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Almost all deep sea carbonate-rich sediments are com-
posed of calcite low in magnesium-99% CaCQ). This
material is primarily derived from pelagic skeletal organisms,
with coccolithophores (plants) usually being the most
important quantitatively, followed by foraminifera (animals).

In sediments overlain by waters of intermediate depth such
as mid-ocean ridge crests, aragonite derived from pelagic
pteropods and heteropods can be found. Calcite cements
containing abundant magnesium can also occur in deep water
sediments, but they are relatively rare. Since the time of the
HMS Challenger expeditions in the latef8entury, it has
been recognized that that the saturation state of seawater
overlying sediments in the deep ocean exerts a major
influence on the distribution and abundance of calcium
carbonate in these sediments

Shoal-to-shallow water, carbonate-rich sediments are
largely confined today to the subtropic and tropic climatic
zones but are found even at high latitudes. These carbonates
are primarily produced by the disintegration of the skeletons
of benthic organisms, such as corals, echinoids, mollusks,
benthic foraminifera, and coralline algae. In some environ-
ments, inorganic precipitates such as cements it coe

carbonate that is formed is dissolved in the water column also abundant. The source of aragonite needle muds remains
and, more importantly, in sediments through processescontroversial. In siliciclastic sediments, the major source of
collectively known as diagenesis. carbonates is also primarily from benthic organisms. These
The occurrence of carbonate minerals in modern marine include bivalves, sea urchins, and foraminifera.

sediments can readily be divided into those found in shoal- Interest in calcium carbonate formation and dissolution
to-shallow (O to less thary200 m) and deep water (generally in the ocean has increased because of the central role these
>1 km) environments associated with the world’s major reactions will play in the ocean’s response to the increasing
ocean basins. The factors controlling the sources, mineralogy partial pressure of carbon dioxide (p&@n the atmosphere.

and diagenesis of carbonates in these environments are veryhis is causing acidification of the ocean. Reactions resulting
different. Within the shoal-to-shallow water environment, the in the formation and dissolution of calcium carbonate are
sources and diagenesis of carbonates differ substantiallyalso of central importance to the sequestration of carbon
between carbonate-rich and primarily siliciclastic (composed dioxide in subsurface carbonate reservoirs and saline waters.
mainly of detrital minerals such as clays and quartz sands) The objective of this paper is to review the major aspects
sediments. of the chemistry of carbonate mineral formation and dis-
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Table 1. Stabilities of Common Carbonate Minerals under STP Condition%

K’sp(stoich)
phase formula ((moP kg™2) x 1077) pK

aragonite CaCeo 6.65 8.30%5

calcite CaC@ 4.39 8.48%5
magnesite MgC® 8.04

siderite FeCQ@ 10.52
rhodochrosite MnC® 10.08

dolomite CaMg(CQ). 18.1%
kutnahorite CaMn(Cg). 21.814 0.0720%°

2 Kep(stoichy IS the stoichiometric solubility product in seawateK palues are thermodynamielog K.

solution in the marine environment. Because the primary genically, typically either as heterogeneously precipitated
readership of this journal is among the chemical, rather than primary marine cements or through postdepositional, diage-
Earth science community, we will put our primary effortinto netic reactions. Regardless of the organism responsible for
dealing with the chemistry of important marine carbonate their formation, biogenic skeletal carbonates bear distinct
minerals and their interaction with seawater. In doing so, differences from their abiogenic counterparts in terms of
we will not attempt to cover all that is known about carbonate basic physical properties, composition, structure, and reactiv-
mineral-aqueous solution chemistry, but rather focus pri- ity. In many ways, biogenic carbonates form an entirely
marily on those aspects of direct relevance to their behavior different class of materials, sufficiently complex and het-
in seawater. erogeneous that intrinsic relationships between physical and
Following this chemical review (sections 2 and 3), section chemical properties depart fundamentally from those of
4 will deal with observations of processes controlling the inorganic phases.
sources of carbonate minerals in the ocean, and section 5
will address the processes leading to their dissolution; the 2.2, Physical and Chemical Properties
fate of a major fraction of the carbonate minerals produced. ] .
Section 6 will focus on the likely responses of oceanic 2.2.1. General Considerations
carbonate minerals, in different marine environments, to the
acidification of the oceans because of the central importance
of this response to impact of increased p@@ the marine
environment and climate change. It should be noted that a
review paper on the carbonic acid system in seawater by
Millero? also appears in this issue. We will therefore not
cover this topic in any detail in this paper. However, the
Millero paper should be referred to because the behavior of
the carbonic acid system and the processes giving chemica
“texture” to the oceanic carbonic acid system components
exert a primary control, along with temperature, pressure and
salinity, on the saturation state of seawater with respect to
carbonate minerals.

The crystal structure of naturally occurring carbonates, as
a group, is relatively simple, particularly when compared
with oxides, silicates, and other sedimentary minerals.
Despite their structural simplicity, the behavior of these
minerals in seawater is complex. This complexity primarily
reflects the fundamental role of chemical kinetics in this
system. As a diagnostic illustration, a simple reaction path

alculation predicts the formation of ordered dolomite
ECaMg(CQ)Z) in normal surface seawater. However, despite
extensive supersaturation, unambiguous observations of
direct dolomite precipitation from normal seawater are
essentially nonexistent; aragonite and magnesian calcite are
the phases that actually form, at least via abiotic reactions.
Thus great care must be taken in the use of simple

2. Major Marine Carbonate Minerals thermodynamic relationships as predictor functions in sea-
: . water systems where carbonate mineral distributions are
2.1. General Considerations dominated by metastable phases and where reactions may

In this section, we provide a basic overview of past and be governed by poorly understood surface phases whose
current work on the physical chemistry of carbonate minerals properties differ from the underlying bulk mineral. As
relevant to their reactions in modern marine environments. discussed later on, our current understanding of the kinetic
An accurate understanding of the relationship between mechanisms that control precipitation and dissolution of these
seawater saturation state and the distribution of reef, algal,Phases is in some cases quite limited and requires both direct
and associated carbonates in modern environments is als@bservations and an adequate theoretical framework. We
critical in evaluating the implications of rising sea surface begin with a basic review of the unique physical and
temperatures and increasing acidity associated with anthro-chemical properties of marine carbonate minerals.
pogenic CQ fluxes. Over the past half century, extensive  The most important carbonate minerals in seawater reac-
laboratory and experimental work on carbonate minerals hastions are the CaC{polymorphs aragonite and calcite.
yielded important insights documented in a voluminous Marine calcite may also contain variable amounts (16 30
literature. This section can by no means be encyclopedic butmol %) of MgCGQ; in solid solution, generically termed
does attempt a selective review of seminal papers that havemagnesian calcite. The solubilities of some carbonate miner-
defined major benchmarks in understanding. als are given in Table 1. Aragonite is both denser and more

It is critical to recognize that the vast majority of soluble than calcite. These two phases also differ in their
sedimentary carbonate minerals deposited in modern marinetendency to accept divalent cations other thaf*@asolid
environments iiogenicin origin; that is, these minerals  solution. Thegeneralpattern of coprecipitation is governed
are actively precipitated from seawater by organisms to form by the following rule. Cations such as?Sand B&" whose
skeletal hard parts. A much smaller fraction of the total ionic radii exceed that of Ga (1.00 A, assuming 6-fold
sedimentary burden of carbonate minerals is formed abio- coordination with oxyget) are more frequently accom-
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plexity in understanding or modeling partitioning behavior.

Phases other than aragonite and magnesian calcite are of
far less abundance and importance. Vaterit€C&CQ) is
metastable with respect to calcite and aragonite and limited
to minor biogenic occurrences; hydrated Ca@Bases (e.g.,
ikaite) are found only in very low temperature, high-pressure
environments. Solid solutions and double carbonates are
discussed below.

It should be noted that temperature and pressure vary
enough in the ocean to have a significant influence on
carbonate mineral solubility and equilibrium constants for
the CQ—carbonic acid system. Extensive discussion of the
influences ofT andP can be found in refs 1 and 2.

2.2.2. R3c Carbonates: Calcite, Magnesian Calcite, and
Related Phases

Numerous books and monographs already contain exten-
sive reviews of the chemical and physical properties of
calcite}*® and this discussion will thus serve only as a
relatively brief summary of the issues relevant to marine
systems. The structure of tHR8c carbonates is best seen
using the hexagonal unit cell, with calcite as the example. If
the c-axis of the calcite unit cell is oriented vertically, calcium
cations form horizontal layers separated by planar; CO
groups (Figure 1). The distribution of carbonate solid
solutions within this structure primarily reflect differences
in cation sizeé:® Complete miscibility exists between MgGO
FeCQ, and MnCQ end members, whose differences in ionic
radius are<0.11 A in octahedral coordination. Cago
MgCQO; miscibility is discussed in detail below. Magnesite
(MgCQ;) is virtually unknown in open marine environments,
and its properties are primarily of interest in terms of their
relationship to the other magnesium-bearing phases. Divalent
iron (siderite, FeCg) is relatively rare in normal marine
environments, because Fe(ll) is typically first sequestered
as sulfidic phases during microbial sulfate reduction. Siderite
Figure 1. Carbonate mineral unit cells (Ca in green, C in black, iS thus more typically found in non-marine reducing environ-
Oinred): (A) calcite hexagonal unit cell, viewed down thaxis, ments. In contrast, mixed calciundivalent manganese
showing coordination of metal atoms by oxygens belonging to carbonates are potentially important in reducing environ-

different carbonate groups;'? (B, left) relationship of hexagonal  ments; and interactions of Mnwith carbonate surfaces are
and rhombohedral unit cells (green and blue outlines, respectively, reviewed in more detail below

c-axis vertical) to cleavage rhombohedron (red outline, not a true
unit cell319; (B, right) hexagonal unit cell, same orientatii?

The influence of magnesium on the properties and

(C) orthorhombic unit cell of aragonite;axis vertical, showing
staggered orientation of trigonal carbonate grotpg$.Crystal-
lographic models were generated using PLATON software.

behavior of calcite in seawater is a long-standing and
fundamental problem. Several key issues hinge on the precise
nature of this interaction: (1) the accurate expression of

calcite solubility as a function of magnesium concentration
modated in the orthorhombic aragonite structure, in which in the lattice, (2) how the properties and behavior of abiotic
cations are in 9-fold coordination to carbonate oxygens. magnesian calcite differ from those of their biotic counter-
Conversely, smaller cations such as#gre found more  parts, and (3) how these terms control the rate of dissolution
frequently in the hexagonal calcite structure, in which the and precipitation reactions. We discuss the last issue
cation is in octahedral (6-fold) coordination with oxygen, separately in the sections on precipitation and dissolution;
each of which belongs to a distinct carbonate (Figure 1). calcite solubility and factors that contribute to measured
These coprecipitation trends are at best qualitative statementsyariations thereof are discussed in detail below.
and observed distributions have shown poor fidelity with  Demonstration of equilibrium typically requires approach
attempts to define partitioning on purely thermodynamic from conditions of both over- and undersaturation. In
grounds' In general, it is difficult to make robust statements seawater, however, significant coprecipitation of MgCO
regarding the incorporation of “trace” elements into carbon- generally results in a (abiotic) magnesian calcitd { to 14
ates: careful studies of partition coefficients show that these mol % MgCQ;); abiotic precipitation of a pure, Mg-free
terms are in many cases dependent on both precipitation ratealcite is not observed. This is expected: simple Gibbs
and tracer concentration, thus obviating the expectation of aDuhem relations demand that the chemical potential of
unique DoernerHoskin$ proportionality between surface  MgCQO; in the solid (magnesian calcite) and aqueous
solid and solution tracer/carrier ratios. This issue is discussed(seawater) phase be equivalent at equilibrium. Uncertainty
in detail in Morse and Bendérin complex multicomponent  in the solubility of magnesian calcites has been a source of
solutions such as seawater, the potential for interactionshistorical controversy, in part animated by basic disagree-
betweertracers also introduces significant additional com- ments as to the nature of the equilibrium condition with
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respect to this phase. Early attempts to measure magnesiais that mere equality of the ion activity products (IAP) and
calcite solubility adopted a somewhat controversial approach.Keq (eq 2.2) may demonstrate stoichiometric saturatieg, (
For example, in free drift, pure water-fixed pe@issolution Mg COs(ag) = HCay »MgwCOox(s) DUt is an otherwise insufficient
experiments, Plummer and MackeriZiattempted to cir-  demonstration of equilibriumugcoyag = Hmgcoys, Lcacaea)
cumvent lengthy equilibration times by extrapolating solution — licacoys). Thorstenson and Plummer applied this thinking
activities to infinite time (2 — 0). o N to the earlier dissolution data of Plummer and Macke¥izie
This “kinetic” approach to true saturation is sensitive to and concluded that true equilibrium, or for that matter
the onset of incongruent reaction legs and, in general, hasstoichiometric saturation, was probably not achieved for
been regarded as somewhat controvet8i@here is also the  calcites with substantial mol % MgGO either condition
potential for large variability in the reactivity of biogenic  would necessitate a solution Mg/Ca ratio or an J4R
phases, discussed below. atypical of natural systems. They thus concluded that
Formation of magnesian calcite can be expressed as  thermodynamic equilibrium with respect to magnesian calcite
exists only for solids with less thar5 mol % MgCQ.
Arguments regarding stoichiometric saturation with respect
to the magnesian calcites have been debated exten3ivély.

Morse and Mucci addressed the issue of magnesian calcite
solubility directly in a series of key experiments, taking a
distinctly different approach from that described above
(description of this work will also overlap with that of
precipitation kinetics). Morse et &measured the solubility
of pure calcite in contact with seawater for extended periods
(from 5 days to 1 month). Their measured apparent constant
_ _ o _ for calcite K, = 4.39 x 10" mol? kg2, see Table 1) was
wherex is taken from eq 2.1 andl is the activity of species  relatively consistent with other contemporary values, al-
i. The problem with this expression, however, is that it though less £20%) than that computed from the thermo-
predicts relationships between the composition of the solution dynamic solubility product for calcite and total activity
and the solid phase)that may not, in fact, exist. This can  coefficients for calcium and carbonate ion, a discrepancy they
be seen by reorganizing eq 2.2 in terms of the cation attributed to the formation of a magnesian calcite surface
concentration ratio, wherg; is the total ion activity coef-  phase. This latter hypothesis was investigated in extensive
ficient of species, experimental work#26 and because of their bearing on how

CayyMg,CO; = (1 — X)Ca" + xMg*" + cosz(‘2 )

wherex is the mole fraction of MgC®in solid solution.
One means of expressing the solubility of magnesian calcite
is by writing the thermodynamic equilibrium constant for
this reaction K),

KindX) = a032+1_xaMgZ+Xa0032— (2.2)

ot saturation develops between calcite and Mg-bearing fluids,
[Mg“] _ Vcar ( 2.3)

Kmc®) |
[Ca’"]

Ymgz+ \8ca+8cop-

Putting aside for the moment the issue of activity coef-
ficients, for a given calcium and carbonate ion concentration,
we are still free to vary the left-hand cation ratio by changing
magnesium concentration. For the equality to be preserved,
however, the right-hand side of eq 2.3 would have to vary
simultaneously in some complex fashion: the action of
agueous magnesium concentration (or activity) has no
explicit representation here. More to the point, solid-phase
composition ) could be varied at no apparent expense to
the left-hand side, implying an arbitrary range of possible
solid compositions for a given cation ratio. This freedom is
inconsistent with what is actually observed in seawater
experiments (see below), where precipitation of calcite at a
given Mg/Ca seawater ratio yields a unique solid-phase
composition. Moreover the observed relationship of this solid
with the solution cation ratio is linear in

In a theoretical treatment, Thorstenson and Plumer
argued that if magnesian calcite reacted as a soliiiketl
composition then the GibbsDuhem equality of chemical
potentials of individual components (i.e., Ca§g,®1gCQs)
in solid versus aqueous phases no longer has meaning. In
the case of a congruently dissolving magnesian calcite, this
entails a loss of a degree of freedom because of the kinetic
restriction of mass transfers of components with respect to
the solid. Thorstenson and Plummer invoked the term
“stoichiometric saturation” to describe this condition. It
should be emphasized that because of this path constraint,
stoichiometric saturation states would form a superset of the
true (stable or metastable) equilibrium condition. In Cag€O
MgCO; solid solutions, the primary point of their argument

we enumerate the principal findings of these papers in more
detail below.

