where initial
random localization of reaction sites causes self-organized reaction within the
sediment (applicable to the Jurassic example). Simulations of the Jurassic
concretions’ growth process, using present day pore-water solute concentrations of
calcium, sulphide and iron, give results which correspond with the spatial distribution
of mineral precipitates observed in geological samples. Calculated rates of mineral
precipitation give minimum durations 7400 to 52000 years, much shorter than
previous estimates. These results suggest that low rates of microbial sulphate
reduction, relative to present day measured values, were needed and accord with the
inferred depth of formation and pore-water sulphate concentrations.

1. Introduction: concretions and their significance

Diagenetic carbonate concretions occur in a variety of forms from perfectly defined
spheroids to bedded, sheet-like bodies with diffuse-margins. This paper addresses the
questions: What prevents development as uniform intergranular cements as
commonly observed in sandstones? Why are some spheroidal and others bedded
sheets ? Attempting to answer these leads to a further question: How long do they
take to form*?
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70 M. L. Coleman and R. Raiswell

(@) Distribution of intergranular diagenetic cements

The particles which make up a clastic, sedimentary rock at deposition are not
usually in chemical equilibrium with each other. Reactions with pore-waters, or with
other solid components via pore-waters during burial, lessen chemical disequilibrium
and may give various dissolution and precipitation reactions (chemical diagenesis).
However, whereas location of dissolution reactions is controlled by reactivity of
grains, controls on location of precipitation of mineral cements in intergranular pore-
space are more complex. For example precipitation may be controlled by nucleation
on specific mineral surfaces (e.g. diagenetic quartz usually nucleates on detrital
quartz in sandstones) or may occur preferentially in the formerly more-permeable
horizons which have focused the transport of solute-rich pore-water (Gluyas et al.
1993). Within an homogenous sandstone, cements are often distributed uniformly
over volumes of a few cm?®, even if any two adjacent pores have different amounts of
cement. However, occasionally, spheroidal, lenticular or sheet-like volumes of rock
are extensively cemented with diagenetic carbonate (Thyne & Boles 1989; Gluyas &
Coleman 1992). Stable isotopic analysis of these carbonate cements shows that some
of the carbon was derived from organic matter (Irwin & Hurst 1983). Similar
concretions occur in mudrocks, where carbonate cements may form most of the
cemented volume. However, the existence and variety of forms of diagenetic
concretions are more than academic curiosities.

(b) Uses of concretions
(i) History of pore-water evolution

The belief that concretions have grown sequentially from a nucleus led to work in
which zoned variation in chemical and stable isotopic composition of carbonate was
interpreted as a history of pore-water evolution (Irwin 1980; Coleman & Raiswell
1981; Gautier 1982; Curtis et al. 1986).

(i) Quantification of basinal mass flux

Concretions have been used also in studies attempting to quantify changes in bulk
sediment composition during burial diagenesis. The problem that constantly plagues
such attempts is to determine the initial composition of the sediment, before any
diagenetic processes occurred. Gluyas (1988) and Gluyas & Coleman (1992) proposed
that samples of the original sediment were preserved within carbonate cemented
sandstone concretions. Differences in composition of sediment within and outside
concretions determine integrated mass flux in sedimentary basins during burial
diagenesis. A similar approach was taken with mudrocks by Evans (1989), but
Jordan et al. (1992) showed there were potential pitfalls in unrigorous data
interpretations.

(iii) Reservoir quality

Sporadic occurrence of volumes of carbonate cement in a sandstone will affect its
value as a petroleum reservoir. In the simplest case porosity will be occluded.
However, and more importantly, bedded sheets of carbonate cement may have a
beneficial or detrimental effect in either focusing or impeding flow, respectively, to
producing wells. Unfortunately, concretionary horizons are encountered only as
sections of relatively narrow diameter drill core. From such samples it is impossible
to determine whether the concretion is a discrete spheroid or a continuous sheet.

Phil. Trans. R. Soc. Lond. A (1993)
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Microbial mineralization of organic matter 71

(c) Approach

In this paper we discuss the biogeochemical processes by which carbonate
concretions formed as a result of degradation of organic matter. We explore two
contrasting cases: a Jurassic marine mudrock, bearing spheroidal calcite concretions
with pyrite rims, and a Carboniferous non-marine mudrock with laterally extensive
siderite cemented beds. We consider the relationships between the various processes,
which then leads to formulation of their respective genetic models. For the first
example we compute a quantitative model which is validated by calculations using
present-day, measured values of pore-water chemistry. The model constrains rates
of precipitation of diagenetic phases thereby allowing calculation of the duration of
concretion growth.

2. Qualitative descriptions of processes
(@) Relevant reactions and mass balance stoichiometries

The presence of organic matter in sedimentary systems offers a significant energy
source, because there are many potential oxidants of organic carbon in the pore-
waters and mineral grains. Various microbial groups, adapted to perform specific
reactions, exploit this energy source, often working in consortia with other groups.
In this section we focus on the processes germane to concretions. The reactions are
shown in schematic form to demonstrate the effect that they have on the inorganic
components of the system, and particularly their ability to generate and precipitate
carbonate. The key reactions are those which comprise the carbonate buffer.
Dissolution or precipitation of carbonate is the principal pH buffer in this system
because, in practice, pH values of pore-waters do not usually exceed the range
6.9-8.3 (Ben Yaakov 1973):

C0,+H,0~HCO; +H*, (1)
Ca?* + HCOj; <> CaCOj + H*. (2)

For uniformity of presentation, all carbonate species (which exist in mutual
equilibrium ; CO,, HCOj3;, COZ%™) will be shown as HCOj3, below. Many of the reactions
involve generation or consumption of H* (hydrogen ions or acidity) but equally can
be written in terms of consumption or generation of OH~™ (hydroxyl ions or
alkalinity), respectively. The convention adopted here expresses all reactions in
terms of H* and additionally, for microbially mediated reactions, shows the mass
balance requirements rather than details of biochemical pathways.

The equations above show that other reactions which consume H* are buffered by
precipitation of carbonate (equations (1) and (2) driven to the right) while those
generating H* will be buffered by carbonate dissolution.

Although aerobic oxidation of organic matter by dissolved oxygen is probably the
most significant reaction in sedimentary systems, anaerobic processes are more
relevant to this work and occur in organic-rich systems where aerobic processes
deplete oxygen levels. Previous work on diagenetic carbonates resulting from organic
matter degradation assumed sequential exhaustion of terminal electron acceptors
(oxidants), producing vertical zonation of diagenetic processes and of the products
(Irwin et al. 1977; Coleman & Raiswell 1981; Curtis et al. 1986). Coleman (1985)
showed that the same sequence of products might be observed at any boundary

Phil. Trans. R. Soc. Lond. A (1993)
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72 M. L. Coleman and R. Raiswell

Table 1. Diagenetic degradation of organic matter with geochemical and isotopic characteristics of
diagenetic carbonates

presence of Fe

reaction symbol or Mn 813C mineralogy
Mn(IV) reduction MnR yes —25%, rhodocrosite
Fe(I1T) reduction FeR yes —25%, siderite
sulphate reduction SR no —25%6 calcite or dolomite
acetate Me yes +15%, calcite, dolomite or siderite
methanogenesis
decarboxylation D no —25%, calcite, dolomite or siderite

between a reducing microenvironment and oxidizing surroundings. This zonal
scheme, originally developed from analyses of pore-waters from steadily accumulated
sediments (Claypool & Kaplan 1974 ; Froelich et al. 1979) is shown in the first two
columns of table 1. Here we review previously published data, and suggest that the
scheme does not apply perfectly to the diagenetic products of more episodically
deposited sediments. Below we describe only those microbial processes relevant to
the subsequent specific examples of concretion formation. The final process shown in
table 1 is decarboxylation, which is the only definitively non-biological process, being
the result of thermal degradation.

(b) Stable isotope and chemical characterization of reactions

Carbonates produced by the various reactions are also shown in table 1 and can be
characterized by the application of three simple concepts (Curtis 1977; Irwin et al.
1977).

(@) Oxidized Mn and Fe enter the sedimentary system and until reduced, and
available in solution, cannot be incorporated into diagenetically precipitated
carbonate.

(b) Fe will react preferentially with sulphide, if available, and will not be
incorporated into carbonates.

(¢) Sedimentary organic carbon is depleted in '*C (=& —25%,, Schidlowski 1987)
relative to seawater (6'3C ~ 09,), and carbonate derived from degradation of organic
matter inherits the carbon isotope composition of its precursor(s). The exception to
this rule is methanic fermentation of acetate, where *C enriched carbonate is
produced (6'3C =~ + 15%,) to balance the extremely depleted methane formed at the
same time.

Characteristics of carbonates produced by the various processes also are listed in
table 1. Previous work (e.g. Coleman 1985) suggested that the characteristic
diagenetic carbonates of MnR and FeR might have §'*C ~ —59,, and 8'3C ~ —10%,,
respectively. This was explained as dilution of the organic isotopic signature with
sea-water carbonate. Although probably valid for characterization of carbonates,
it disguises the true nature of the microbial interactions which may occur.
Consequently, the simple organic signature is shown (table 1).

(¢) Organic matter breakdown by fermentation

Fermentation is one of the major processes which produces metabolites for
subsequent microbial processes. Fermentation implies that the organic substrate is
degraded, part becoming more oxidized, part more reduced, but in the absence of an

Phil. Trans. R. Soc. Lond. A (1993)
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Microbial mineralization of organic matter 73

Table 2. Mass balances for relevant diagenetic reactions

reaction mass balance HCO; :H*
MnR 4MnO, +CH,COOH + 6H* - 4Mn?*" + 2HCO; +4H,0 2:+6
MnR MnO, +H,+2H*" - Mn** +2H,0 0:+2
FeR 4Fe,0,+CH,COOH + 14H* - 8Fe?** +2HCO; 4+ 8H,0 2:+14
FeR Fe,0,+H,+4H"* > 2Fe* +3H,0 0:+4
SR CH,COOH + 802 -HS~+2HCO; + H* 2:—1
Me CH,COOH+H,0->CH,+HCO;+H* 1:—1
D R.CH,COOH ~R.H+HCO; +H* 1:—1

external oxidant or reducer. Fermentation of carbohydrate gives acetate as one of
the major products and its fate in other reactions is considered below. Molecular
hydrogen, the other major product, is formed in about equal molar proportions. This
process should not be confused with the methanic fermentation, discussed further
below.

The relevant mass balance schemes are presented above in table 2, in the same
order as in table 1. The most significant feature of each reaction, for the purposes of
this work, is its ability to precipitate or dissolve carbonate. Equations (1) and (2)
show that carbonate precipitation is governed by the ratio of HCOj3 to the H* which
is either generated or consumed by any reaction (table 2, last column). We use the
convention that consumption of H*, buffered by precipitation of carbonate, is shown
as positive, while generation of H*, which dissolves carbonate, is shown as negative.

Although there have been many references to microbial iron reduction in
environmental systems (Sgrensen 1982; Canfield 1989), it is only relatively recently
that well-characterized, iron-reducing bacteria have been identified. Lovley (1991)
isolated and cultured organisms that coupled oxidation of fermentation acids and/or
hydrogen to Fe(III) reduction. Certain sulphate reducing bacteria reduce sedi-
mentary Fe(III) directly, but only coupled to hydrogen oxidation (Coleman et al.
1993). Reaction mass balances involving both acetate and hydrogen as terminal
electron acceptors are shown for FeR in table 2. The same respective organisms
probably would also reduce Mn(IV) (Lovley 1993).