1. The extent of Mg uptake is a function of the
solution concentratiorratio [Mg/Calsor, Not the
absolute concentrations of each component. Using
data from pH-stat precipitation runs, Mucci and
Morse*25 argued that the behavior could be best
understood in the context of areXchange equi-
librium” between the crystal surface and the solu-
tion and between surface and the underlying crystal
emphasis added. At low solution ratios ([Mg/Ga]
< ~7.5), surface adsorption of Mg is favored over
Ca, such that [Mg/Ca] > [Mg/Calson Under these
conditions, sorbed Mg has the greatest influence
on the net incorporation of Mg into the overgrowth
itself, and the ratio of [Mg/Ca}id[Mg/Calson is
negatively correlated to the [Mg/Ga}, The amount
of Mg incorporated within the lattice in this region
is significant but small, limited by the Mg content
of the solutior?*

2. As solution ratios increase ([Mg/Ga} >
~7.5), the ratio of [Mg/Calis to [Mg/Cakon
approaches the constant value of a classical homo-
geneous distribution coefficienDf,). However,
Mucci and Morsé* argued that this observation was
inconsistent with a simple Langmuir adsorption
isotherm, because progressive saturation of surface
sites should give rise to a variabByg with
increasing [Mg/Cal},n They thus concluded that a
feedback control is established at the growing
crystal's interface, in which the formation of
magnesian calcites having preferential affinity for
magnesium establishes a dynamic equilibrium be-
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I [ I curve is very close to the accepted value for pure calcite

! (pK = 8.48 at 25°C). Although these data represent
equilibrium approaches from both over- and undersaturated
conditions and include material formed under both room
temperature and hydrothermal conditions, the data set's
overall variability is remarkably small. An important obser-
vation is that the increase in solubility withis sufficiently
small that abiotically precipitated magnesian calcites with
greater than or equal t620 mol % MgCQ are all less
soluble than aragonite (see below).

The second trend (curve B) is a “best fit” through the
biogenic, skeletal magnesian calcitéd’ These data show
significantly higher solubilities~0.15 differences inlg, or
about~1.1 kcal mot?), although the overall trend ir is
similar to that of the abiotic phases. The intercept at zero

Mole percent MgCO MgCO; also places this phase very close to aragonite and a
3 20 mol % MgCQ synthetic phase in solubility. The origin
Figure 2. Solubility of magnesian calcite computed from eq 2.2.  of this increase in free energy is unclear but may include
Data are fromsynthetic(gray solid circles, Busenberg and Plum- g\ nstantial contributions from excess water and impurity

mer?° open circles, Bischoff et a¥” black solid circles, Mucci and : - .
Morse? open squares, Laféd), natural inorganic(crosses, Busen-  0€fects (sulfate, hydroxyl, and bicarbonate); these contribu-

berg and Plummé?), and biogenic phases (open diamonds, tions would be present independent of Mg{ntent. In
Busenberg and Plummattlosed triangles, Bischoff et & closed addition, it is well-documented that positional disorder of
diamonds, Walter and Morsé; solid squares, Plummer and the carbonate anion (rotation out of the basal plane) is
Mackenzié’ recalculated by Thorstenson and Plumifjeffrends  associated with both abiotic and biogenically formed mag-
A, B, and C are discussed in text. Adapted from ref 31 with negjan calcite® a trend that is also reflected in unit cela
&?;gr':féo?c'aﬁ'%%gevt‘?zfr%’n[g:gW'th data added. Copyright 1991 5, ia| ratios. In general, the variation in solubility of biogenic

g ' calcites with 12< x < 15 mol % MgCQ is also greater
than the corresponding variation in the synthetic phases. An
important conclusion from these findings is that magnesium
content is not an accurate predictor of solubility for biogenic
phases. Reactivities of biogenic phases are thus most likely
dominated by characteristics introduced directly or indirectly
by the organism itself.

Most biogenic magnesian calcites from curve B in the-12
15 mol % MgCQ range are slightly more soluble than
aragonite. However, these solubilities are substantially less
than those recovered in the dissolution experiments of
biogenic magnesian calcite by Plummer and Mackehzie,
subsequently revised by Thorstenson and Pluntier,
accurately represented, calcite saturation can be ~ Which 12-15 mol % MgCQ magnesian calcites exceed
adequately described by the CaC®n molal aragonite solu_b|I|t|es by a faptor of5. These_latter data
product alone K. = [C&"][e{CO# Jle9); Cf. €q (qurye C of Figure 2) may likely _reﬂect the |.nﬂuer!ce of
2.2). Furthermorce, they introduced the notion that Kinetic, rather than thermodynamic, factors, including the
a “solubility-controlling” phase of invariant com- retention of reactive surface particles after minimal sample

position satisfied the exchange equilibrium identi- cleaning and lack of annealing but may also reflect reactivity
fied above. Furthermore. Bischoff et &l..in in nature. These issues are also discussed in Bischoffet al.

computing solid phase activity coefficients, con- v . ;
cluded that magnesian calcites forming as over- 2.2.3. R3 Carbonates: Dolomite and Other Double

magnesian calcite

Log IAP

tween the solution, the surface, and the nascent
overgrowth. Overgrowth composition may ad-
ditionally reflect crystallographic contréf.

3. The above data link a given [Mg/Gaj with
a corresponding [Mg/Cajis. In free drift experi-
ments, Mucci and Morge subsequently derived
stoichiometric solubility constants from seawater
solutions of variable [Mg/Cai» equilibrated with
pure calcite. On the basis of these results, they
concluded that MgC@ coprecipitation doesot
change calcite solubility, as computed from the ion
activity product for CaCg@ if ion pairing is

growths in Mucci and Morsé were indeed equi- Carbonates

librium phases. Most importantly, magnesian calcite Dolomite CaMg(CQ), is the most important double

solubilities, recalculated from these data according carbonate. It is found primarily in marginal, restricted

to eq 2.2, are substantially less than those measured  regimes that suffer extremes in terms of temperature,

compared with the biogenic phases measured previ- saturation state, or salinity or that otherwise differ from

ously (see below). These relationships are sum- normal open marine environments. There are two oft-cited

marized in Figure 2. truisms involving this mineral. First, it is a significant

In general, the solubility versus composition data show a component of ancient sedimentary carbonate rocks, in

solubility minimum at approximately 2 mol % MgGQwith contrast to its meager present-day distribution. Second, there

increasing solubility thereafter. Although outstanding issues has been little success in synthesizing dolomite at low
remain, the current consensus is that the solubility versustemperatures in the laboratory. These two observations are
composition data (Figure 2) can be divided into three basic the basis of the oft-cited “dolomite problem”. However, this
trends. The first trend (curve A) incorporates well-crystal- perception may reflect inadequate recognition of (1) differ-
lized, inorganic solids from the work of Mucci and Mofée  ences in laboratory versus geologic time scales and (2) strong
and Bischoff et af® This curve defines the lowest solubilities  environmental controls over carbonate mineral distributions.
for magnesian calcites, and the intercept at0 of the fitted In general, we still require a better understanding of how
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ordered mineral phases form at low temperature and, in 10
particular, how microbial communities may mediate these
reactions’*3®

Determinations of the calcitedolomite solvus at high
temperatures show complete miscibility between pure calcite
and carbonates of dolomite composition only above tem-
peratures of 1075C.3® Composition and cation ordering
distinguish ideal dolomite from magnesian calcite. Phases
that deviate from dolomite’s cation stoichiometry (e.g., Ca/
Mg > 1) and show enlarged unit cells and diffuse diffraction
peaks are collectively termed “protodolomites”. Graf and
Goldsmith first used this label to refer to both synthetic and L | L i 1
naturally occurring materials that would presumably react, 0 40 80 120
given sufficient time, to form ideal, fully ordered dolomite. Time (days)

Ordered dolomite is essentially a calcite structure in which Figure 3. Trend of equilibration time and apparent solubility of
every other cation layer is fully occupied by magnesium aragonite. Modified from ref 7, Copyright 1980, with permission
atoms. This results in a symmetry reductid®8¢ — R3) from Elsevier.
through loss of calcite’s-glide axis. In contrast, magnesium o ) . o
atoms in a magnesian calcite are not segregated to their owrfleterminations, as previously published determinations em-
cation plane but substitute for calcium in a completely Ployed shorter (hours to days) periods. This measured value
random manner. Sedimentary do|0mites are often poorly IS 22% |ESS than that_predlcted for aragon|te S_Olublllf(y_ from
ordered and calcium-rich, with increasing disorder detectable thermodynamic solubility productsKg) and total ion activity
as a progressive weakening in the superstructure reflectionscoefficients in seawater; however, unlike the magnesian
(101), (015), and (021% Other metal ions may also calcﬁes, no recognlzable_: difference exists _between_solubllltl_es
substitute for magnesium, notably iron and manganese;obt_a'ned from synthenc versus biogenic materials. It is
ferroan dolomite (ankerite) can accommodate a maximum cfitical to recognize the dependence of the apparent solubility
of ~70% CaFe(C6),. The manganoan equivalent of dolo- Product of aragonite on equilibration time (Figure 3). This
mite, lying on the CaC®-MnCO; join, is termed kutnahorite ~ esult is observed consistently, is apparently reversible, and
(CaMn(CQ),).% !ndlcates unsolved complexities in thg behav_l(_)r of aragonite
We know of no solubility determinations for dolomite in in seawater. The observed reduction in solubility may reflect

seawater. Because of the large effects of ordering andiN€ formation of a surface phase of (as yet) unknown

composition, the uncertainties surrounding dolomite stability COMPOSition and structure, although aragonite dissolution
are quite large. Determinations of enthalpies of formation &ftér extended exposure to seawater cannot obviously begin

(AHY of ideal, ordered dolomite vary by several kilojoules until seawater is undersaturated with respect to this putative
Because the contribution GiAS at Earth surface tempera-  SOlubility-controlling phase. A time-sensitive surface phase
tures is small (with good agreement on entropy determina- is also consistent with experimental results of Tribble and
e . . y
tions), these variations in measured enthalpy yield corre- Mackenzi€i®in which the composition of neoformed over

sponding uncertainties in free energy. An early attempt to 9r0Wths are not constant but tend to alter with time as the
measure dolomite solubility by a similar approach to that nascent phase progressively excludes Mg from the lattice.

described above for the magnesian calcites (extrapolation to! hus the solid-phase composition is both a function of time,

infinite time) shows a very low value of Kpsc = 19.79): and in the case of a calcite overgrovvth, qepth from.the
current acceptedtp values range from 18.1 to 17.3. The Substrate. This problem also has direct bearing on the issue
effect of ordering and composition on dolomite stability has ©f “kinetic solubility” and the response of seawater saturation
been investigated extensively by Navrotsky and co-workers. states to pCechanges as discussed later in this paper.
Solution calorimetr§? showed that enthalpies become strongly ) .

endothermic with increasing calcium enrichment; similar 3. Carbonate Mineral Precipitation and

determinations for magnesian calcieshow negative en-  Dissolution Kinetics Relevant to Seawater

thalpies by comparison, so clearly calcite accommodates .

substantial lattice magnesium with far less loss of stability 3.1. General Overview

than dolomite accommodates calcium.

K X 107 (moF kg

A successful approach to the general problem of calcite
and aragonite reaction kinetics in seawater solutions must
solve several difficult problems. These derive both from

Aragonite constitutes a major phase of marine sediments,general issues related to the kinetics of minesalution
occurring both as marine cement and as the principal skeletalinteraction and from the specific properties of seawater and
component of many marine taxa?Sand B&" are important carbonate minerals as reactants. We give a brief overview
coprecipitating cations for Ca in 9-fold coordination in of general concepts first and dwell on the latter in specific
aragonite. The solubility product for aragonite in pure subsequent sections.

2.2.4. Orthorhombic Carbonates: Aragonite

(nonseawater) solutions is relatively well-known, withky,p Although seawater chemistry is covered extensively

at 25°C ranging from 8.34+ 0.02® to 8.28+ 0.02%4 In elsewhere in this issue, before continuing we should make
seawater, determinations of the stoichiometric constant (psome brief remarks concerning the carbonic acid system in
K, note thatk, has units of malkg~2) range from 6.09t seawater and its relationship to carbonate mineral reaction

0.03® to 6.18 £ 0.027 The substantially lower solubility  kinetics. First, constraint of the carbon speciation in seawater
found for aragonite by Morse et ateflects the exceedingly  requires a minimum of two measured parameters: pH,»CO
long equilibration time (2 months) used in their seawater dissolved inorganic carbon (DIC), or total alkalinity (in
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addition to salinity or ionic strength, temperature, pressure, provides that the forward reaction path followed by a
etc.). Dissolution or precipitation must at some point in the molecular assembly be the reverse equivalent of the back-
reaction sequence involve carbonate ion, and thus carbonatevard reaction. This condition allows the ratio of rate
ion concentration and activity are clearly key quantities. The constants for these reactions to be related to the equilibrium
log activity of carbonate ion can be computed as the sum of constant. For example, if the reversible reaction of reactant
log K, + log pCQ, + 2pHt However, this computed activity R and product P are represented as the forward- and back-
is relevant for the bulk solution; at the mineral surface itself, reactions,

the distribution of surface and near-surface species reflects

both equilibrium hydration and hydrolysis reactions, as well R—=P (3.1)
as the kinetics of the dissolving or precipitating mineral itself, ke '

and thus may differ significantly from the bulk solution. _
the forward and backward rates are proportional to the

3.2. Mineral Reactivity and the Mineral —Solution concent_rations of R and P, respectively. At equilibrium, phese
Interface: The Link Between Thermodynamic rates will be equivalentki[Rleqg = k-[Pleq Under this
Driving Force and the Overall Rate equality the ratio of rate constants is proportional to the

equilibrium constant,
3.2.1. General Rate Equations

P
A governing principle in the chemical kinetics of precipi- kE = &q = ' eq
tation or dissolution is that the overall process can be divided - [R]eq ’p
into a sequence of discrete reaction steps: (1) transport of _ - _ . -
material to the mineral surface from the bulk solution through wherey |s_the coefﬁmgnt relatm_g concentration and activity
some sort of boundary layer environment, (2) adsorption of €'MS- This oft-described relationship provides a basic link
reactive solutes to the surface itself, (3) surface diffusion, P€tween equilibrium thermodynamics and chemical kinetics.

essentially a random walk down a concentration gradient to L@52gd” used detailed balancing to derive the general
the reactive site, and (4) once the reactant arrives at this site '€action for calcite dissolution,
the reaction itself may proceed through a series of individual A
steps entailing bond formation or cleavage, ionic exchange —r=k_ v Ksp”(l - Q" (3.3)
with the solid, acquisition or loss of solvent water, and other
steps. In the case of dissolution, the products of the reaction
are original lattice components as solutes, which may then
follow the reverse of diffusion and transport steps 3 through
1, resulting in their final departure from the surface to the
bulk solution. Detailed treatment of these steps is available
elsewheré? Our key point here is that the slowest step in
this series is limiting and thus determines the rate of the
overall process. For the majority of carbonate mineral
reactions involving seawater, the rate of integration or
disintegration of ionic components at the reactive site itself
is the slowest step in this chain. This limitation reflects the
relative insolubility of most carbonate minerals, as well as
the confined range of disequilibrium (extent of over- and
undersaturation) in marine environments, at least within the
water column. Thus in general, carbonate precipitation and
dissolution rates in seawater aerface-controlled
In order to understand variation in the rates of mineral A n
surface processes, a basis must exist to evaluate reaction = k\_/(l —Q) (3.4)
mechanisms and their relationship to primary environmental
variables. The complexity of seawater poses a fundamentalAn equivalent expression for precipitation can be formed
challenge in this requirement. A substantial number of by a simple change of sign. As discussed in more detail in
observations now exist of the overall carbonate mineral Morse and ArvidsoR? egs 3.3 and 3.4 clearly differ,
reaction rate’s dependence on saturation state, temperatureparticularly in terms of the function of the parametenn
salinity, and other variables. However, these results have beereq 3.4,n is the order of the overall reaction; in eq 318,
understood primarily on an empirical basis, and conclusions acts on the product of activities and thus operates identically
regarding mechanism are often speculative. This limitation on the activity of calcium and carbonate ion. The latter
is slowly receding, however, with the integration of direct relationship reflects simple reaction stoichiometry in eq 3.3,
observations of the reacting mineral surface, discussed belowwhere net steady-state dissolution must liberate equal
We preface this with a review of current rate equations.  amounts of oppositely charged lattice ions.
Thermodynamic equilibrium establishes the limiting con- ~ More generally, there is a critical distinction between
dition at which the overall reaction rate must be zero. As “linear” rates, such as the following,
discussed at length in Lasdgand other texts, the relation-
ship of the equilibrium point and reaction rate is often +r =4k (Q"— 1) (3.5)
illustrated through the application of detailed balancing. This
approach implicitly recognizes the principle of microscopic where the— and+ signs apply to dissolution and precipita-
reversibility, in which the maintenance of equilibrium tion, respectively, anth = /,, n = 1, etc.55? versus the