The reactions represented by FeR equations produce reduced Fe but also give the
capability to precipitate carbonate, by consumption of H*. All HCO; produced (from
acetate) could be precipitated but the overall reaction, which requires consumption
of H* ions, would need to be buffered by precipitating carbonate produced by other
reactions. This might allow then precipitation of more of the reduced Fe produced.

Fe?* + HCO; - FeCO, + H*. (3)

It may be that this necessity to promiscuously scavenge any available HCOj
persuaded Coleman (1985) to assign more positive values to MnR and FeR products
and led to mis-assignment of siderite and ankerite as characteristic of methanogenesis
in marine sediments (Gautier 1982; Curtis 1977). Siderite as the unequivocal product
of FeR has now been described (Coleman et al. 1993).

The most significant and ubiquitous product of sulphate reduction is iron sulphide,
usually precipitated initially as iron monosulphide, FeS, in Recent sediments but
usually preserved as pyrite, FeS,, in sedimentary rocks. Non-ferroan calcite with
negative 8'3C associated with pyrite frequently has been ascribed to this process

Phil. Trans. R. Soc. Lond. A (1993)
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74 M. L. Coleman and R. Raiswell

(Irwin et al. 1977). The SR equation shows that although HCOj concentration will
be increased, the simultaneous production of H* will modify the carbonate buffer
equilibria and determine whether carbonate is precipitated. Sulphate for the SR
process is usually provided from sea water in which it is the second most abundant
anion, after chloride. Therefore, in non-marine sediments sulphate commonly is
absent and thus the principal anoxic process is methanogenesis, as exemplified in
peat-marsh environments.

3. Qualitative genetic models for two examples
(@) Concretions formed by SE: the Jet Rock

There is overwhelming evidence that many carbonate concretions in the geological
record owe their origin, either partly or wholly, to alkalinity generated by SR
(Raiswell 1976; Hudson 1978; Coleman & Raiswell 1981). Such concretions are
characterized by the following.

(i) Localized concentrations of pyrite. H,S generated by SR at the concretion site
is usually precipitated at (or near) the site as pyrite (but see later). After correcting
for dilution by the carbonate, these concretions contain more pyrite than their
surrounding sediments.

(i) 34S-depleted pyrite. During SR there is a kinetic isotopic fractionation effect
(Goldhaber & Kaplan 1974) which gives H,S depleted in 'S compared to the original
sulphate, typically about 45-50%, lighter (Chambers & Trudinger 1979). For
example, pyrite formed by SR from Jurassic seawater (ca. + 179, Claypool et al.
1980) may be as light as —28 to —339%,. A trend towards heavier values because of
closed system effects is seen frequently, but most systems retain some evidence of
these characteristically light values.

(iii) '*C depleted carbonate. The alkalinity generated by the decay of even low
concentrations of organic matter is enough to overwhelm the alkalinity originally
present in sea-water (for example decay of 1% organic C produces about 3 x 1072 mol
of alkalinity in a sediment of 85 % porosity, compared to about 2 x 1072 mol from sea
water in the pores). Although 8'3C of SR carbonate is theoretically —25%, (table 1),
typical measured values are —12 to —189,,, suggesting mixing with another
carbonate source, probably of marine origin.

Toarcian black shales of the Jet Rock (Port Mulgrave, Yorkshire, U.K.) enclose
spheroidal concretions which are predominantly calcite. Pyrite occurs within the
concretions but its concentration increases to the margins to form a sharply defined
massive pyrite rim. Pyrite texture varies: the central part of the concretion contains
framboidal pyrite while successive zones away from the centre show increasing
amounts of euhedral pyrite overgrowths (Raiswell 1976). Geochemical compositions
accord with the criteria for SR, above (Coleman & Raiswell 1981). The most recent
attempt to describe their formation (Coleman & Raiswell 1993) involves arguments
to explain the mineral zonation which depend on the balance between SR and FeR
and whether an iron monosulphide precursor was involved in pyrite precipitation.
An initial, pre-concretionary stage is postulated, in which precipitation of framboidal
pyrite resulted from SR associated with Local FeR. The overall mass balance is given
b

Y 15CH,COOH + 16805~ +4Fe,0, + 2H" - 30HCO; + 8FeS, + 16H,0. (4)

Phil. Trans. R. Soc. Lond. A (1993)
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Figure 1. Conceptual model of growth for the Jet Rock concretions. SR without sufficient Fe?*
allowed precipitation of carbonate. Sulphide diffused out reacting with Fe?*, precipitating euhedral
pyrite and releasing H* which inhibited further, local carbonate precipitation. Additional
carbonate was provided by dissolution of aragonitic fossils buffering their replacement by pyrite.

Although there was potential for some consumption of- H*, diffusive loss of the
alkalinity generated to overlying seawater precluded carbonate precipitation.
Subsequently, conditions for concretionary carbonate precipitation were created by
direct precipitation of euhedral pyrite from pore-fluids with lower concentrations of
reduced iron. During concretion growth the rate of generation of sulphide in the
concretion core exceeded the rate of inward diffusion of reduced iron. SR in the
absence of FeR can generate sufficient carbonate saturation to precipitate calcite
(SR equation, table 2). Thus the resultant centrifugal diffusion of sulphide allowed
precipitation of carbonate and defined the growth zone for euhedral pyrite, which
formed the rim. (Similarly, later, pyrite casts of ammonites formed in the host mud-
rocks, the only sites where carbonate was available to be dissolved and buffer H*
produced by SR.) The overall mass balance is given by equation (5).

7CH,COOH + 8802 +4Fe?" > 4FeS, + 14HCO; +4H,0 +6H*. (5)

However, separation of the site of sulphide generation from FeS, precipitation
(associated with H* generation) gave rise to the mineral zonation. The concept of the
process is shown in figure 1.

(b) Concretions formed by other processes: Hepworth Coal Measure siderites

Coal-measures sediments (Westphalian of Hepworth, Yorkshire, U.K.) contain
various types of carbonate concretion; including extensive sheet-like siderite layers
in non-marine mudrocks. Detailed geochemical analyses of the siderites (Curtis et al.
1986) showed symmetric vertical zonation about their central portions. The data
were interpreted as recording the history of evolution of pore-water composition
during burial of the sediment. Carbonate content, equivalent to contemporary
porosity, defined the chronology of concretion growth during burial and compaction

Phil. Trans. R. Soc. Lond. A (1993)
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76 M. L. Coleman and R. Raiswell

Table 3. Simulation of precipitation processes for diagenetic siderite

relative process
proportion  (as in table 2) H* HCO; M2+ 3BCopp(%o)
5 FeR(Ac) 70 10 40 —25
2 MnR(Ac) 12 4 8 —25
20 FeR(H,) 80 0 40 —25
4 MnR(H,) 32 0 8 —25
90 Me —90 90 0 +15
molar totals 104 104 96 average = + 9.6

of sediment. Earliest-formed siderite with Mn/Fe ~ 0.2 implies MnR as an important
contributor to the pore-water system initially, which decreased relative to FeR
during burial (Mn/Fe x 0.02). However, carbon isotope compositions deny this
interpretation: the Mn-rich siderites imply methanogenic carbonate (8'3C > +10%,)
trending continuously to values indicating considerable contribution from de-
carboxylation reactions, for late-formed Mn-poor samples (8§'°C < —3%,).

Reference to equations (MnR and FeR) show that both reactions consume H* and,
therefore, must be buffered by precipitation of more carbonate than they produce.
In contrast, methanogenesis and decarboxylation both produce equal molar amounts
of HCO3 and H* (table 2). In extremely organic-rich sediments, such as these, there
is sufficient residual organic matter after (below) FeR and MnR to allow both Me and
D to occur. During burial of the sediment in which the concretion formed, the FeR
and MnR processes possibly were buffered by upward diffusion of the products of Me
and, increasingly, D with deeper burial.

It is possible to test this hypothesis by calculation of the expected chemical and
isotopic compositions of analysed siderites. As an example of this approach we have
attempted calculations to reproduce the composition of siderite described as early by
Curtis et al. (1986). Assuming only equal proportions of acetate and hydrogen as
substrates and ensuring buffering of H+ generation and consumption (equation (2)),
it is possible to simulate the observed compositions (table 3).

81%C at 9.67%,, is within the range for earliest siderites, 9.1-10.4%,. The only
apparent discrepancy is the small deficit in metal ions available to be precipitated by
the carbonate, about 8% molar of the total. The analysed samples show a similar
discrepancy balanced by Ca and Mg, the combined abundance of which varies
between 2 and 10 %. This gives confidence that the simulation is viable, even if it is
not a unique solution.

(¢) Comparative inferences

The Jet Rock concretions are discrete nodular bodies and do not preserve a
detailed history of pore-water evolution during their growth. Both features result
from their mode of formation, which only allowed carbonate precipitation in the
localized environment within the pyrite rim. In that case there was no a priori cause
for sequential accumulation of calcite. Additionally, precipitation of carbonate
produced extra H* which inhibited further carbonate precipitation beyond this zone.
This can be considered a chemical negative feedback system which ensures that
discrete nodular concretions formed.

In contrast, the driving force for precipitation of the Hepworth siderite was FeR
and MnR within a system with abundant dissolved bicarbonate from other, deeper

Phil. Trans. R. Soc. Lond. A (1993)
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Microbial mineralization of organic matter 77

reactions. Therefore, precipitation of siderite was limited only by the rate of FeR or
MnR, and sequential accumulation of carbonate occurred within the concretionary
bed. Neither Fe?* nor Mn** diffused any appreciable distance beyond the site of
reduction. FeR and MnR in that situation produced a positive chemical feedback
causing extensive, rather than discrete, concretionary growth.

4. Quantitative growth model: applied to the Jet Rock concretions
(a) Introduction to rate modelling

In this section we attempt further to quantify the processes that operated in the
geological past. We use as an example the calcite-pyrite concretions of the Jet Rock
sequence, described above, in which the key reactions are FeR and SR. The basis of
the approach is simulation of realistic processes which can be observed and measured
in present, possibly comparable environments. There are major, and intractable,
problems inherent in this approach. All the reactions involve precipitation from pore-
waters. No ancient samples directly preserve pore-waters and there are no modern
pore-water environments in which concretions of this type are seen to be forming.

There are two approaches to quantifiable validation of precipitation concepts. The
more simple is to assess from modern pore-waters whether the total amounts of
diagenetic material seen within sediments could be accumulated at a realistic rate.
The second is to model in more detail the processes described qualitatively above and
which might explain the concretions’ size, shape and complex mineral zonation.
After discussing precipitation processes, we describe both below.

(b) Precipitation processes

The involvement of SR in concretionary growth can be inferred not only from the
diagenetic mineral assemblage but also from constraints from Recent pore-waters. It
is supported by pore-water chemical studies of organic carbon-rich modern
sediments, which almost invariably show the potential for CaCO, precipitation
through high saturation indices (Berner et al. 1970; Sholkovitz 1973; Berner et al.
1978). Precipitation, however, seems to be extremely rare, possibly due to inhibition
by adsorbed organic matter and/or phosphate on possible nucleation sites. The
modern sediment data therefore pose a significant dilemma ; all the characteristic SR
signatures can be readily observed but there is generally little or no evidence of
precipitation.