(3.2)

Herer is the rate A/V is the ratio of total mineral surface
area to solution volume, ari,” and Q" are the solubility
product and saturation rati€(= acz+aco,/Ksp) for calcite,
respectively, both raised to the power of the parameter
Equation 3.3 is identical to that derived by 'B@gg from
experimental work with calcite in 0.7 M KCI solutions (pH
8—10), in whichn assumed a value 6f,.*®¢ However, this
equation does not accommodate any dependency that the
dissolution rate may have on the composition of the solution,
other than that explicitly provided by the saturation state
term. If it is assumed to hold over large changes in saturation
state, it also makes an implicit assumption with respect to
mechanistic control (see discussion below). In contrast,
empirical expressions generally employed for the dissolution
of carbonates represent the overall rat® as
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commonly used expression in eq 3.4. Truncation of a Taylor reasons for this inhibition to couple strongly with saturation
series expansion for the free energy function in eq 3.5 (recall state. In addition, simple first-order expressions are virtually

that Q = e*®/(RM) shows that adG, approaches 0,A6/(R7 certain to fail in pore water environments where the
~ AG/(RT) + 1, and the rate (written here as dissolution) constancy of major ion ratios is not maintained.
thus becomes linear in free energy: A more general rate equation can be used to represent the

A action of catalyst and inhibitor species, and Lasadas
_ _ L r suggested the following form to accommodate these terms:
r =k(1 — expAG/(RT))) n RT

(3.6)

N
However, even close to equilibrium, our conventional r=kAdl) [1a"f(AG) (3.8)
expression, eq 3.4, for carbonate reactions remains nonlinear i

o _
(assumingn = 1), and more generally Here the Arrhenius temperature dependence can be shown

[lAGr| n explicitly as

f=—K-—" 3.7)

RT k= kg &¥4R7 (3.9)
where|AG;| denotes the absolute value of free energy, the ) ) ) )

negative sign applies to dissolution, and the positive applies Whereko is the intensive, temperature-independent prefactor,
to precipitatiort? This is not a trivial point concerning the  Ea S activation energy, and is reactive surface area. This
fitting of rate data, but a fundamental insight into the role €Xxpression, applicable to both precipitation and dissolution,
of reaction mechanism. Lasaga elegantly emphasizes thisorovu_jes a means of callbratlng the effect of ionic strength,
point in terms of irreversible thermodynamics: expressions 9(1), independent of that provided by the use of activity
such as eqgs 3.4 and 3.7 are inconsistent with the guarante&0e€fficients, as well aa, the action oN inhibitors, catalysts,

of microreversibility implied by egs 3.1 and 3.2. Why? Proton activity, etc. The terf{AG,) is the free energy term
Becausalislocations are not equilibrium defecif growth describing the rate’s functional relationship to disequilibrium.
or dissolution of carbonate surfaces is limited at low super- If we neglect the inhibition and ionic strength terms, replace
or undersaturations, respectively, by nonequilibrium surface f(AG) with a saturation state function, administer signs such
defect distributions, then these surfaces cannot be considered@t AG: corresponds to the dissolution reaction, and allow
to be at equilibrium even foAG; ~ 0. Nielsen also suggested the rate constark to collec'g the (reactive surface) area and
that rate equations having the general form of a concentrationvolume terms, we effectively recover our conventional

differenceraised to some power (e.g.= k(c — s)?) likely expression (eq 3.4),
reflect the nonlinear dependencies inherent in spiral disloca- N
tion-controlled crystal growtff Thus, in the case of carbon- r=—k(1 - expAG/(RT))) (3.10)

ates, both the general form of rate equations (eqs 3.4 and = . ]

3.7) and experimental evidence (see below) point to the With increasing undersaturatioNG, — —o, {(AG,) — 1,
fundamental role of defect control in both dissolution and and the dissolution rate approaches a constant Jaltiee
growth kinetics. Limited attempts have also been made to dissolution plateau. With increasing oversaturation, that is,
express explicitly the rate’s control by defect dengity. €XPAG/(RT) — 1, the precipitation rate increases expo-
Strained calcites have been used to show that the influencenentially; however, the precipitation or crystal growth rate
of dislocations could be accommodated by differentiating OPviously cannot increase infinitely. As sufficient difference
between perfect surface sites and dislocation sites, eachn chemical potential develops, new heterogeneous and
characterized by distinct energy distributions and corre- Ultimately homogeneous crystal nuclei will appear whose
sponding rate constants. Although reaction rate does not scaléninimum size reflects the system'’s critical radius (discussed
linearly with defect density, Schott et %l.found that in terms of Gibbs-Thompson relations |n_nucleat|0r_1 below).
dislocation densities greater than’2@Q.0° cm3 result in an Note that although the form of the equations described above

increase in dissolution rates under near-equilibrium condi- Permits application to both growth and dissolution, different
tions. values ofk andn would obviously be used for each.

Despite this evidence of nonlinear controls on reaction rate,322 Relationshin to Mineral Surface P
many practitioners incorrectly use simple carbonate ion “=< elationship to Mineral suriace Frocesses
concentration difference terms to drive reaction rate expres- At the core of the existing theoretical framework for
sions. There are additional reasons for application of first- surface-controlled reaction rates is the concept of surface
order linear kinetics for carbonate precipitation and disso- free energy distribution. Because precipitation or dissolution
lution in seawater to be incorrect in practice: in addition to rates bear an exponential energy dependence (see previous
the potential variation of reaction mechanism with changing rate equations), heterogeneity in this distribution potentially
saturation state, dissolved impurities may play a fundamentalgives rise to large variations in rate over the mineral surface.
role. For example, there is substantial evidence that dissolvedThis heterogeneity reflects the physical distribution of
magnesium and phosphate inhibit both precipitation and dislocations in the crystal (plane, line, and point defects, see
dissolution reactions in seawater (discussed below). Impuri- Figure 4). Seminal work by Burton et @.recognized the
ties may strongly influence the reaction rate itself via simple central role of screw dislocations in terms of providing a
sorption but may also exert more complex, mechanistic continuous source of atomic surface steps during crystal
controls, changing the nature of the rate’s relationship to growth. More recently, direct surface observations of the
saturation state or controlling the mineralogy and composi- cleavage surfaces of rhombohedral carbort&t®s have
tion of the phase that nucleates on pre-existing crystal shown that step movement can be related to the overall rate
surfaces. Surface interactions with impurities are not under- measured in bulk solution (see also Figure 5). The symmetry
stood in detail, although recent experiments suggest possibleelations of kink and step geometry in calcite also controls
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detachment at kink sites and steps versus terraces). This issue
is discussed later in the text, as well as in Morse and
Arvidson5°

Although the previous section has emphasized the impor-
tance of understanding reaction mechanism and its relation-
ship to saturation state, there is currently no over-arching
theoretical framework that would relate the form and
parametrization of rate equations driven by seawater satura-
tion state to surface reaction mechanisms. Most experimental
measurements of mineral reaction rates, for example, in a

Figure 4. Schematic view of defects and specific sites on a crystal laboratory flow-through or batch reactor, are done through
surface: (1) terrace adatom; (2) terrace vacancy; (3) step vacancyevaluation of changes in the composition of the bulk solution.
or “double” kink site; (4) step adatom; (5) single kink site; (6) Changes in the mineral surface, and thus the link between

outcropping edge dislocation; (7) outcropping screw dislocation; rate and mechanism, are not observed directly. There is also
(8) imminent hole. a long-standing recognition of the problem of surface
reactivity distribution, described briefly above and discussed
in more detail below in section 3.2.4. These limitations have
given rise to an increasing interest in understanding the
relationship between the macroscopic or “bulk” rate and
mineral surface processes through direct observation, spon-
sored initially by the advent of the atomic force microscope
(AFM®889 The AFM has been used extensively on
calciteb6873 magnesité? and dolomité®> because of the
relative ease of generating excellent cleavage surfaces. In
concert with a suitable fluid cell, AFM permits direct,
nanoscale observation of real-time precipitation and dissolu-
tion reactions. In fluid, AFM provides angstrom-level vertical
resolution at nanometer-scale lateral resolution. Rates are
Figure 5. Schematic representation of parameters relating crystal typically measured by comparison of fixed area raster images
growth and dissolution rate with bulk rate: surface step helght,  as a function of time. This practice limits the measurement
kink spacing,x; interstep spacing (terrace widtt), of very fast rate; conversely, measurement of very slow rates
) - ) . . is a function of the lifetime of the cantilever tip. However,
site-specific uptake of impurities. The control of step velocity, there are problems associated with the extrapolation of AFM
the manner by which steps propagate, and the overallgien velocities to surface-area-specific rates measured by
distribution of steps on the surface (step density or spacing) conyentional powder methods: e.g., the relationship of step

is thus the link between reaction mechanism and itS eacity to a surface-normal velocity is given by (Figure 5)
phenomenological expression as a material flux between

mineral and solution.

Recognition that the speciation of surface sites may be v
correlated with the reaction kinetics has led to the develop-
ment of thesurface complexation modetleveloped and
initially applied to calcite dissolution by Van Cappellen et Wherey, is the surface-normal velociti,is step height (e.g.,
al$2 This model is entirely analogous to the system of relating 0.3 nm for calcite) psiepis the velocity of the step, andis
the distribution of aqueous complexes and ion pairs by the average step spacing. Although measurement of the step
equilibrium mass and charge balance expressions. Thus théeight is a trivial matter for the AFM, step spacing is a
ratio of surface complexes varies in concert with that of dynamic property and thus requires care in acquisition. In
dissolved carbonic acid species, establishing a relationshipaddition, there is the more important problem of how
between the surface concentrations and dissolved activities|ocalized measurements, conducted over small regions of the
and yielding potential insight into surface-controlled reaction mineral surface for brief duration, can be applied to larger
kinetics. For example, Arakaki and MuBtderived a general  space and longer time scales. This problem is a fundamental
rate equation for calcite dissolution and precipitation in one and is discussed in more detail in sections 3.2.4 and
simple solutions through application of this model to diverse 3.2.5 below.
datasets. This general approach has also been campaigned
as a general solution to the problem of variation in carbonate 3.2.3. Treatment of Kinetic Inhibition
mineral reactivity, arguing that dissolution reaction kinetics - ]
can be described in the context of rate-controlling surface ~ There has been recognition of the strong potential role of
complex distribution§4 Recent attempts have also been made reaction inhibitors on carbonate mineral reaction kinetics
to integrate this model with mineral surface observatfSns. since the early work of metal inhibition of calcite dissolution
However, under conditions where reactive transport control by Weyl® and Terjesen et &.The problem with using past
becomes important, uncertainties in evaluating the diffusion results to form an overall, integrated understanding of the
of carbonic acid species may make this approach problematicrole of inhibitors is the lack of a “standard model” for
In addition to providing no means for transport via surface comparing work in disparate bulk solution compositions,
diffusion, this approach also contains no intrinsic description saturation states, temperatures, solid preparation, etc. Thus
of the variation in reactive site distribution (e.g., attachment/ much of the existing results can be compared only on a

_ py Usten
=h- (3.11)

n
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qualitative basis. Because of the nonlinear nature of bothtemperatures. Analytically and experimentally, the indirect
growth and dissolution kinetics in carbonates in terms of free approach is often easier because the result of many micro-
energy control discussed previously, comparison of the extentscopic processes can be quantified at a larger scale over
of inhibition at similar inhibitor concentrations but different longer periods of time. Thanks to the dedication of many
AG; is neither practical nor desirable. experimentalists, we can build today on a large pool of rate

The theoretical treatment of inhibition on a surface derives data and observations (e.g., White and Brarftiegnd
from a number of competing model approaches, for which references therein; Morse and Arvidsbmand references
the distinction hinges on the reversibility of the adsorption therein).
step. The LangmuirVolmer model® assumes that a revers- The left-hand sides of eqs 3-3.7 are equivalent to the
ible Langmuir adsorption isotherm prevails on the surface. “bulk” rate, expressed as a function of free energyGj
Although this model is often employed as a means of implicitly or explicitly proportional to surface ared). The
interpreting inhibition, the reversibility requirement may bulk rate constank may also assume, in addition to
often not have been demonstrated. In contrast, the “deadtemperature, additional dependencies related to solution
zone” model of Cabrera and Vermily@assumes irreversible  composition. Experimentally measured bulk rates have also
adsorption of impurities on terraces or step edges. When thisbeen expressed in terms of the formation of surface molecular
scenario is applied in the context of crystal growth, advancing complexes by surface reaction with solution species, applied
steps are pinned and thus blocked from further advance agprimarily to dissolutiorf3#3-92 This approach highlights the
impurities are encountered. Step pinning creates a “curved” chemical bonding properties of mineral surfaces, as well as
step whose radius exceeds a critical value (see discussiorthe role of adsorptiondesorption steps on the crystal
on nucleation below). The reduction in step velocity leads dissolution rate. The equilibrium distribution of surface
to a subsequent increase in saturation state of the solutiorcomplexes has been used to predict the pH dependence of
because of the reduced demand for lattice ions: whenthe rate. The molecular approach, therefore, has emphasized
oversaturation is sufficient, the pinned steps are able to breakthe role of surface speciatioron mineral surfaces as a
the impurity barrier and resume migration. As bulk impurity function of solution composition and temperature. The model
concentrations increase, the “dead zone” of step pinning maythen tries to identify particular surface complexes whose
increase proportionally. activities limit the overall dissolution rafé:2.93

If impurities bind irreversibly at appropriate surface sites,  All experimental studies that use the indirect approach
they may be physically incorporated within the solid during have one major problem in common: all rates are integrated
crystal growth. In this scenario of impurity incorporation, over the entire mineral surface. Thus, these experiments
this produces a defect, resulting in a change in the straincannot resolve the surface distribution of the integrated rate,
field of the crystal lattice and thus increasing the solubility the reaction mechanism cannot be observed directly, and
of solid crystal itself at this site (e.g., Davis et’3l. This surface area in contact with the solution has to be quantified
action results in a decrease in the driving forag petween ~ and rates must be normalized by ttedevant surface area.
solid and solution), and step velocityis decreased by a  The quantification of the relevant surface area, however, has
factor of 1— r*/r, wherer* is the critical radius (see below), ~Proven to be a nontrivial problem and one of concern.
relative to the pure, impurity-free crystal growth system) ( A challenge is already the definition of the “correct”
In crystal dissolution, attachment of an impurity at a kink surface area with which to normalize the bulk rates or fluxes
site, rather than increasing strain, may conversely have themeasured experimentally or in nature. Authors such as
effect of stabilizing the site against further detachment, thus Hochella?* Brantley et al?® Brantley and Mellotf¢ Jeschke
interfering with kink detachment dynamics and preventing and Dreybrod®/ and most recently Titge®® have discussed
proper step flow. As a whole, impurity interaction with this problem in detail. Unfortunately, this problem remains
carbonate surfaces is a very complex topic, because itstill largely unsolved and indicates that our understanding
involves both the surface chemistry and the changes broughtof the processes at the minerablid interface is not yet
about by variations in solution composition; see Gutjahr et sufficiently advanced to provide a satisfying theoretical

al.® for a more detailed discussion. description.
Independent of this fact, as long as mineriiid reactions
3.2.4. Mineral Reaction Rates and Surface Area are surface-controlled, we need to normalize bulk reaction

rates,R, by the surface area involved in the process to obtain

The following discussion is an abbreviated version of the a rate constanty, in units of moles per square meter per
one presented in’litge 8 and we refer the interested reader second. This rate constant is important because it is a critical
to this book chapter for a more detailed discussion. Fuid input parameter for any kinetic model, and, therefore, a
mineral interactions, for example, dissolution and growth prerequisite for our predictive capabilities. Consequently, the
processes of carbonates and other minerals, can be observeguantitative treatment of surface area has been given
in two principally different modes, either directly at the considerable attention in the geochemical literaftfé.*°
solid—liquid interface or-what has been the standard Theoretically there are at least three different quantities: (1)
procedure in the pasindirectly through changes in the geometric area, (2) total or Brunasg€Emmett-Teller (BET)
solution chemistry. For a variety of reasons most laboratory surface area, and (3) the “reactive” surface area. In this
studies that were designed to investigate reaction kineticscontext, we can only summarize the discussion. Currently,
have successfully focused on the solution chemistry and itsonly so-called BET surface aréis a robust measurement.
changes. By increasing the ratio of crystal surface area toGeometric surface area is merely an abstraction or estimate,
reactor volume, even very slow rates become measurableand reactive surface area is problematic and more of a
This is important because slow reaction rates on the orderconceptual tool than a directly measurable quantity. Geo-
of 108-10"% mol m2 s! are often characteristic for metric surface area is usually calculated from the crystal
mineral dissolution and growth reactions at Earth surface dimensions and ignores surface roughness (cf, An88ek
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This calculation may also involve assumptions of an ideal 3.2.5. Dependence on Distance from Equilibrium and
geometric body, such as a cube, rhombohedron, or sphereScaling