The lack of modern analogues for the geologically common occurrence of ancient
carbonates attributed to SR has proved to be a major problem in attempting to
estimate rates of concretionary growth. Theoretical models (Berner 1968) have been
developed on the assumption that growth is diffusion limited,

t =R?/2VD(C,—Cp), (6)

where R is the concretion radius (cm), Vis the molar volume of the concretion cement
(em® mol™!), D is the diffusion coefficient (cm?s™!) and (C,—C}y) is the degree of
supersaturation (mol cm™3). In using these equations most workers on carbonate
concretions have emphasized the difficulties in obtaining realistic estimates for the
degree of supersaturation in ancient sediments (Boles et al. 1985). In fact, it seems
certain that the assumption of diffusion-controlled growth is incorrect for the
particular case of carbonate concretion growth in organic-carbon-bearing shales;
instead growth is more likely to be surface-reaction controlled (Raiswell 1988).
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Hence, even if realistic estimates of the degree of oversaturation could be made, then
equation (6) could only provide minimum growth times.

(¢) Total quantity and rate of Jet Rock diagenetic calcite precipitation

Canfield & Raiswell (19915) have inferred rates of carbonate precipitation from
the few modern sediments which show indirect evidence for carbonate precipitation.
Three such sites have here been identified, although we emphasize that none of these
show unequivocal evidence of recently formed, diagenetic carbonate. Their pore-
water profiles show a systematic depletion in Ca** with depth; all pore-waters are
oversaturated with respect to calcite and Ca** depletions range from 8 to 5.5 mm over
the top metre of sediment at FOAM (Aller 1982), through 11 to 6 mm over the top
10-100 cm in Villefranche Bay (Gaillard et al. 1989) to a depletion of about 8 mm
(evaporation corrected) over the top metre at Baffin Bay (Morse ef al. 1992). These
give mean Ca*" gradients of 0.03, 0.04 and 0.07 x 107® mol em™* respectively.

If the density of concretion occurrence in a bed is s m™2, ¢ the sediment porosity
at the time of concretionary growth and all concretions are spherical, mean radius 7,
then the total volume of concretionary cement in 1 m? of sediment (which is
equivalent to the thickness of a continuous cement bed) is §nrisg.

For the Jet Rock case, 143 concretions occur in an area of 174 m? (Raiswell & White
1978), hence s = 0.82 m~2. More than 75 % of these concretions have a minor axis to
major axis greater than 0.67 (Raiswell 1988) and sphericity is thus a fair
approximation. The carbonate content of these concretions is about 85 %, which is
believed to approximately reflect the host sediment porosity at the time of growth
(Raiswell 1976). The mean concretion radius is 0.185 m.

The bed of equivalent thickness = 31 x 0.185% X 0.82 X 0.85 = 0.018 m.

So there is the same amount of concretionary carbonate in the Jet Rock
concretions as there is in a laterally continuous pure limestone bed ca. 1.8 cm thick.
This bed contains approximately 5x 1072 mol em™2 CaCO, (assuming density of
CaCO, is 2.65 g cm™3).

Flux of Ca®" to produce such a bed can be estimated using Ca?* gradients (see
above) and Ficks Law:

flux = —D X (rate of Ca depletion per unit depth).

Using D =376 cm® a' the modern sediment data give a flux of —376x
0.03x107*mol a™' through 1 cm? or 94x10%mol a™! at FOAM, and 15 or
26 x 107 mol a™! at Villefranche and Baffin Bay. With these fluxes it would take
about 1900-5300 years to form a bed equivalent thickness to the Jet Rock
concentrations.

The slower estimates are more likely to be realistic. Both the Villefranche and
Baffin Bay pore-water systems are unusual. The Villefranche sediments are
penetrated at depth by karstic ground-waters (Gaillard et al. 1989) and the Baffin
Bay system has elevated salinities due to high evaporation rates (Morse et al. 1992).
Both these porewater systems are therefore perturbed in ways which could diminish
the kinetic barriers to carbonate precipitation, and thus cause relatively rapid Ca**
precipitation. The FOAM sediments are typical of near-shore organic-carbon-bearing
sediments (about 1-2% organic carbon, generating up to 35 meq 1™ of alkalinity
(Aller 1982)), but at least some of the Ca*" depletion may be due to phosphate
precipitation.
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In contrast, siderite concretions have grown extremely rapidly, 15-20 cm
diameter, in Recent salt-marsh sediments less than 60 years old (Pye et al. 1990). No
explanation for the rate of growth was offered. However, two controls may be
pertinent to this environment; siderite precipitation from pore-waters may not be
inhibited, as is calcium carbonate, and tidal flushing of the sediment (K. Pye and
P. Allison, personal communication 1992) could provide greatly enhanced transport
of solutes.

(e) Spatial zone model of Jet Rock concretionary growth

Canfield & Raiswell (1991a) and Coleman & Raiswell (1993) have shown that the
precipitation-driven diffusion models of Helfferich & Katchalsky (1970) can be used
to show how the size, shape and position of the steady state diffusion-controlled zone
of pyrite precipitation varies in the space between two reservoirs containing
dissolved iron and dissolved sulphide. The model presented by Helfferich &
Katchalsky (1970) is solved only for the one-dimensional case, i.e. for the linear
variations along the axis between the two reservoirs. The results therefore only give
a qualitative appreciation of the relative influences of the component variables,
although even this limited approach has proved successful in explaining fossil soft
part pyritization (Briggs et al. 1991; Raiswell 1992).

We use the Raiswell et al. (1993) modifications to Helfferich & Katchalsky’s (1970)
model to make it more realistic. These modifications provide a three-dimensional
solution for the situation where a spherical body of organic matter decays by SR,
generating H,S which diffuses into a surrounding infinite reservoir of dissolved iron.
The mathematical derivations are given in Raiswell et al. (1993), here we give the
basis of the model and apply it to the pyrite-zoned Jet Rock concretions. Initially
there will be a transient state of precipitation, since dissolved sulphide will diffuse
away from the concretion site until the front of outward-diffusing sulphide (whose
concentration decays with radial distance from the concretion) can all be precipitated
by the dissolved iron as pyrite. The transient state then becomes a steady state, and
pyrite formation will be maintained in a zonal configuration as long as the steady
state exists. The model can only describe the steady state zonal configuration of
pyrite precipitation but the transient state was probably of little quantitative
significance because there are only low concentrations of the euhedral (concretionary)
pyrite found in the concretion, apart from its margin. The model is idealized in a
number of important respects, but does illustrate the types of pyritization which can
result in a reaction-driven diffusion system, and it can explain the observed features
of the concretionary system. The model also provides an estimate of the time to form
the concretionary pyrite. This is probably the optimum which can be achieved in a
rock system, as opposed to a modern sediment where pore water parameters can be
measured directly:

20*(Dg CY+ Dy C2)?*Dy Dy K

j = : 7

I Dy O — (@) 7) (Ds O+ Dy O +4Dg Dy K2 @
_ a(DgC3+D, CY)

rjmax - DI“ Og‘ ’ (8)

where j is the rate of pyrite precipitation (mol em™ a™1), Dy, Dy are the diffusion
coefficients for dissolved iron and dissolved sulphide, respectively (em? a™1), C%, C'2
are the constant reservoir concentrations of dissolved iron and dissolved sulphide
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Figure 2. Modelled rate of pyrite precipitation as a function of distance from the sulphide reservoir.
(@) (1)) C3=C%=25x10"°mol cm?®; CICY% = 6.2 x 10718, Substantial oversaturation with respect
to pyrite, approaching saturation with FeS. (ii) €= 1071, (% =2.5x10"°molecm™, CIC% =
2.5 x 107'°. Substantial oversaturation with respect to pyrite, below FeS saturation. (iii) CJ =
7.5%x107% C%=2.5x10"° mol cm® CJCY% =1.9x107'". Substantial oversaturation with pyrite,
approaching FeS saturation. (b) All profiles have K increased to 1.66 x 1072 mol em™3; (iv) €3 =
7.25x 107, 0% =24x10"%; (v) O0=1.12x10"%, C%=24x10"%; (vi) C2=17.25x10"8, C%=
1.55x 107",

(mol em™2), K is the solubility product for pyrite, expressed with respect to the
reservoir species, @ is the radius of spherical bacterial mass at the concretionary site
(cm), r is any distance such that a < r <oo (cm).

These equations allow the rate of precipitation to be calculated, for a steady state,
at any point between the two reservoirs. Values of Dg and Dy are taken for seawater
from Boudreau & Canfield (1988) as 376 and 149 cm ™ a™! respectively. In the model
calculations a typical pore-water pH of 7.5 is assumed, given K = 1.66 x 1072% in
mol em™® (Raiswell et al. 1993), and the concentrations of dissolved sulphide and
dissolved iron have been chosen by reference to pore-waters in analogous organic-
rich modern sediments.

A variety of different, steady-state scenarios have been modelled and the results
are shown in figure 2a. In effect the location of the zone of precipitation is controlled
by the ratio of the reservoir fluxes. With C'% > C'¢ precipitation occurs at the site of
the sulphide generating reservoir and, conversely with C% > C% the zone moves
outward and may be located a considerable distance from the decay site. The
position of each precipitation maximum (figure 2a) is quite sensitive to variations
in the ratio of the reservoir concentrations, so that the mean radius of the zone of
concretionary pyrite provides a unique value for C3/CY (for any given value of a).

The thickness of the zone of precipitation, and the amount of pyrite precipitated,
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Table 4. Model results

(@) Varying a; B, =8.7 cm;
Jmax = 1.5 107 mol em™3 a™! (b) Constant a (1 cm)
(C%=2.5x%x10"° mol cm™3, (K = 1.66 x 102 mol cm™
K =1.66 x 1072 mol cm™3.) R, . =8T7cm)
Cs Cs Oy Csx Oy Jmax
a/em  mol cm™ mol cm™  mol em™ mol® em™®  mol em™® a™?
1 7.65x107° 7.6x107° 25x107° 1.9x107Y 1.4x 1074
3  1.89x107° 23x107% 7.5x107° 1.7x1071¢ 1.4x1073
5 7.38x1071° 6.9x10% 23x10% 1.5x1071 1.2x 1072
8 9.00x107t 24x1077 7.7x107% 1.8x1074 1.4x107!

also depend on the extent to which C2 x C'% exceeds 2K. Where O x C%, only just
exceeds 2K, the precipitation zone is relatively thin, fairly symmetrical and will
contain comparatively small amounts of pyrite (figure 2a). Conversely, where
CixC%> 2K, the precipitation zone becomes wider and larger amounts of pyrite
are also precipitated in this case. These three examples use fairly realistic values for
C% and C% (7.5x107° to 107 mol em~3, equivalent to 0.1-7.5 um of dissolved
species in pore-water), in that modern pore-waters rarely exceed 100 pm for either
dissolved sulphide or dissolved iron within the top few metres of sediment (Canfield
& Raiswell 1991a). However, the analytical data for one of the concretions (sample
UA, Raiswell 1976) allow some additional constraints to be placed on the model.
Concretion UA has a thin pyritiferous zone at the margin, located 8.4-8.9 cm from
the centre. Hence we can assume a model value for j,.. at the mid-point, and
equation (8) can be used to show that

9= (0%/2.5)(8.65/a—1). (9)

Thus choosing a value for @ determines the ratio, C'3/C4%, which in turn constrains the
magnitude of j..., as shown below.