If the geometric surface area is calculated for a mineral
powder, it will depend on the way the average grain diameter
of the grain population is computed. Because of the nature
of grain size distributions, it is likely that an estimate of

After we have correctly quantified and applied the surface
area to the normalization of reaction rate, any quantitative
treatment of processes involving fluid flow and mineral
geometric surface area derived from a model underestimateﬁrs\zc;'rogstﬁr%?ns ttr? ei)grea;; :Lricr:r?(/aitgl %';,[S: l.llj_g?sn a%rpgrgzvg;hnﬁt;
the true value. . P : . X :

. include the possibility of approaching minerdluid equi-

The term “total surface area” is often used synonymously |iprjum. While many computer models routinely input such
with BET surface area, which is measured by gas-adsorptionyate laws!% the experimental studies of mineral dissolution

techniques developed in 1938 by Brunauer, Edward, andreactions have not provided definitive results in many
Teller’® The extent to which the BET surface area measure- cased® except for conditions that are quite far from
ment reflects the total surface area is a function of both the equilibrium. Unfortunately, in natural systems, such far-from-
gas used and the structure of the solid surface. Unless th%qluhbnum conditions are not very common. For mineral
crystal surface is atomically flat, that is, there is no surface dissolution, this situation would be represented by the so-
roughness, the total/BET surface area is always larger thancajled “dissolution plateau”, where the dissolution rates of
the geometric surface area. Consequently, the calculatedminerals become usually independent of the difference in
reaction rate constants in moles per square mEFerS. per Secongibbs free energyﬁ(G) (for further information see, La-
are slower than they would be by normalization with sag4”). However, extrapolation of laboratory data to natural
geometric surface area. This is discussed in detail gt conditions necessitates a description of the kinetic changes
These model calculations show that the differences betweenexpected as conditions approach near-equilibrium conditions.
different types of surface area measurements may changerecently, Beig and Iiigel% Dovel®” Hellmanni®® and
significantly during a dissolution reaction due to the develop- | iittge!®® have presented new experimental results and
ment of etch pits and other dissolution features. theoretical discussion seeking to address this topic. However,
In general, the surface area (however described) will the application of laboratory data to natural systems remains
change over the course of a reaction. The extent to which often difficult or even unsuccessftit-112
the surface is self-modifying reflects the balance between With the AG dependence of the dissolution reaction rate,
two competing processes: (1) a particle’s tendency to the surface area quantification, and our common struggle of
minimize its total surface energy and exposure to the solutionhow to link experimental observations at atomic or near-
by reducing its area to volume ratio and (2) the mechanistic atomic scales to bulk dissolution rates, we have identified
restriction of possible paths by which the bulk free energy the major reasons for potential failure in transferring labora-
can be minimized, through material transfer to solution tory data to natural systems. The latter problem results from
through propagation of kinks, steps, and etch pits, which tendthe fact that results of interface processes at the molecular
to increase the surface area. scale can be observed at a variety of different time and length

The situation may be significantly complicated if we take scales. And independently of the scale at which the rates
into account that the mineral surface is usually not homo- &€ measured, they need to be extrapolated, compared, or
geneously reactive, and thus certain areas of the crysta/@Pplied to a largely different scale. Therefore, a major goal
surface react faster than other areas. This has been observe@ust be to generate an understanding of reaction kinetics
by scanning electron microscopy (SEM), AFM, and vertical that it is fundamental enqugh to provide the theoretlcal
scanning interferometry (VSI) studies, which often show the oncept that allows us to link the processes and their rates
formation of etch pits, hillocks, and other features at crystal OVer the entire range of scales, both in time and length.
surfaces during the reaction process. These features are oftek/ltimately, this will be the prerequisite for a general
linked to some microdamage within the crystal lattice (e.g., @Pplicability of laboratory data to natural systems.
microcracks) or lattice dislocations (e.g., line defects such o :
as screw dislocations or edge or point dislocations) that form 3-3. Precipitation of Carbonate Minerals from
high-energy sites at the crystal surface. The observation thatSéawater and Related Solutions
some parts of the surface are significantly more reactive
while others remain more passive has led to the idea of 3.3.1. General Remarks
reactive surface arg&®1%2Unfortunately, this term is merely There is a substantial theoretical and observational un-
of conceptual importance because it is currently impossible derpinning to the general understanding of precipitation
to measure reactive surface area. It is usually assumed thateactions available from the crystal growth literature. This
the reactive surface area value is a fraction of the total surfacefocus on precipitation and growth derives from the obvious
area. However, Liige® has raised the question whether practical value of controlling reaction yields in industrial
reactive and total surface area can even be compared directlycrystallizers and chemical process reactors. However, ap-
suggesting that the correct description of reactive surfaceplication of this understanding to precipitation reactions
area would require an energy term in addition to the involving carbonate minerals in seawater has been limited.
geometric term expressed in area units. In current rate The reasons for this should be at least partly evident from
equations, this reactivity term is usually “buried” in the rate the discussions in the previous section on solubility: the
constant and may account for the wide range of values behavior and reactivity of aragonite and magnesian calcite
reported for the same mineral at similar conditié#fdn this phases in seawater are strongly influenced by as yet
context, the development toward an often assumed quasiincompletely understood surface reaction mechanisms and
steady-state surface may be questionable. These questiongotential formation of “solubility-controlling” surface phases
should motivate a reappraisal of our current approach thatthat differ in reactivity from the bulk mineral, making even
we take to quantify surface area. simple seawater solubility determinations problematic. Be-
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cause of the nature of the relationship between free energymay attempt to isolate this effect by casting inhibitor
and surface-controlled dissolution and precipitation rates concentrations outside theG;, term (e.g., eq 3.8). However,
introduced in the preceding subsection, progress has inwe should note that there is a gap between what can be
general been greater in understanding carbonate mineraincontrovertibly demonstrated in terms of the mechanistic
dissolution versus precipitation, in simple solutions versus role of impurities and what model assumptions are. In the
complex brines, in part reflecting the significant laboratory classic crystal growth model of Cabrera and Vermifjea
challenges in precipitation work due to the difficulty in described previously, adsorption of impurity ions at step
controlling reaction path. edges or terraces blocks proper step advance until sufficient
Second, the bulk of carbonate precipitation in seawater is supersaturation is available and step motion can resume: step
skeletal, and organisms may orchestrate processes of prepinning is what is actually observed. Adsorption of impurity
cipitation and crystal growth (biomineralization) through ions may decrease the difference in chemical potential
sophisticated regulation of an internal chemistry that may between the solid and the solution, thus depressing the
depart significantly from the “constant ionic medium” of driving force for reaction. Depending on saturation state,
seawater. Marine calcifiers may thus be able to accomplishgrowth (and dissolution) processes may not be active
skeletal growth in seawater solutions at rates that departeverywhere on the surface, but limited to high-energy sites;
significantly from those predicted by the “baseline” process competitive impurity attachment at these sites can effectively
under strict abiotic control. shut down the net reaction even at low relative coverage. If
Third, both precipitation and dissolution reactions in impurities are incorporated with the growing lattice, this
seawater are also strongly influenced by inhibition. Although reduction can be accomplished through the generation of
quantifying this inhibition in terms of net reaction rate may defects (e.g., misfits or dislocations) that destabilize the
be straightforward, a fundamental understanding of this surface through an increase in the local strain field. Alter-
process in seawater ultimately requires knowledge of the natively, dissolved impurities may simply decrease the IAP
actual inhibition mechanism. This knowledge in turn requires through homogeneous formation of a ligand involving a
insight into the role of free energy (i.e., lattice ion activities) growth ion (e.g., MgC@ formation).
as a driving force versus that of specific dissolved or surface These potential complexities between inhibition and
“impurity” species. Because growth surfaces inherit their own saturation state are manifest in both precipitation and
substrates, precipitation reactions reflect dynamic controls dissolution reactions. If introduction of the inhibitor does
imposed by feedback interactions between mineral surfacenot alter the actual reaction mechanism (reflected in a
configuration and seawater solutes. It is only relatively reaction order with respect to ion activity product or a given
recently that sufficiently sophisticated thermodynamic models component thereof that is independent of inhibitor concentra-
have been available that simultaneously accommodate thetion), the observed rate will still obviously suffer. In the
strong seawater electrolytes, the potential inhibitors that may canonical expression of the seawater precipitation rate, that
be present over a large concentration range, and the additionais
complexities imposed by the carbonic acid system itself.
Below, we adopt a “divide and conquer” strategy in an effort F=KkQ — 1) (3.12)
to parse what is understood about the individual roles of the '
principal physical parameters and chemical components that.

exert fundamental control over the rate and fate of carbonateIntrOdUCtion of inhibitors (magnesium, sulfate) may change
) S the rate constank but not the reaction orden). Alterna-
mineral precipitation.

tively, variation in inhibitor concentration may give rise to
3.3.2. Saturation State Controls and Their Relationship to little change ink but produce significant changes in reaction
Inhibition order (e.g., phosphate). Our point here is that the overall

As described in the previous section, seawater saturationCOMPOSitional sensitivity of reaction rate parameters is a
state,Q (expressed as IAR/or ICPK’, where ICP= ion function of the specific inhibitor. We discuss these effects

concentration product), occupies a central role in the rate SeParately in the sections below.
equations f_or_carbonate mineral precipitation. We should be 3.3.3. The Effect of Salinity and lonic Strength
careful to distinguish between controls on homogeneous and
heterogeneous nucleation and precipitation. Homogeneous The effect of salinity and ionic strength on calcite
nucleation from solution occurs in the absence of pre-existing precipitation rate has been extensively investigated in a
surfaces and thus must involve initial formation of precursor variety of solutions!3!“Relatively recent results are avail-
phases whose assembly and growth will progress toward theable from Mucci and co-workers. In synthetic seawater,
properties of the bulk crystal. The supersaturation required Zhong and Mucdi® found that calcite precipitation rates
for sustaining this process is described by the Gibbs were essentially invariant as a function of salinBs 5—44,
Thompson (also OstwaldeFreundlich) equation (discussed Q > 2.6, pCQ = 10729, permitting a single fit to eq 3.12.
below), representing a balance between the decrease in freés an aside, Mucéialso investigated the effect of salinity
energy incurred by dint of the phase transition itself versus on the stoichiometric solubility products, finding that the
the penalty of work (surface tension) expended in the solubility products of both aragonite and calcite tend to
construction of new surface area. With increasing supersatu-increase with increasing salinity in a similar fashion. Zhong
ration, the minimum (critical) radius of nuclei that can and Mucct® also found that aragonite precipitation rates
survive subsequent disassembly decreases. We will discussended to decrease (25x) with increasing salinity,
the possible controls on nucleation rates below. In contrast, although this decrease was only observedSar 35. Further
heterogeneous precipitation, such as an overgrowth, involvesevaluation of the ionic strength sensitivity of calcite pre-
addition of material to a preexisting (large) surface. cipitation rate was extended in subsequent work by Zuddas
The action of inhibitors greatly complicates the relationship and Muccit!6 In this work, they also attempt to formulate a
between free energy and the observed rate; rate equationsate law on the basis of carbonate ion and describe calcite’s
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net precipitation rate as a balance between forward (f) and 45 7 T T T T 4
backward (b) reactions,

r= kfaCaz+n1 aco327n2 - kb (313)

w

o
T
1

Zuddas and Mucci reorganized this expression to yield a
function of carbonate ion concentration only:

log(r + k,) =logK; + n,log [CO,*]  (3.14)

-

(&)
—
1

whereK; contains both activity coefficients for calcium and
carbonate ion and is thus a function of ionic strength. This
separation of terms showed that as ionic strength is varied : o

over a large range (0.1 mols/kg I, <= 0.93 mols/kg), the -

reaction order with respect to carbonate iop, and the - o :
forward reaction rate constani, both increase. These 0t -
experiments also varl in NaClCacC} solutions and thus . ' ' ’ ’ .
show the effect of ionic strength independent of the inhibiting 0 20 40 60 80 100
effect of magnesium and sulfate (see below). Zuddas and T(°C)

Mucci**® argued that the positive effect of ionic strength on Figure 6. Variation of MgCQ content of magnesian calcite with
precipitation rate couldhot _be understoo_d as a simple temperature, precipitated in seawater or seawater-like solutions,
consequence of a decrease in the energetic costs of dehydraggapted from Mucé#? (see Mucdi for references to original data).
tion associated with decreasing water activity; the decreasesSolid squares are CaGt MgCl, + NaCl; solid circles are seawater

of a, is too small as ionic strength increases. + NaCO; + Ca(HCQ),; open circles are seawater Na,COs;
open triangles are CaCt MgCl, + NaCOs; open squares are
seawater- NaCO; + aragonite seeds; solid triangles are seawater

3.3.4. The Role of Temperature
. . . .+ calcite seeds. Reprinted from ref 121, Copyright 1987, with
Variation in temperature affects precipitation reactions in permission from Elsevier.

two fundamental ways. First, temperature is assumed to

influence fundamentally the reaction rate constant through simjlar slope as that observed in previously cited work,
the classical Arrhenius equation, although with significant variation in intercept. With the
exception of the results of Fuchtbauer and Hatéfiehese
synthetic compositions also lie outside the domain of the
) ) common magnesian calcite cements in modern oceans,
HereA is a prefactor term (assumed to be independent of |eading Mucci?* to conclude that temperature variations are
temperature), andj is the activation energy. At the risk of  of insufficient strength to explain the natural distribution of
some repetition, we emphasize that precipitation rates asapjotic marine calcite cement composition. However, tem-

meas_ured in seawater reflect OVe.ra”, and nOt_ elementary,perature may have a more important effect in determining
reactions. Although some observational constraints eX|St, thethe mineraiogy of the phase that |n|t|a||y nucleates in

reaction mechanisms by which, for example, a magnesianseawater; this aspect is discussed in section 3.3.8.

calcite, aragonite, or protodolomite forms on a molecular

basis are largely unknown. For magnesian calcite, variations 3.3.5. The Roles of Magnesium and Sulfate

in temperature could potentially give rise to variations in . . . )

reaction mechanism, leading to respective differences in AS discussed in the previous sections, the effects of

temperature dependencys) as well. magnesium, although well-documented, are complex and
Second, mineral solubility and the equilibrium distribution poorly understood from a mechanistic standpoint. We

of dissolved species (ion activity product) are both temper- Summarize those effects here in terms of the relevance to

ature-dependent, and thus temperature variations even aPrécipitation reactions:

Mole percent MgCO s

k= A exp(—e,/(RT)) (3.15)

fixed composition give rise to variations in the driving force
for the reaction as well. The solubility of all pure carbonates
decreases with increasing temperature. In the case of a
precipitating magnesian calcite, temperature also affects the
extent to which magnesium dissolves in solid solution (see
preceding section on the relationship of magnesium content
to calcite solubility). Early experiments all showed positive
increases in magnesium content of calcite with respect to
temperaturé!”-120 As mentioned previously, the composition

of magnesian calcite overgrowths formed in°Z5seawater
depended solely on Mg/Ca solution ratio and was indepen-
dent of rate or seawater saturation stAf8The explicit role

of temperature in controlling overgrowth composition and
rate of magnesian calcite precipitation was subsequently
explored in Muccit?® When plotted versus temperature
(Figure 6), these results confirm a positive temperature
dependence on the extent of magnesium uptake, with a

1. Lattice incorporation of magnesium in both
naturally occurring abiotic and biogenic calcite
results in a more soluble phase, provided that
solubility is computed according to eq 2.2; however,
this increase may be accompanied by little relative
change in the activity product of calcium and
carbonate ion. In seawater, magnesian calcite
composition appears to be primarily controlled by
the Mg/Ca ratio of seawater and is otherwise largely
independent of saturation state and precipitation
rate. If variations in MgC@composition exist in a
given overgrowth, these differences may drive
selective, time-dependedissolutionof more soluble
compositions during subsequent equilibration epi-
sodes'®

2. At a given mole percent of MgGQabiotic
(synthetic and marine cement) phases are less
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soluble than biogenic marine calcites. The work of a pathway for carbonation and subsequent lattice incorpora-
Bischoff and co-workefd22122and Gaffey?® dem- tion.

onstrates that regardless of magnesium content, -

biogenic calcite contains variable water and exhibits 3.3.6. The Role of Other Impurities: Manganese,

more carbonate ion and cation disorder compared ~ Strontium, Phosphate, and Organic Matter
with synthetic phases. In an extensive review,
Morse and Mackenzieoncluded that the structural

and compositional heterogeneity of biogenic mag-
nesian calcites, together with additional complica-

There has been considerable effort devoted to understand-
ing the role of manganese in calcite precipitation reactions.
In general, this work has shown that Kinis adsorbed
. ) o oa strongly on the calcite surface, even at concentrations well

tions such as Mg(OH)inclusion;** in general below rhodochrosite (MnC£psolubility. Mr?* is partitioned
warranted their exclusion from conventional deter- into solid calcite Dy > 1), although it has been demon-
minations of thermochemical stability. strated that this partitioning is sensitive to precipitation rate,

Although our understanding of the mechanism of mag- with increasing rate producing a reduced partition coef-
nesium incorporation is sufficiently limited as to preclude ficient.131.132
definitive statements, there is some evidence that magnesium Early work in dilute solutions demonstrated that at

may play a role in terms of introduction of water into the gyfficient surface concentrations, initial chemisorption of
calcite structure. For example, Lippméfinsuggested that  Mn2* is followed by nucleation of MnC@!3 Reactions
water molecules may be incorporated in magnesian calcitemvoh,ing Mn2* and calcite were explored in seawater by
due to the large amount of energy required to completely Franklin and Morsé3* with the finding that the interaction
dehydrate the Mg ion during precipitation. The incorpora-  of Mn2* with calcite is strongly influenced by Mg
tion of water and its possible correlation with magnesium availability. In magnesium-free seawater, the pattern is
content is also consistent with spectroscopic éat&|eading similar to that observed in dilute solutions, with an initially
to the hypothesis of a “hydrated magnesian calditékcess rapid period of MA" uptake, followed by MnC@nucleation
water may also exist in biogenic phases poor in MgCO and subsequent growth that is first order with respect to
suggesting that calcium ion may also be partially hydrated. dissolved MA* concentration. Franklin and Mors$é ob-
This mechanism would also be temperature-sensitive, be-served that the introduction of magnesium at seawater
cause complete dehydration and incorporation of anhydrousconcentrations apparently interfered significantly with Mn-
calcium and magnesium ions into the solid would become CO; nucleation, possibly through site competition, thus
increasingly difficult with decreasing temperatid#&l26.127 slowing the growth rate of manganese carbonate. In addition,
In contrast to its affinity for calcite, magnesium has a attempts to measure rhodochrosite solubility in seawater from
significantly lower affinity for the aragonite surface. Mucci Supersaturated conditions resulted in formation of a mixed
and Morsé? were able to use profiling Auger spectroscopy Selid- Subsequent work by Mucét confirmed the inverse
to demonstrate that in supersaturated seawater, magnesiuri€Pendence on precipitation rate observed in previous work,
shows more than an order of magnitude less adsorption onWith manganese carbonate forming as a (Ca,Mn)€éhd
aragonite surfaces compared with that on calcite. In addition, SOlution containing up to 40 mol % MnGOHowever, this
although increasing saturation sta®@)(leads to a slight ~ dependence of solid-phase manganese composition on pre-
increase in the adsorbed KtgCa* ratio of the calcite cipitation rate precludes the condition of exchange equilib-

surface, increasin§ has a strong negative effect on the rium suggested above in explanation of the relationship
aragonite surface ratio. between seawater and magnesian calcite composition. In fact,

: i N L . Mucci'® argued that the overall precipitation rate of the solid

_ Sulfate is recognized as a significant é:op_rempltatmg_amon could be successfully modeled as a cumulative function of
in marine biogenic calcites~1 mol % in magnesian  {he end member rates. In addition, although manganese
calcites), and its effect on calcite precipitation has been content of the overgrowths decreased in response to increas-
investigated in solutions similar to seawat&:**In Mg- ing precipitation rate, the Mg/Ca ratio was constant (again
free solutions, Busenberg and Plumfierfound sulfate  consistent with earlier results for magnesian calcite). Mefci
incorporation by calcite tended to increase with the rate of g,gqested that composition of this mixed phase pseudokut-
precipitation; increasing sulfate activity in turn inhibited the ,5h0rité37 was consistent with the observed composition of
precipitation rate, with increasing inhibition as a function manganoan carbonates derived from reducing pore waters.
of saturation state. By comparison, re_Iat|ver Iml? sulfat_e 'S The interaction of strontium with calcite and aragonite has
taken up in aragonite, and natural marine aragonites typ|callybeen the focus of numerous experimental studies. LéFens

contain less than 6000 ppm $O2° showed that at seawater salinities, the observed Sr partition
Last, we do not discuss dolomite reactions in this paper coefficient in calcite is strongly dependent on precipitation
because of their limited importance in modern sediments in rate, increasing by a factor 6f3 as rate increases by a factor
contact with normal seawater. However, experimental work of 10%. Mucci and Morsé also observed that Sr uptake in
by Brady et al* may have general relevance to reactions magnesian calcite overgrowths was linearly related to the
involving carbonate surfaces in the context of interactions MgCQO; content, possibly reflecting changes in lattice dimen-
between magnesium and sulfate. This work, involving cation sion. Morse and Bende&rsummarized these data in the
sorption on dolomite, showed that the uptake of both context of earlier experimental results, and showed that
magnesium and calcium to the mineral surface is potentially SrCQ; content is clearly correlated with variation in rate
enhanced by the addition of dissolved sulfate. At the despite additional increases in the Sr content of magnesian
moderate pH values of seawater, this behavior was thoughtcalcites. Strontium accommodation in aragonite is much more
to reflect co-adsorption of metal sulfate complexes; in the extensive than in calcite, reflecting lattice differences
case of magnesium, the uptake of sulfate could displacedescribed earlier. Plummer and Busenb&rbave investi-
waters of hydration of adsorbed magnesium ion, providing gated the strontianite (SrGJ3-aragonite solid solution in
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extensive experiments and thermodynamic modeling. They 100
concluded that although marine aragonitesl (mol %

SrCG;) have compositions close to the maximum stability

observed, excess Srin these phases suggests that they are in

neither stoichiometric saturation (see discussion above for

the magnesian calcites) nor equilibrium with respect to the 50
seawater strontium concentration.

Orthophosphate adsorbs strongly to calcite and aragonite
surfaces in seawater, exhibits complex interactions with the
carbonate surface, and generally strongly inhibits carbonate
precipitation. In dilute solutions, Stumm and LecRig=8
observed a period of rapid initial uptake and a resting period, 0
followed by a period of renewed uptake, indicating chemi-
sorption, recrystallizationnucleation, and growth of apatite.

In seawater, the presence of magnesium has been shown to

inhibit apatite formatiod3® In seawater experiments, de

Kanel and MorsE° observed that the rate of phosphate -50
uptake to the calcite and aragonite surfaces actually declined

with time. Although the initial uptake of phosphate was

greater for aragonite than calcite, the subsequent decline in

AG (eV)

8 10

Radius (nm)

calcite uptake rate was slower than that for aragonite. TheseFigure 7. Variation of free energyAG) versus crystallite size
trends are inconsistent with a Langmuir adsorption isotherm (radius), computed as a function of increasing oversaturafigi (

but may be explained by either an exponential decrease in°f the solution, using egs 3.19 and 3.20. Open circles represent
equilibrium condition, light gray circles represeft = 2 (arrow

the ava"abi"ty Of, reactant sites or a linear increase in t_he indicates position of critical radius), dark gray circles repres&nt
energy of activation related to phosphate uptake. M&tci =5 and black filled circles represeft = 50.

modeled the strong inhibition of phosphate as a shift in

reaction order, fronn = 2.8 in phosphate-free seawater to u2 — u1, then the total free energy change fomolecules
a constanh = 3.4 in the presence of phosphate, and as a of material is

variation in the rate constant itself, thus amending the

logarithmic form of the canonical rate equation as AG = n(u, — py) (3.17)

or per molecule

—AGIn=p; —u,=—Au (3.18)

logr =a+blog [PO;*>] + nlog(Q — 1) (3.16)

wherea + log a + b log [PO®] represents a linear

expansion of the rate constant in phosphate concentrationwhere the left-hand quantity(AG/n) must be>0 for a
Last, the interaction of organic matter with carbonate Spontaneous assembly to occur. If we now approximate the

mineral surfaces is significant and diverse. For example, in volume of this cluster of units as a sphere having volume

early experimental work (discussed later in section 3.6.3), V, the surface area is proportional ton?3. Thus the free

Sues¥*! showed that calcite exhibits a strong but selective energy change for the homogeneous formation of a crystal

affinity for dissolved organic matter and suggested that assembly involvingn units from solution is

adsorption to the point of formation of monomolecular

surface layers could result in chemical isolation of carbonate AG = —nAu + oA (3.19)

particles. Berner et &f”have demonstrated that introduction - e ing ) = Ag/n?2 express the proportionality between

of carboxylic, humic, and fulvic acids will inhibit nucleation surface work ¢) and the number of molecules in the crystal,

of aragonite in supersaturated seawater. Zullig and M&rse o 'y have as a function of crystal size (or number of
examined the adsorption of fatty acid homologs (butyrate, assembled molecules)

octanoate, laurate, myristate, palmitate, and stearate) on
calcite, dolomite, aragonite, and magnesite, finding that _ 23
surface affinity increased with alkyl chain length, such that AG=—nAu+ny (3.20)
little adsorption was observed for chains shorter thapn C Equation 3.20 is plotted for a range &f¢ values in Figure
and essentially quantitative and irreversible adsorption for 7 and represents the free energy change as a balance between
Cisacids. This pattern is essentially the inverse of fatty acid the benefit of assembly (the phase change itself) and the cost
solubility. This behavior is consistent with the interaction of increasing surface area, scaled by surface tension, as the
of these hydrophobic acids with the carbonate surface vianumber of assembled units, increasesAG is positive for
the carbon chain itself, as opposed to the interaction betweema,, < 0 (undersaturation) and becomes infinitely so with
the exposed surface calciums and carboxyl groups. increasingn. However, under supersaturated conditiohs (
. . > 0), althoughAG will be positive in the region of smalti,
3.3.7. Nucleation of Calcium Carbonate bec?ausen grgows faster trlcl)amZ’3 asn incregasesAG will

This description is similar to that available in Niels&n;  eventually reach a maximum value and become increasingly
treatments found in related texts will also be similar. In order negative thereafter. This maximum is an equilibrium point,
to describe the dependence of nucleation on saturation statealthough an unstable one, and may be computed from the
we begin with the critical assembly of molecular units to a derivative
small cluster. If we assume that the chapge moleculen
chemical potential from the dispersed to assembled state is n* = (2y/(3Aw))* (3.21)
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Figure 8. The supersaturation with respect to calcife i)
necessary for pseudo-homogeneous nucleation of calcium carbonate
from seawater at different salinities. Red line and symbols are at U
25°C, and blue line symbols are at 4Q. Modified from ref 149, | L L
Copyright 1993, with permission from Elsevier. 0 10 20 30

. . . . . . Temperature (°C)
This numbein* thus defines the critical radius: crystals with . .
Figure 9. Influences of seawater Mg/Ca ratio and temperature on

radI! §mal|er than this size (fewer molecular unlts) will tend the nucleation of calcium carbonate from seawater. Blue circles
to disintegrate, and ones that become larger ttfamill tend are aragonite; yellow circles are calcite; green circles are initially
to grow (Ostwald ripening). As can be seen in Figure 7, the calcite with aragonite overgrowths. Modified from ref 153 with
critical size is also a function of supersaturation: the higher permission. Copright 1997 Geologic Society of America.
Au, the smaller a given crystal assembly need be to survive
and grow.
Early experimental studies of the conditions under which
calcium carbonate can undergo pseudohomogeneous nucl
ation from seawater have been conducted that indicated
calcium carbonate can nucleate during seawater evaporatior}
(for summaries see Braitsth and Sonenfelt® and that

of calcium carbonate nucleation from seawater with salinities
typical (S~ 35) of most oceanic waters demonstrated that
nucleation was promoted by increasing salinity and decreas-
ing temperaturé?® Results obtained by Pytkowid?’ as
recalculated by He and Moré¢® showed that a supersatu-
ration of about 26-30 times with respect to calcite was
necessary for nucleation of calcium carbonate within a few
hours to a day. Subsequently, Morse and“eonducted
experiments to investigate the influences of pC@mper-
ature, and salinity on calcium carbonate nucleation from
seawater. They found only modest influences of temperature
and salinity on the degree of supersaturation (aboutZZ
times with respect to calcite) necessary for calcium carbonate 5 s
nucleation to occur from seawater as shown in Figure 8. This Figure 10. Scanning electron photomicrographs of calcium
is about 3-4 times the typical supersaturation of surface carbonate precipitated from seawater of various Mg/Ca ratios and
seawater. temperatures: (A) aragonite with needle morphology from warm
The nucleation of calcium carbonate from seawater has normal sweater; (B) aragonite with *broccoli” morphology from

: : : cold normal seawater; (C) aragonite needles growing on initially
also been of considerable interest from the standpoint of nucleated rhombohedral calcite for low Mg/Ca cold seawater; (D)

which mineral is precipitated. At 28C and close to normal  ragially fibrous aragonite sphere from P& normal seawater,
salinity (35), aragonite is nucleated and precipitated from panels A, B, and C reproduced from ref 153 with permission.
seawater even though it is unstable relative to calcite or Copyright 1997 Geologic Society of Ameriddanel D photo taken
dolomite. However, observations of ancient sediments in- by J. Morse.

dicate that at times in the past, when the composition of

seawater may have differed from that of modern seawater,these results, it is evident that both the Mg/Ca ratio and
particularly with respect to lower Mg/Ca ratios, calcite was temperature control the calcium carbonate mineral that forms
probably favored over aragonit®-152 Also, natural observa-  from seawater, effectively dividing the resulting “phase
tions indicate that in cold waters calcite is more likely to space” between calcite and aragonite.

form than aragonite. The literature on this topic has been Another interesting aspect of this work is that Mg/Ca ratio
reviewed by Morse et &F2who also conducted experimental and temperature control not only which calcium carbonate
studies of factors controlling which calcium carbonate phase polymorph precipitates but also the morphology of the
nucleates and grows from seawater under differing composi-precipitate itself (Figure 10). In some experiments calcite
tion and temperature conditions. Their major results are was observed to nucleate initially, but as precipitation
summarized in Figure 9. Calcite forms over a wide temper- proceeded the solution Mg/Ca ratio increased until aragonite
ature range (835 °C) in Mg-free seawater, but only below epitaxially nucleated on the calcite, followed by growth of
about 8°C in seawater of normal5:1) Mg/Ca ratio. From aragonite needles (Figure 10C).
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Although there is a general consensus regarding the critical
importance of understanding surface-controlled reactions in
the limited range over which saturation states vary in normal
seawater, much fundamental knowledge is lacking. The
majority of studies of dissolution in seawater consist of
application of painstaking analysis of solution chemistry as
a means of deriving insight into activities on the surface itself.
The results of this work have provided a large dataset that
describes the overall relationship between bulk solution
composition and reaction rates. However, mechanistic in-
terpretation of surface reactions is limited by a lack of direct
surface observations and measurements. In addition, there
is the more fundamental problem of how to integrate the
enormous detail derived from current AFM studies of mineral
surfaces over significant length and time scales to provide
net reaction rates relevant to mesoscale processes. Thus a
. . . o major outstanding challenge is the integration of these various
3.4.1. Calcite Dissolution Kinetics approaches and observations to yield models of practical

There are significant differences between dissolution and utility.
precipitation reactions, and although approaches that cast the The overall relationship of temperature to calcite dissolu-
two regimes in the same theoretical light may yield in- tion rate reflects the differences between transport versus
sight1541%5in general we would argue that dissolution cannot surface-reaction control described above. Early work, sum-
be understood simply as crystal growth operating with a marized by Plummer et al* shows substantial variation in
negative sign. This limitation is important in the context of activation energies, although reliable values in dilute solu-
seawater reactions, where our lack of quantitative under-tions are similar (e.g., 10.5 kcal mdl*®9. Experiments by
standing of reaction paths and the role of “precursor” surface Sjoberg and Rickard® far from equilibrium show that the
phases is particularly acute. role of temperature on calcite dissolution kinetics is complex

Although there is a large experimental literature on and are summarized in Figure 11. Closer to equilibrium,
carbonate mineral dissolution, much of this work has been Gutjahr et ak®! confirmed surface control of calcite dissolu-
done at extreme undersaturations and low pH regimes thattion with an activation energy of 8.3 kcal mél The
are in the province of diffusion-controlled kinetics and have temperature dependency of dissolution inhibitors is poorly
limited relevance to reactions in seawater. Under theseknown close to equilibrium.
conditions, dissolution rate may reflect primary control by  The role of inhibitors in dissolution reactions has generally
the hydrodynamic conditions that maintain the thickness of been best described for conditions far from equilibrium in
the stagnant boundary layer. For example, under acidicdilute solutions. These results are reviewed in more detail
conditions (pH< 4), reaction rates can be described simply in Morse and Arvidso#f and only summarized briefly here.
by (compare also eq 3.8), 1. Although substantial experimental observations
exist for inhibition of dissolution reactions, the
variation in terms of saturation state and major ion
composition makes it difficult to draw overall
conclusions regarding the role of specific inhibitors.
This is important because the degree of inhibition
is often quite sensitive to the distance from equi-
librium.