Consider the effects of varying a. Holding C} constant (at 2.5 pm) and varying a
from 1 to 8 cm, determines C'§ and fixes both the position (8.7 cm) and magnitude
(1.5x10*molem2a™') of j,.. (table 4a). Profiles of j across the zone of
precipitation are also identical. Now, for any constant value of @ (which fixes C2/C%)
we can examine a range of C3 and C% (< 100 pMm, see above). In these circumstances
Jmax iNCreases with increasing reservoir concentrations (table 45b) in direct proportion
to the product C'§ x CY.

It is notable that all these profiles have the very sharp maxima which are also seen
in figure 2a. No combination of these variables can be found which provide a
maximum at 8.7 cm and also give volumetrically significant amounts of pyrite at 8.4
and 8.9 cm. However, substantially less sharp maxima are produced for higher
values of K (the solubility product). Thus figure 2b shows re-runs of the model with
K increased from 1.66 x 10728 to 1.66 x 1072 mol em™3. These profiles give more
realistic pyrite distributions.

Phil. Trans. R. Soc. Lond. A (1993)


http://rsta.royalsocietypublishing.org/

A

/\
[ \ \\
)

AL

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL A
SOCIETY /4

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

82 M. L. Coleman and R. Rarswell

5. Implications of qualitative and quantitative growth models
(@) Time for growth

The concretion itself further constrains the model system, when considered in the
context of modern anoxic sediments. The concretionary pyrite post-dates a phase of
diffuse pyrite formation throughout the sediment (Coleman & Raiswell 1981, 1993).
Modern sediments at this stage of diagenesis typically have concentrations of
dissolved Fe in pore-water which are relatively depleted (perhaps less than 100 pwm;
Canfield & Raiswell 1991a). C'} values approximately in this range produce the range
of profiles of j with distance across the pyrite zone (figure 2b) which can be used to
estimate the time for concretionary pyrite. This can be done by integrating the area
under the curves to produce a mean value for j over the width of the pyrite zone.
Profiles (iv), (v) and (vi) give mean rates of precipitation of ca. 7x 1077, 7x 10~7 and
5x107% mol em~2 a™!, respectively. Analytical data (Raiswell 1976) show that the
zone contains 29.8 % pyrite S, and thus has a density of ca. 4 g em ™. Thus the zone
contains 3.7 X 1072 mol em~® and the above rates indicate growth times of 52000 and
7400 years.

The model requirement by using increased K values (above saturation with pyrite)
to produce wide zones of precipitation is geochemically reasonable. All the model
systems are very over-saturated with respect to pyrite, in terms of reservoir
concentrations. The existence of higher K in the zone of precipitation implies only
that equilibrium is not reached. Substantial precipitation still occurs in order that
the concentration product, C'% x C'%, decreases to reach the specified K value. At these
K values concentrations have decreased to levels at which the approach to
equilibrium might be expected to be slow.

(b) Growth times from both methods compared

Growth estimates from the Ca?* diffusion profiles (1900-5300 years) and the
sulphide diffusion model (740052000 years) agree approximately, within an order of
magnitude. Both are subject to uncertainty. However, Ca’" depletion profiles are
rare in modern anoxic sediments, because CaCO, precipitation is inhibited, but once
inhibition is overcome through growth of fresh CaCO, surfaces, further precipitation
may be rapid, at least initially. However, as these surfaces become contaminated,
precipitation would cease until the kinetic barriers could again be overcome. This
suggests that CaCO, precipitation may be sporadic, and that the Ca?' profile
estimates of time may be too low.

The major uncertainty in the sulphide diffusion model is the choice of realistic
values for C¢ and C§. The C¢ values in figure 2b could be sustained by typical rates
of sulphate reduction observed in anoxic sediments ; they do not require exceptionally
easily metabolized organic matter and unusually high rates of sulphate reduction.
Further work is in progress on this aspect of the models, but these growth estimates
provide reasonable upper limits.

There is one further crucial observation to be made. The Jet Rock is believed to
have accumulated at a rate of 30 cm of uncompacted sediment per 1000 years (P.
Wignall, personal communication 1993). Only the shortest of the above growth times
would allow concretionary growth to occur within the top few metres of sediment
(which is typically the depth over which sulphate reduction occurs in modern anoxic
sediments. The slower estimates would therefore imply that growth required a pause
in deposition (see also Canfield & Raiswell 19915, 1993). The implication that
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concretionary horizons are the chemical expressions of physical sedimentological
controls is a highly significant conclusion.

(¢) Nodular and bedded concretions

The size and shape of the spheroidal concretions are controlled by the dynamics of
diffusion from the centre of the concretion, and precipitation of the pyrite rim in a’
very tightly defined spatial zone. The sharp demarcation of the boundary of
concretionary growth occurs only because the reaction which precipitates pyrite is
one that does not produce a by-product which in turn enables further precipitation
to occur. In fact, the reverse occurs, precipitation of pyrite also generates H*
(equation (5)) and therefore inhibits local precipitation of pyrite or calcite. This is in
marked contrast to the model presented for growth of the siderite concretionary
horizons. In the latter case the impetus for carbonate precipitation is enhanced
extent of reduction of Fe(III). If acetate is the substrate then some siderite will be
precipitated directly. However, regardless of the electron donor, the by-product of
the reaction is consumption of H* in excess of that required merely to precipitate any
HCOj3 produced. This effect causes further precipitation.

(d) Positive and negative feedbacks

Comparison of the two cases reveals that one of the key differences between the -
two processes is the nature of the by-products of the reactions and the effects that
they have on subsequent reactions. For the pyritic and sideritic concretions they:
may be considered, respectively, as negative and positive feedback controls on the
concretionary growth mechanism. The effect of a feedback mechanism can cause self-
organization of the sedimentary system in which it operates.