2. As described previously in the section on
precipitation, inhibition is often described according
to competing models: (a) a reversible adsorption
(Langmuir-Volmer) model, which assumes that a
Langmuir adsorption isotherm controls uptake at
specific surface sites, or (b) an irreversible adsorp-
tion (Cabrera and Vermilyea) model in which the
distribution of impurities on terraces controls the
advance of steps. Control by either of these two
mechanisms is often simply assumed and not
clearly demonstrated.

3. In addition to impurities, lattice components
(calcium and carbonate ion) may also influence
reaction rate beyond their simple appearance in

pH Dependent Transitional pH Independent

Mixed
Kinetics

Complex

T Transport
Kinetics

Temp [ Controlled

Transport Control —
-+— Surface Control

pH —>>

Figure 11. Summary diagram of relationship of transport versus
surface-controlled dissolution based on the work ofo8jg and
Rickard6? Modified from ref 50, Copyright 2002 with permission
from Elsevier.

3.4. Dissolution Reactions

r=kay," (3.22)
wheren is ~1 and the rate constant (2&) varies between

50 x 103 cm st and 3x 102 cm s The range of
these values reflects the uncertainty and sensitivity to
estimates of the thickness of the boundary layer. The progress
to equilibrium from a purely transport-controlled regime is
characterized by a transitional region. This transitional region,
in which reaction rates may be intermediate between strong
dependence on hydrodynamic conditions (rotating disk
velocity) and complete surface control, was the focus of
much work by Sjberg and Rickar#¢158 and gave rise to

the notion of “mixed kinetics”. This transitional behavior
was described by expressing the observed rate constant as a
nonlinear function of a transport-controllekkY and chemi-
cally controlled kc) rate constant. Thus K > kg, the rate

is chemically controlled; conversely fée > kr, the rate is
transport controlled:

k= keky/(Ke + kr) (3.23)

Once surface-controlled dissolution kinetics are established,
reaction mechanisms vary through this near-equilibrium
region until equilibrium is attained. These relationships are
summarized in Figure 11. We also refer the reader to a recent
and relatively exhaustive review of the carbonate mineral
dissolution literaturé®

saturation state ternt& In addition, the role of
inhibitors in seawater is also influenced by calcium
and magnesium concentrations. Other than sulfate
and phosphate, jerd° observed that other major
and minor ions of seawater have little influence on
calcite dissolution rate.
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4. Trace metals (e.g., Ni, Cu, Mn, or Co) exert order for aragonite of3, in good agreement with the earlier
strong control on calcite dissolution even at mi- work of Morse et al®® in seawater.
cromolar concentrations, possibly by selective
blocking of active site&® The effectiveness of these 3.4.3. Magnesian Calcite Dissolution Kinetics
metals may also be dependent on saturation state, ) )
but they have not been extensively studied in We have previously discussed the problems related to the
seawater where they may be less influential due to determination of the solubility of magnesian calcite. In early
site competition. work, Land’ observed that biogenic magnesian calcite

dissolved in pure water incongruently, which he argued
reflected a faster MgC9versus CaCe@ dissolution rate.
Subsequent work by Plummer and Mackehzessentially
used the dissolution of magnesian calcites to derive equi-

Early work involving in situ Pacific Ocean experi-
mentgd831%4related dissolution rates to seawater saturation
state. This critical work showed that the seawater dissolution
rate of calcite is not simply proportional to undersaturation, ->% . !
obviating the use of first-order kinetics (see above). Similar lIPrium constants from reciprocal time. Plummer and Mack-

results were also obtained for the Atlantic Océ%rMorse enzié” concluded that although the initial dissolution was
and Bernet166.16"performed extensive experiments over a congruent, the dissolving phase differed in composition from

broad range of saturation states, usisgH (the difference the t_)ulk so_Iid. They argued that this _behavio_r was control_led
between the equilibrium and experimental pH) to describe Py dissolution of a range of magnesian calcite mineralogies,
saturation state. The primary difficulty in the study of with variations in solubility produplng variations in rate.
seawater dissolution kinetics of calcite is the small variation Wollast and Reinhard-Deri& confirmed these results in
in seawater saturation stat® ypically >0.7 with respect 5|m|!ar free dnf; experiments, |n.cllu.d|ng reprecipitation of a
to calcite). This thus limits the range of relevant undersatu- calcite poorer in Mg than the initial reactant. Walter and
ration (ApH = ~0.2). Using the canonical rate law written Morse® have also shown that the reaction orderfor
for dissolution, the observed reaction orderfor phosphate- ~ Magnesian calcite dissolution computed from rate versus
free seawater is-3 for inorganic calcite powdel$and 4.5 1 — Qwugco, (i-€., stoichiometric saturation) are similar to
for biogenic calcite test®:1%This work was critical in terms ~ pure calcite. Bertram et &t.showed that the solubility of
of establishing the increase in dissolution rate associated withsynthetic magnesian calcites decreases with temperature in
an undersaturation close to that observed for the foraminiferal@ manner similar to pure calcite.
lysocline in deep sea sediment8.In addition, Morsé® Walter and MorsE® measured dissolution rates of care-
identified phosphate as the most important inhibitor in terms fully prepared biogenic magnesian calcites, computing rate
of calcite dissolution in seawater. Although the presence of constants and reaction orders from stoichiometric activity
seawater phosphate exerts a minor influence on the rateproducts and stoichiometric constattsThe important
constantk, reaction orden is increased to~16 at 10uM observation made in these experiments was that microstruc-
phosphate. Berner and Mot8targued that selective binding  tural differences exert the principal control on their dissolu-
of phosphate at high-energy sites progressively raised thetion reactions, rendering determination of the role of
“critical undersaturation” necessary to maintain step retreat. solubility problematic or irrelevant. Rates were reported on
As with precipitation reactions, understanding of dissolu- a per unit mass (versus per unit area) basis because of large
tion is critically hampered by fundamental gaps in the differences in reactive versus BET surface area. Walter and
understanding of how microbial processes, both in the water Morsé®173observed that the critical differences in rates were
column and in sediments, exert controls over dissolution controlled not by solid-phase composition but by relation-
reactions. In addition, application of rate laws such as those ships between total surface area, grain size, and microarchi-
defined previously to actual dissolution in marine environ- tecture. Rates increased with BET surface area but not in
ments is handicapped by an inadequate understanding of howany simple linear way. They found that complex microstruc-
to extrapolate these terms in time and space. This problemtures of biogenic Mg calcites may have apparent “reactive”
is covered in more detail in section 7. surface areas of 1% of total area. In these cases, BET area
measurements are an unreliable measure of reactive area.

In common with their behavior in supersaturated solutions,

Compared with calcite, the attention directed at aragonite magnesian calcites exhibit unique properties that complicate
dissolution in seawater has been relatively modest. Morsedetermination of their reaction kinetics. As stated previously,
et al1®® showed that synthetic aragonite and pteropod testsan adequate representation of their kinetics hinges on accurate
dissolved under conditions of near-equilibriumto= 0.44 representation of the distance from equilibrium. The use of
with an overall reaction orden = 2.93, similar to that  stoichiometric saturation in this regard may permit compari-
observed for calcite. With increasing undersaturation,  son of phases of different composition, but it trades this utility
increased to 7.27. The behavior of phosphate is complex andfor ambiguous theoretical constraints. In the case of biogenic
differs substantially from that observed for calcite, in that magnesian calcites, solution to this “solubility problem” may
introduction of phosphate gives rise to an initial increase in require approaches entirely divorced from those employed
dissolution rate. However, this effect is dependent on both in the description of synthetic or cement phases, in which
saturation state and phosphate concentrffiand is also magnesium content is only a minor factor. Despite a wealth
time-dependent. of observations, conclusions regarding the actual dissolution

In subsequent work, Busenberg and Pluniffeshowed mechanism of magnesian calcites and the action of specific
overall similarities between reaction kinetics and rate con- inhibitors remain largely speculative regardless of origin.
stants determined for aragonite and calcite; these rates weréd.ast, these properties (MgG@ontent, heterogeneity, grain
treated according to a substantially different set of rates thansize, microstructure, defect density, etc.) need to be under-
presented above and attempt to assign mechanistic roles tstood in terms of their implications for reaction path during
carbonate surface species. Gutjahr ét'adlerived a reaction  stabilization in natural environments.

3.4.2. Aragonite Dissolution
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3.5. Biominerals and Nanophase Carbonates Bacteria can help formation of precipitation of carbonate
] ] mineralst®®-182 put they can also do the opposite, trigger or
3.5.1. General Considerations enhance dissolution or corrosion. We will show below that

an intermediate action is also possible, that is, the inhibition
of dissolution or corrosion kinetics. For example, it has been
observed in a relatively large number of stuédfiés*that
bacteria will attach to metal, metal oxide, mineral, and other
solid surfaces. In many cases, this process will develop into
the formation of a biofilm (e.g., Escher and Charackis

that is, a mixture of microorganisms (bacteria) and ex-
rapolysaccharides (EPS) and other organic material that
“grows” on the solid surface. It is easy to imagine that such
a complex biofilm will eventually alter abiotic reaction
kinetics of dissolution or growth processes at the water
solid interface because it creates its own microenvironment
with respect to the solution chemistry, pH, etc., or at least it
alters the pre-existing conditions significantly. Banfield and
Nealsor®® have devoted an entire review volume titled:

Life imprints its signature upon Earth’s solid surface and
the oceans by causing and modifying important ftuselid
processes. The rapidly growing literature records the increas-
ing number of attempts to understand the nature and role of
this effect at scales ranging from global to microscafftct’”

At the microscopic level, the interactions between microor-
ganisms and minerals have repercussions that have a variet
of implications for the biogeochemical cycling of chemical
elements, the formation of minerals and the contrary, that
is, the dissolution and weathering of minerals and rocks and
therefore the formation of soils. Below, we will discuss
briefly biomineralization biogeochemistry and geobiology
of carbonatesand nanophase carbonatesnly with their
relevance to seawater and oceanography.

3.5.2. Biomineralization “Geomicrobiology: Interactions between Microbes and
o Minerals’ to this interesting phenomenon. This work is an
The term biomineralization, in contrastabiotic mineral excellent source for our understanding of micrebaneral

formation, describes the production of mainly crystalline interactions and contains a wealth of references.

matter by organisms, that is, crystal nucleation and growth  \yhile the complex interplays between bacteria, biofilm,
generated by organisms or even inside an organism. Theand water-solid interface are still difficult to quantify and
product of this process is a biomineral. While in the past ynderstand in detail, we have begun to make substantial
Earth scientists were mainly focused on abiotic inorganic progress. Today, the forces and interactions between single
material, that is, minerals per definition, this focus has mijcrobes and mineral surfaces can be meastiteéd and
changed in the more recent past. Comprehensive reviews ofye have also started to elucidate the mechanisms that bacteria
this new and rapidly growing field of biomineralization have yse to interact with the mineral surface. In this context,
been provided by Lowenstam and Weitférand Dove et glectron shuttles and nanowires are just a couple of recent
al.*”® The interested reader will find a wealth of references gpservations that are defining our progress. An improved
to key research articles as well as to more specialized andinsjght and understanding of these mechanisms is important
detailed reviews in these volumes. Dove et al. have as-for several reasons. One example is the observation reported
sembled an interesting review volume that contains a doze”recently by Lidtge and Conrad” who demonstrated experi-
articles. Together, this assembly provides a glimpse on thementally thatShewanella oneidensiR-1 not only attach
cutting edge of this field and an overview and great start to g calcite cleavage surfaces but also are capable of attaching
explore this exciting subject in more detail. to specific high-energy sites, that is, the outcrops of screw
In our present article, however, the focus is almost dislocations at the mineral surface (Figure 12). It is well-
exclusively on abiotic carbonate minerals and their behavior known from crystal growth and dissolution the&#/8%that
in oceanographically relevant settings. Therefore, we restrictthese high-energy sites are also key features in both crystal
ourselves here to a few short remarks on biominerals anddissolution and crystal growth processes. They are both the
biomineralization. Today, this field has developed so suc- sites where etch pit formation begins during dissolution and
cessfully and covers such a broad range of interdisciplinary also centers for the development of so-called growth spirals
research that a satisfying coverage would require a full that form hillocks and later new crystal faces during the
review article on this subject. Our decision is also supported growth process. Lasaga andttge'®®1°*thave shown that etch
by the fact that biominerals are formed by organism-induced pits are the main source for the formation of steps that will
processes that are very different from abiotic processesprogres®?and cause the surface-normal retreat of the entire
governed by abiotic nucleation, growth, and dissolution crystal surface, leading to overall crystal dissolution.

kinetics. Due to the distinctly different way of formation that It has been suspected and demonstrated for some time now
often involves organic molecules and matter, biominerals it microorganisms could cause or at least increase corrosion
commonly behave very different compared with their abi- of metal and mineral surfacé®.1%The new observation that
otically formed counterparts. Thus certain aspects of our microorganisms attach preferentially to high-energy sites is
discussion of abiotic carbonates may not apply to biomin- jnteresting because this observation changes the assumption
erals. of corrosion or dissolution enhancement in an important way.

3.5.3. Biogeochemistry, Geomicrobiology Luttge and Conrad® have observed that MR-1 organisms
are capable of shutting down the abiotic dissolution processes
While we decided not to focus in detail on biomineral- of calcite even at significantly undersaturated conditions. The
ization (see above), it makes more sense to discuss theeason is simply that the high-energy sites that become almost
influence of microorganisms, such &hewanellaspp. and completely occupied by MR-1 do not open up into etch pits.
Geobacterspp, on the abiotic reaction kinetics in terms of Consequently, no steps are generated at the outskirts of the
biogeochemistry and geomicrobiology. Here, we define pits that would move across the crystal surface and would
biogeochemistry as geochemistry altered or influenced by dissolve the crystal layer by layer. However, individual
biological factors and accordingly geobiology as biology organisms would then begin to entrench themselves in the
influenced or altered by geology or geochemistry. calcite surface (Figure 13), but atomic force microscopy
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Figure 13. Atomic force microscopy image of two MR-1 cells
entrenched in a 104 calcite cleavage face. The cells are entrenched
in a biotically formed pit. The pit is about 130 nm deep, and its
walls are well preserved (Davis andttge, unpublished).

Figure 12. (A) Reflected light image showing colonies and single
individuals of Shewanella oneidensi¥IR-1 with superimposed
interference fringes and (B) two-dimensional false-color height map
calculated from the interferogram, taken froritige and Conraéf’
Three different terraces can be identified. At the upper part of the
figure MR-1 has started successfully to establish a biofilm.
Reproduced with permission from ref 187 Copyright 2004 American
Society for Microbiology.

(AFM) and vertical scanning interferometry (VSI) images
show that the resulting pit is no longer crystallographically
controlled as in the case of etch pits. Instead, after MR-1
has been removed from the surface, the pits show the oval,
negative-body shape of thighewanelleorganisms (Figure
14). The outer rim seems to be quite well controlled by MR-
1; that is, it does not start to spread steps. The depth of the
pits formed by MR-1 was usually no deeper than about a Figure 14. Vertical scanning interferometry image of a trench
third of the organisms diameter, that is, about-200 nm. formed by a single MR-1 organism in a calcite cleavage face. The
This result indicates that MR-1 can indeed control the microbial cell has been removed. The pit is aboutn2 long and
dissolution process independent of the abiotic solution about 130 nm deep; note the elevated rim surrounding the pit (Davis
chemistry in contact with the carbonate surface. These nd LUtge, unpublished).
observations are in close agreement with model results . L
published by Lttge et al'% Davis and Littge %6197 have with expectations based solely on abiotically measured or
reported that this behavior is not limited to calcite but was €stimated reaction ratés?
?r?cfc?(;\éﬁ?osaiﬁgg for dolomite and magnesite, as well as 3.5.4. Nanophase Carbonates

Future work will need to be undertaken to substantiate An extensive literature search reveals that our recognition
these still somewhat preliminary results. In particular, it will and knowledge of abiotic nanoparticles in the carbonate
be important to demonstrate that other microorganisms suchsystem at least with relevance to seawater and oceanography
asGeobacteor at least other microbial strains 8hewanella ~ are mostly lacking. Most available articles are focused on
can operate in a similar manner. If more evidence will be biologically formed nanoparticles that are not the subject of
collected, we may have identified an important phenomenon this review (see above). Banfield and Navrof$Ryhave
that could explain unexpected or unexplained dissolution and published an interesting and comprehensive review volume
growth rates in natural systems that are not in agreementon nanoparticles and the environment. This volume provides
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important general information on nanoparticles in the is associated with carbonate surfaces in natural systems. The
environment; however, with respect to oceanographic set-second and much smaller group of investigations has
tings, not much information can be extracted from this work. examined the adsorption of organic compounds to carbonate

Despite this fact, we should note that all carbonate minerals surfaces under laboratory conditions. Differences in meth-
that form through either homogeneous or heterogeneousodology in adsorption investigations have led to discrepancies
nucleation (as opposed to simple crystal growth by step flow) in the reported affinities of organic compounds for carbonate
must experience a nanophase stage during which specificsurfaces. Processes other than adsorption, such as the
nanophase behavior is likel§? Specific nanophase behavior influence of bacteria at surfaces, precipitation or disso_luti_on
is any behavior or property that sets nanoparticles apart fromof the carbonate surface during adsorption, coprecipitation
their bulk equivalent, for example, solubility, tensile strength, of organic material with calcium carbonate, reaction vessel
or hardness. This distinct change in behavior or property is Wall adsorption, solubility of organic compounds in seawater,
then used to define a “nanopartick®®. Therefore, future and methods of data analysis, combine to conceal genuine
research should eventually include this interesting and adsorption. Use of nonsterile conditions in most experiments
potentially very important subject. Nanoparticles are distinct iS @ further potential complicating factor.
from their bulk-phase counterparts for several reasons. One ) , .
important fact ig that nanopaericIes have a large surface to3.6.2. Indirect Evidence of the Influences of Organic
bulk ratio. That means most of a nanoparticle’s molecules Matter on Calcium Carbonate

are included in the solidwater interface or at least very — The importance of the interactions of organic matter with

close to it. Navrotzk§* conducted a very interesting thought - calcium carbonate mineral surfaces in marine systems was
experiment based on thermodynamic properties of nanopar-ecognized in the early 1960s. These interactions were
ticles. Navrotzky argues that the observed differences in stydied primarily because of their effect on carbonate reaction

surface (free) energies of polymorphs that are in the yinetics and, to a lesser extent, the apparent control organics
nanophase state may stabilize those polymorphs not stabléhaye on determining crystal morphology.

in the bulk solution. Because a relatively large number of g 506 seawater is supersaturated with respect to calcite
important minerals “show polymorphism with relatively 4 aragonite and thermodynamic calculations indicate that
small free energy _dllfferences between polymorphs, such g supersaturation should be alleviated by massive inorganic
CrOSSOVErs in stab|I|€t’31/ at the nanoscale may be a ratherp o initation. The sediment record shows instead that most
general phenomeno#®: If we accept that a nanoparticle state o cinitation of carbonates is biogenic in origin. The absence

is a precursor phase for all precipitating minerals, this effect (i, rqanic precipitation has been partially attributed to the

may be indeed a significant one particularly in low- presence of surface-associated organic matter by two possible

tgmpergture_ environnf1ents. It cgluld (;ven explain tr;e Ifor!;na— mechanisms: (1) organic sheaths, which prevent nucleation
tion and existence of metastable phases, particularly It In . gisolution by physical isolation, and (2) adsorption of

the bulk or macroregime, the driving force for converting issolved organic material poisons on sites where active
the metastable polymorph into a stable one is not too 'arge'nucleation or dissolution would have occurred

: . Kitano and HooéP? carried out a detailed investigation
3.6. Ca_|C|um Carbonate —Organic Matter on the influence of organic material on calcium carbonate
Interactions precipitation. Using a “homogeneous” precipitation proce-
3.6.1. Overview dure, they found that one type of organic compounds favored
the formation of calcite, while other compounds resulted in
Nonthermodynamic behavior of calcium carbonates that aragonite precipitation. Inhibition of precipitation roughly
cannot be explained by the influence of inorganic seawater correlated with complex formation of the organic compound
constituents is frequently ascribed to the effects of associatedCa" salt and also increased with increasing organic con-
organic matter. However, organic matt@arbonate associa- centration. Calcite precipitation was favored by a slower
tions in natural systems are complex. Only a small compo- reaction rate indicating that organic material that inhibited
nent of dissolved organic material in seawater has beenprecipitation the most also promoted calcite formation.
characterized at the compound level and the remainingKitano and Kanamott® demonstrated that Mg-calcite forma-
macromolecular aggregates have generally been classifiedion was favored in the presence of the sodium salts of citrate
by convention into several molecular weight fractions. The and malate. Investigations by the Kitano group also suggested
problem of an uncharacterized organic matter fraction is that a site-specific association of the organic material with
compounded by the manner of its association with carbonatesurficial C&" could be responsible for inhibition of precipi-
grains. Organic matter can be found occurring on carbonatetation. Other investigatiod&294207 revealed that carbonate
mineral surfaces via adsorption, precipitation, and copre- particles in the water column were coated with organic
cipitation. This may include dead cellular material and material forming organic “sheaths” that isolated the normally
surface-attached living organisms, such as bacteria. Inreactive surface from seawater and prevented equilibration.
addition, organic matter associated with carbonates differs Site specific chemisorption or physical coatings were im-
from clastic or metal oxide minerals by its association within plicated as mechanisms for isolation.
carbonate grains as either occluded biogenic material, living  Wollasg® and Bernet®® confirmed that at the supersatu-
tissue, or organic membranes interspersed between minerafation state of surface seawater, homogeneous precipitation
layers. of calcite or aragonite did not occur and that there was no
Investigations of organic matter associated with calcium indication of heterogeneous nucleation on abundant sus-
carbonate can be divided into two categories. The first and pended particulates in shallow-water marine environments.
largest category of study is the behavior of carbonates in These findings increased the likelihood that surface-associ-
the presence of dissolved organic matter. These investigations@ted organic material was responsible for the observed
demonstrate effects that imply indirectly that organic matter behavior of carbonates in natural systems. Pytkot#ficz
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Table 2. Effect of Organic Substances on the Seeded several polyfunctional aromatic acids produced large de-
Precipitation of Aragonite from Synthetic Seawater at a creases in precipitation rates. The inhibitory effect of
Supersaturation of 2.8 precipitation increased with organic and phosphate concen-
) max mg tration. In addition, rate of precipitation in pore waters was
organic compound ofCL™ R also markedly retarded. Berner concluded with short-term
_ A Little or No Inhibition (R > 0.9) laboratory experiments that aragonite precipitation was
amino acids/proteins significantly retarded at low concentrations of dissolved
alsuﬁzmiccag% 3‘:"5 11'8 phosphate and humic matter. However, he stressed that the
g|ycine 24 0.9 rqu of organic matter in inhibiting precipitatiqn is speculation
arginine 4.8 1.0 without “hard data on the surface chemistry of natural
aliphatic polycarboxylic acids suspended particles and the effects of changes in this
:832:&0;;?6 f-76 g-g chemistry upon the ability of the particles to act as seeds
disodiurm EDTA 24 10 for both.aragonlte al’.]d calcite crystalllzgtlon .
aromatic acids Experimental studies have been carried out that empha-
trimesic acid 2.2 0.9 sized the role of organic matter in the formation ofidso
pyromellitic acid 18 11 (see section 4.3.3. for definition and discussion of these sand-
B. Weak Inhibition (0.9~ R > 0.3) sized abiotic carbonates). The primary reason for this
amino acids/proteins emphasis is the observation of abundant protein matrices in
e9g 22’%’;““ 18.0 0.3 0oids 212-215 Mitterer?2 noted the abnormally high contents
sod)i/um Stearate 108.0 07 of aspartic and glutamic amino acids in these proteins and
aliphatic polycarboxylic acids stressed the similarity of this protein composition to that of
dipotassium tartrate 1.3 0.6 fluids in carbonate-secreting organisms and suggested that
potassium H-tartrate 0.5 0.8 this proteinaceous matter may play an important role in the
sodium citrate 2.0 0.3 precipitation of aragonite on “@b surfaces. The role of
tricarballylic acid 0.7 08 organic matter in the formation of @ts is further discussed
aromatic acids . :
potassium H-phthalate 2.7 0.8 in section 4.3.3.
gallic acid 0.3 0.6 Less work has been done on the effects of organic matter
C. Strong Inhibition R < 0.2) on carbonate dissolution kinetics. Mot$examined the
aromatic acids effect of dissolved organic matter on calcite dissolution rate
gallic acid 0.8 <0.2 using a number of organic compounds. Two dissolution trials
gﬁlrlmli?:ca?:icéd 1971 jgé were conducted using 0.200 and 1.000 mgt lof each
humic and fulvic substances organic component and dlssoI_L!tlon rate was reduced by 5%
humic acid from marine mud 6.3 0.02 and 25%, respectively. In addition, calcite was soaked for 2
fulvic acid from pore water 2.7 0.18 weeks in natural seawater to which 10 mg'lof each

2R is the ratio of precipitation relative to organic free solution. orga_nic Comp%nent was aqud' A diSSOIUtiqn rate. of ap-
Adapted from ref 142 with the permission of tAenerican Journal of ~ Proximately 90% that of calcite not soaked prior to dissolu-
Science tion, and 80% that of calcite which had been soaked for the
same period of time in organic-free seawater was observed.
concluded that inorganic precipitation of carbonates did not tl?]e[t)r?ﬁumbgllty W%S aﬁprommateljtlom, W.h'Cn |nd_|ca_tf¢_ad ¢
occur to a large degree due to organic carbon coatings. HeMa ége Od S;.ge glgba?r?es V\ie(rje dn:ﬁrgtglga ylstl_gnl |c?n :
observed inhibition of calcium carbonate precipitation in the 'V'0rS€™ and Sj@erg =both concluded that dissolution rate
was unaffected in the deep sea by organic matter but may

presence of citrate; however, aragonite formation was fected | " In addition. th ted that
unaffected by stearate. Sodium glycerophosphate was used® 2f€ctéd in pore waters. In addition, they asserted tha
natural inhibition of carbonate dissolution was a function of

as an analog for organic phosphorus in natural waters and . ; X . . :
inhibition of calcium carbonate precipitation, which was organic physical |$olat|on, ra;her than organic coatings
’ derived from chemical adsorption.

ascribed to adsorption at active growth sites. ) i o
Berne?!! examined the effect magnesium had on calcite ~From the preceding synopsis of organic inhibitory effects
precipitation and observed that at seawater concentrationsPn reaction kinetics, it is clear that organics do have an
Mg2* retarded calcite precipitation but did not affect aragon- influence on carbonate reactivity. However, there is some
ite precipitation. He concluded that Migwas not adsorbed ~ evidence that surface-associated organic matter may perform
to the surface of aragonite nor was it found in significant con- additional functions other than that of inhibition of precipita-
centrations within the aragonite lattice. In contrast, dissolved tion. Haré*"?®and Simkis"® investigated the protein
Mg2* was adsorbed to calcite surfaces and incorporated intomineral matrix found in mollusk shells and suggested that
its lattice. Supersaturation with respect to calcite could be organic material acted as a template for calcium carbonate
partially credited to the effect of Mg in seawater; however, ~nucleation in addition to possibly determining the crystal
Mg?2* adsorption cannot resolve aragonite supersaturation.morphology of the mineral overgrowth.
Berner et al*3 conducted an extensive investigation to  The chief proponent of this hypothesis has been Mitterer
determine inhibition of aragonite precipitation in the presence and co-workerg!?-214226-223 Mitterer and Cunninghaf#®
of a suite of organic compounds. Short-term laboratory demonstrated that surface-active organic material that ad-
experiments using the pH-stat technique to observe precipita-sorbed to calcium carbonate mineral surfaces also complexes
tion rate under steady-state conditions were carried out usingsome dissolved Ca. This would form an environment at
a suite of pure organic compounds and natural fulvate andthe adsorbed organicseawater interface having a €a
humate (Table 2). Aspartate and stearate had little effect onconcentration higher than the bulk solution and permit
precipitation rate, but orthophosphate, humate, fulvate, andnucleation of calcium carbonate.
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These investigations are useful because they demonstratgroup and Muller and Suess appear to reflect the selective
observed effects on carbonate behavior in seawater andacidic amino acid enrichment that is undeniably observed
indirectly imply that surface-adsorbed organic matter is in natural carbonate systems.
responsible. However, the question that must be raised is The adsorption of fatty acids onto calcium carbonate
howdo they influence carbonate behavior? Little information gyrfaces has been less extensively studied. $3é%s
is available about the chemistry of the interfaces that producejnyestigated the adsorption of stearic acid on calcite and
these effects. Clearly, there is a need for determining the golomite surfaces in distilled water and hexane. Stearate was
extent and manner that organics adsorb to carbonate minerahgsorbed strongly onto both surfaces in the two solution
surfaces. media examined. Investigations with distilled water indicated
a surface saturation monolayer coverage of approximately
280 nmol n? for calcite and roughly half as much surface
coverage with dolomite. Adsorption was alleged to occur

There are few adsorption investigations quantifying the by chemisorption of the stearate carboxyl in its dissociated,
partitioning of dissolved organic material in seawater with negatively charged form with surficial €a This mechanism
carbonate surfaces. Studies have focused primarily on fattyis identical to the site-specific mechanism proposed for acidic
acid and amino acid adsorption over a range of solution amino acid adsorption. It is unclear whether the distilled
compositions from distilled water to seawater. water solutions employed in the adsorption trials were in

Biogenic carbonates and inorganic carbonates such astquilibrium with calcite. If they were not, the potential for
dolites are characterized by an organic matrix, which is dissolution of the calcite surface during adsorption is
largely proteinaceous and has a preponderance of acidig?ossible. Dissolution of CaGQin distilled water will
amino acid212218-219 jackson and Bischd® studied the introduce C& and CQ? ions, which may reduce the
effect of amino acids on the calcite to aragonite transforma- Solubility of stearate and restrict the range over which
tion and the adsorption of free aspartic acid on calcite and @dsorption measurements could be conducted. In addition,
aragonite surfaces. Rates of recrystallization were measuredh€ potential problems of stearate sorption onto reaction
at 66 °C in 0.01 M NaCl solutions in the presence and vessel walls and bacterial degradation of stearate were not
absence of individual acidic, neutral, and basic amino acid addressed.
monomers. Trials were conducted in the presence of an Lahann and Campbéf investigated the adsorption of
amino acid and employed 0.01 M solution concentrations palmitic acid on calcite surfaces. In distilled water, adsorption
of the respective amino acids. The rate of recrystallization partitioning between equilibrium surface concentration and
of aragonite to calcite was accelerated in the presence ofinitial solution concentration yielded an isotherm that was
neutral and basic amino acids and retarded in the presencéS” shaped. Adsorption increased up to 25 NaCl-salinity and
of acidic amino acids. Inhibition of reaction rate was decreased thereafter with increasing NaCl-salinity. Decreas-
attributed to the formation of a protective layer of adsorbed ing solubility with increasing salinity was believed to be
aspartate or glutamate. The extra carboxyl group of aspartateesponsible for the increased adsorption up to a salinity of
and glutamate, in their dissociated, negatively charged state 25, and the onset of micelle formation resulted in the decrease
theoretically substituted for G ions at the carbonate in adsorption between salinities of 25 and 35. Magnesium
surface resulting in chemisorption. Surficialxaons were at concentrations found in seawater at a salinity of 35
assumed to be partially chelated by the amino acid moleculescompletely blocked palmitate uptake. Lahann and Campbell
and partially coordinated with G ions in the crystal. Basic  hypothesized that palmitate bonded to the calcite surface by
and neutral amino acids contained only one carboxyl group site-specific association with surficial calcium ions (chemi-
and this was believed to be unavailable for adsorption due sorption) and that hydrophobic stabilization was obtained by
to interaction with an amine group on the amino acid. a parallel arrangement of hydrocarbon chains perpendicular