(e) Self-organization — spatial

Coleman et al. (1979) suggested that rate of burial as well as organic matter content
might be a primary control over selection of the bed in which diagenetic products
might be concentrated. Rapid burial allows insufficient residence time in diffusive
contact with oxygen or sulphate dissolved in overlying sea water leading to a
preponderance of Me or D reaction products, rather than those from aerobic
oxidation or SR. In the case of the Hepworth siderites the reason for enhanced FeR
in the relevant beds is not clear. It might be either that there was an increased
amount of reducible Fe(III) or that the conditions for FeR microbes to operate were
especially suitable (e.g. nutrients, temperature, etc.). Regardless of the primary
nucleation cause, the effect on the system as a whole was to concentrate in one bed
the diagenetic carbonate produced from a much larger vertical section. Need for
buffer capacity by precipitation of carbonate lowered its concentration locally and
led to diffusion of more HCOj to the site of precipitation from other beds.

Rate of burial seems a probable cause of enhanced SR in the Jet Rock system,
where there is increased pyrite content relative to other beds (see above). However,
lateral, rather than vertical concentration of diagenetic products is of greater interest
here. The potential sites of nucleation for concretion growth were random and
numerous initially. However, the radial diffusion and inhibitory effects of diagenetic
by-products would soon have imposed a growth advantage on those nucleation sites
which by chance developed sooner than their potential neighbours. If there had been
a high enough density of diagenetic activity, then the result would have been
establishment of a regular pattern of concretions; clearly the Jet Rock beds did not
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behave in this way. Nevertheless, in this case, the resulting self-organization led to
establishment of two main types of domain: the volume within the concretionary
rims, where precipitation of diagenetic carbonate occurred, and the rest of the
sediment, in which carbonate was dissolved (some of it being precipitated within the
concretions).

6. Possibilities for further research and conclusions
(@) Relationship of chemical and biological feedback

In both the examples considered in detail above it is clear that normal chemical
feedback mechanisms operate but microbiological generation of reactants is part of
the process. What is not clear at present is the method by which the inorganic
components interact with the specific microbial metabolic processes relevant here.
There is a need to quantify the relationship between concentrations of stimulators or
inhibitors and metabolic rates.

(b) Amplification of climatically initiated sedimentary cyclicity

Above we show that sideritic horizons resulted from concentration of the
diagenetic products from a larger vertical section. Equally, Curtis & Douglas (1993)
have commented on the relationship between the same horizons and climatic or
sediment supply cyclicity. We speculatively identified higher concentrations of
reducible Fe(III) or nutrients as the cause for intensive FeR. These two concepts are
not incompatible. The next step will be to complete all the details in the path
between climatic forcing and diagenetic self-organization and confirm whether
microbial processes amplify the cyclic controls.

We thank Mandy Muggridge of BP for her help in drafting the figures.
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Discussion

A. BrowN. Fermentation produces hydrogen. Also, Fe may be precipitated as
siderite, FeCO, rather than sulphides.

M. L. CorLeMAN. See Coleman et al. (1993) for details of microbial iron reduction with
H,.

C. D. Curris. How do the ankerite/ferroan dolomite concretions fit into the picture ?

M. L. CoLemAN. There may be two causes: (@) nucleation on pre-existing primary
carbonate; (b) wholly diagenetic carbonate. Possibly some Fe?* is reduced and fixes
HCO; generated by methanogenesis and thermal decarboxylation elsewhere in the
system (waiting to be fixed).

A. C. ApLIN. The model for the formation of pyrite rims around carbonate concretions
involves a reaction between dissolved Fe** and HS™. Why does FeS, form under
these conditions rather than FeS? It is also interesting that the model requires
significant local variations in pore-water chemistry since sulphide and iron are
diffusing to the precipitation zone from opposite directions. What conditions might
give rise to such variations?

M. L. CoLemaN. FeS is precipitated from high Fe*" and HS™ concentrations but at
lower concentrations (low supersaturation for FeS) pyrite precipitates directly.

R. RaisweLL. It is now possible to determine whether pyrite is primary or had a
precursor phase.
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P.J. OrTOLEVA. Are there examples with pyrite inside calcite ? It is strange that it
is always excluded.

M. L. CoLemAN. There is disseminated pyrite within the concretions. It is the
precipitation of pyrite generating hydrogen ions which inhibits calcite beyond the
sharp rim.

M. GruszczyNsKI. Why is silica not involved ? H* is released which should mobilize
Si0,.

M. L. CoLeEmAN. I do not know. The controls on silica precipitation are poorly
understood.

T. Lyoxns. Given the mechanisms and rates for concretion formation, it would be
reasonable to expect at least incipient forms in modern sediments. Yet they are not
common. Is this another failure of uniformitarianism ? Should we look more carefully
at modern sites with the requisite diagenetic conditions in association with prolonged
breaks in sediment accumulation ?

M. L. CoLeMAN. The rate of change of sedimentation is important. Conditions
probably include a pause in deposition, but with access to SO}~ which is then
exhausted.

D. R. LovLeYy. One limiting factor is probably breakdown of organic matter.
G. EcrinToN. There is a problem. Mineral formation must block the inward/outward
movement of products and nutrients. This would limit activity, so do the bacteria

control geometry to prevent this?

C. D. Curris. Very recent work has shown that concretions do remain open to solute
transfer, even in their centres.

A. BrowN. In biofilms it is possible to see mineral precipitation around mem-
branes/polymers less than one year old. They rapidly increase in thickness. Perhaps

with enough biofilm/gel, a concretion would form.

D. R. LovLeY. Mineral formation is generally extracellular and inorganic; microbes
just reduce the Fe?*.

M. L. CorLeMAN. I can accept all these points! Microbial populations are agents of
diagenetic change. We assume that microbes act at just the right rates; is this fair ?

Phil. Trans. R. Soc. Lond. A (1993)


http://rsta.royalsocietypublishing.org/