The concentration of amino acid used by Jackson andto the mineral surface. Magnesium was believed to inhibit
Bischoff24is many orders of magnitude higher than what is uptake by (1) surface exchange of Mdor surficial C&",
found in surface seawater or pore waters. Extrapolation of resulting in a surface with a higher energy of hydration,
the results of experiments conducted at high temperature andhereby preventing or severely retarding bond formation, and
high adsorbate concentration to conditions found in shallow- (2) the formation of a Mg-palmitate complex in solution,
water marine environments is not necessarily justified. The reducing the activity of free palmitate available for surface
variability of solution pH at which the trials were conducted adsorption. Phosphate cosorption results were interpreted as
raises questions about the carbonate saturation state of théndicating that orthophosphate competed for surface sites on
system and increases the likelihood that processes other thaf one-to-one basis with phosphate desorption accompanying
adsorption prevail. These processes include precipitation orpalmitate uptake. Readsorption of phosphate was presumably
dissolution of the carbonate surface and coprecipitation of blocked by adsorbed palmitate molecules. Bacterial metabo-
the amino acid in surface overgrowths. The experimental lism of adsorbate, reaction vessel wall adsorption, the
trials were conducted under nonequilibrium conditions with Saturation state of the solution with respect to calcite, and
respect to the carbonate mineral surface and this raises thgalmitate solubility were not considered in this study. In
possibility that coprecipitation in an overgrowth was respon- addition, isotherms were reported using initial solution
sible for uptake of amino acid monomers rather than concentration.
adsorption. The adsorption behavior of several normal saturated fatty

Muller and Sues3® found acidic amino acid selectivity —acid homologs, twelve free amino acids, and three poly-
over other amino acids in the adsorption of natural organic glutamate molecules of different monomer unit size on the
material to carbonate grains. Despite lack of bacterial controls carbonate mineral surface in seawater and related solutions
and an undefined saturation state of the solution relative to have been described and quantifiét??” Synthetic poly-
the carbonate mineral phase, the investigations of the Mittererglutamic acids were employed to model acidic amino acid-

3.6.3. Direct Evidence for Organic Matter Adsorption on
Calcium Carbonate
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rich proteins. Laboratory investigations required extensive more recently dolomite. In siliciclastic sediments Fe(ll)- and
procedural modifications from those of previous investigators Mn(ll)-containing carbonate minerals and massive or nodular
to ensure that observed partitioning was a function of sorption calcite and aragonite are the result of processes taking place
processes. Sorption behavior of fatty acids adhered toin sediments that involve organisms but are abiotic products
Traube’s rule and was complex as indicated by S-shapedof these biologically driven reactions.

isotherms. Free amino acids did not sorb, but polyglutamic It is important to keep in mind that the sources, deposition
acids did. and, diagenesis of marine carbonate minerals to a large extent

The classes of organic compounds investigated contain thereflect the biology of the ocean at least as much as its
carboxyl function. The carboxyl group has been widely chemistry. This can lead to circumstances where dissolution
mentioned as the function responsible for the adsorption of of carbonate minerals in apparently supersaturated waters
fatty acids, amino acids, fulvates, and humates onto GaCO and their deposition from apparently undersaturated waters
Although no direct proof of a mechanism for sorption of can occur because of local biologically driven environments
this nature has been observed, sorption was hypothesized tof altered saturation state. Furthermore, most oceanic carbon-
occur by ligand exchange with surficial €aResults of the  ate minerals may be repeatedly passed through the guts of
Zullig and Morsé** investigation indicate that sorption is organisms feeding on suspended matter or near-surface
far more complex and the presence of a carboxyl function sediments. In recent years, the role of organisms has been
and surficial C&" does not necessarily ensure adsorption onto argued to be important even for carbonates that have
CaCQ surfaces. For example, at low solution concentrations traditionally been considered abiotic (e.g., dolomite) through
consistent with levels reported in seawater, shorter chain fattythe role of highly controversial “nanobacteria” that are much
acids (G to Cyp) and all of the free amino acids, including beloved in sections of the Earth science community and
the acidic amino acids, did not adsorb onto CaG@faces. denounced as impossible by many microbiologists.

Yet, they all contain the carboxyl function. Sorption of,C Considerable effort has gone into modeling the cycling
to Cyg fatty acid homologs onto dolomite and magnesite of carbonates in the ocean. Although biogenic formation of
surfaces at low solution concentrations is similar to sorption calcium carbonate is domoninantly in the open ocean basins,
onto calcite and aragonite surfaces. This behavior is difficult the accumulation of calcium carbonate in sediments is greater
to explain as a function of a single site-specific mechanism, in the coastal ocear$® Most commonly oceanic carbonates
even if surface sorption site heterogeneities are consideredare considered as part of the broader general oceanic or
Free glutamate did not adsorb, but the peptide-bondedglobal carbon cycles. These can be quite complex such as
polymer of glutamate sorbed onto calcite surfaces. the recent shallow-water ocean carbonate model (SCE#).

In summary, the interactions of different organic com- In this paper, we will not go into a discussion of these types
pounds and their influences on calcite and aragonite reactionof models. For those interested in pursuing this area further,
kinetics varies widely. Observations of carbonate mineral a good start would be the recent review by Sabine étal.
diagenesis in marine sediments indicates that biologically “Current status and past trends of the global carbon cycle”.
derived organic matter may have little influence on calcium
carbonate dissolution but may play a major role in inhibiting 4.2, Primary Carbonate Sources for Deep Sea
precipitation on sedimentary carbonates. Sediments

The primary sources of calcium carbonate for deep sea
sediments are pelagic calcitic coccolithophores and fora-
4.1 Overview minifera that grow dominantly in the phototic zone (typically

o upper~100 m) and to a lesser extent aragonitic pteropods.

Although near-surface seawater is strongly supersaturatedlhe distribution of calcium carbonate-secreting pelagic
with respect to calcite~{6x), aragonite £4x), and ideal organisms is primarily controlled by the fertility and tem-
dolomite (~50x), these minerals fail to precipitate directly perature of the near-surface ocean. The fertility of seawater
from it under near-normal oceanic conditions (see sectionsis largely a result of ocean circulation patterns and, in
2 and 3). In the modern ocean, the strongly dominant sourceparticular, those processes leading to upwelling of nutrient-
of carbonate minerals comes from a wide variety of organ- rich waters.
isms that yield “skeletal” carbonates. In the pelagic realm In general, coccolithophores are common in temperate
of the open ocean, the primary carbonate mineral formed iswaters, but rare in high latitude cold waters where diatoms
low-Mg calcite (<4 mol % MgCQ), with smaller amounts  (siliceous skeletons) dominate. Coccolithophores are numeri-
of aragonite also being derived from organisms. Deep oceancally much more abundant (usualky10 000-fold) than
sediments contain high-Mg calcite 4 mol % MgCQ) from pelagic foraminifera. Benthic foraminifera can be formed of
benthic organisms and occasional abiotic marine cementseither aragonitic or high-Mg calcite. Because of their general
usually as a very minor component of total sedimentary scarcity in deep sea sediments, aragonitic pelagic organisms
carbonate minerals. have received relatively little attention. Pteropods and

In the shoal-to-shallow water depth of temperate-to-tropical heteropods are the most abundant pelagic aragonitic organ-
regions of the ocean, biogenic aragonite is the most abundanisms. It is estimated that the percentage of the Cagiix
carbonate mineral, followed by high-Mg calcite and then low- is about 12% of the calcium carbonate flux from near-surface
Mg calcite. In cold water environments, typical of high waters, although this percentage may vary considerably in
latitudes, low-Mg calcite is dominant. Dolomite is relatively different areas of the ocean and seasonally.
rare and largely confined to “special” environments. Al-  The mechanisms and rates of transfer of biogenic carbon-
though in a great many instances, it is clear that the ate material from near-surface waters to deep sea sediments
sedimentary carbonates are the skeletal remains of organismd)ave been intensely investigated. Major questions have been
considerable controversy exists as to the role of organismsconcerned with the transition from living organism to carbon-
in forming fine-grained aragonite muds, marine cements, andate test, rates of sinking, extent of dissolution in the water

4. Oceanic Sources of Marine Carbonates
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column and on the sea bottom (dissolution is discussed in sec4.3.2. Sources of Fine-Grained Carbonate Sediments
tion 5), and the relation between life and death assemblages.
Because of their small size, individual coccoliths sink
slowly?32233and, consequently, may spend long periods of
time (on the order of 100 years) in the water column. This
long residence time should lead to substantial to complete
dissolution of the coccoliths in the undersaturated part of
the water column. The origin of coccolith ooze on portions
.Of ”.19 seafloor ov_erlain by gndersaturated waters, t_herefore,a"y within the silt and clay sizes<{63 um), there is little
IS d.'fﬂ(.:u.lt to expla_ln bé?i%g?lderatlons _based on Se“"ﬂg rates mineralogic, elemental, or stable isotopic variation among
?f |nd|r\]/|duarl] paru;:rl]et. ’ tData olt.;tsuned qum fﬁd'merf‘lt subdivisions of this grain-size fractigft
drgpsso S; zggggatiinrggisggcgg Izoié?ﬁr?ktg]r? ngziSrfg ;noé Fine-grained carbonate-rich sediments that are dominated
encapsulation in fecal matter by small (a few m|crometer_s) needle-shaped aragonite grains
. e ' L . are referred to as aragonite needle muds. The two major
Submarine lithification and precipitation of cements in g, ces for the aragonite needles generally considered are
&alcareous algae and abiotic precipitafi$?46The fine size

f both i d ; lci . lodi of this material has resulted in most of the interpretation of
aredo Otl aralgonltlc an dmagnﬁ&l?n calcite mlnehra Og'ehs*its origin being largely based on chemical data, although
and are largely restricted to shallow seas such as the cedie morphology has also been used.

Mediterranean and Red seas, and sediments in the shallower Attempts at making budgets of carbonate production and

parts of major ocean basins in which biogenic aragonite is accumulation have also been used to attempt to answer the
also present. Many shallow water ano(l) deep sea .Carbonat%uestion of the source of aragonite needle muds. In areas
cements fall in the range of 15 mol % MgCQleth % such as British Honduras and Florida Bay, the supply of
strong maximum in abundance at about 1.3 mol /"m' biogenic material appears to be sufficient to provide the
Another often local source of aragonite and high-Mg gsediment for the carbonate muds, although some abiotic
calcite to the open ocean water column and deep Seayecipitation cannot be ruled out. However, in other areas
sediments is shallow-water carbonate-rich sediments. Duringg,ch as the Great Bahama Bank and the Persian Gulf, the
events such as major storms sediments in the shalIow-waterbiogel,]iC supply appears to be insufficient, and an abiotic
environments can be resuspended and transported to nearbyy rce of aragonite needles is needéd basic difficulty
deep-water environments. Dissolution can occur in the upper;p, determining the origin of aragonite needles is that
water %)Iumn, as demonstrated near Hawaii for high-Mg precipitation of aragonite from seawater produces needles
calcite*® or be deposited in deep sea sediments (e.g., nealyith 5 very similar size and morphology to those resulting

The origin of carbonate mud is a long-standing topic of
considerable debate and controversy. The three major
potential sources generally considered are (1) physiochemical
or biochemical precipitation, (2) postmortem disintegration
of calcareous algae, and (3) physical or biological abrasion
of skeletal materiad?® Research has generally focused on
either aragonite or high-Mg calcite mud components. Gener-

in typical major ocean basin sedimefts.2% The cements

the Bahama Island-4). from breakdown of common codiacean green algae. It is

, ) necessary, therefore, to examine the chemistries of the
4.3. Shallow Water Biogenic Carbonate Sources needles to determine their origin. However, even the chemi-
4.31. General Considerations gﬂgggggggggf&ggve generally not proven unambiguously

As previously described, the grains of carbonate sediments The waters and sediments of the Great Bahama Bank have
can be subdivided into skeletal and nonskeletal componentsbeen intensely studied by carbonate geochemists. Following
Carbonate muds, composed dominantly of silt- and clay- is a brief summary of some of the more recent findings that
sized (<63 um) particles, are common deposits in low-energy provide an excellent opportunity to tie laboratory results to
environments, such as tidal flats and subtidal areas. Largerfield observationg®® The study was aimed at understanding
carbonate grains, which may dominate to form carbonate “whitings”, which are suspended “clouds” of fine-grained
sands, include pellets that are formed by the ingestion of CaCGQ that can even be observed from space (Figure 15).
sediment by marine organisms and excretion of fecal They occur on the northern part of the Great Bahama Bank
material; dads, which are spherical to ovoid 62 mm (GBB) and on the Little Bahama Bank (LBB). Their abiotic
grains with an internal concentric or radial structure; litho- versus biotic origins have been widely disputed. On the GBB,
clasts, which are fragments of previously deposited and the waters have a long residence tim&40 days), and about
usually somewhat lithified carbonate sediment; and relict a third of the specific alkalinity is lost due to CagO
grains of older origin, having formed under previous precipitation.
environmental conditions. The “kinetic solubility” of suspended whiting material has

The skeletal components of carbonate sediments represenbeen determined to be about 1.9 times that of aragonite and
the complete or partial skeleton or the decomposed andinner Bank waters are close to equilibrium with the phase
disaggregated skeletal remains of organisms extant at thethat gives this kinetic solubility?® Similar values of the ion
time of deposition of the sediment. Sedimentary particles concentration products were observed for many pore waters
can be produced from calcareous organisms by disaggregafrom carbonate-rich sediments in this regi8hThe kinetic
tion of their skeletons, by mechanical means related to wavesolubility value obtained for the dominantly aragonitic
and current energy, or by bioerosion of carbonate substratessuspended sediment from the Bahamas was very similar to
like corals, mollusks, and rocks. The wide diversity in the that obtained for thin overgrowths on calcté.
types of shoatshallow water organisms and their complex  The rate of calcium carbonate precipitation in waters on
compositional and morphologic characteristics, in combina- the GBB was calculated from changes in specific alkalinity,
tion with the varied processes causing their disaggregation,estimated water mass ages and the amount of suspended
lead to a very complex mixture of biogenic carbonate grains carbonate solid in the waters. The rates were in good
in shoat-shallow water sediments. agreement with experimentally determined rates using sea-
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Figure 15. NASA space shuttle photograph of whitings (filamentous white linear features near center) taken of the central Little Bahama
Bank (Roll 719; Frame 29). Image courtesy of the Image Science & Analysis Laboratory, NASA Johnson Space Center (http://
eol.jsc.nasa.gov).
water at similar saturation states and a fine fraction of  Subspherical carbonate grains, generally referred to as
sediments obtained from the area where the whitings odids because of their resemblance to fish eggs, comprise
occurred. These results are encouraging in demonstrating thasandy sediments called'lites that are common members
solubilities and precipitation kinetics obtained from both the of modern shoal-water tropic and subtropic carbonate-rich
field observations and laboratory experiments were in good sediments. Oids are variable in both mineralogy and
agreement. structure. Aragonite, high magnesian calcite, and calcite have
Although not nearly as much attention has been paid to been observed to occur in“ids?%® Radial, concentric-
the production of lime mud from calcitic sources as aragonite, tangential (laminated), and micritic structures are commonly
it can be the dominant component in perire®faland observed around a central nucleus of nodaooaterial. Oals
lagoonat®” environments where Mg-calcite may constitute are believed to be of nonbiogenic origin and represent one
from 70% to 90% of the mud. The mud can form from of the most important modes of nonbiogenic removal of
micritization and recrystallization of skeletal grafds. CaCQ from the ocean. In addition, it has frequently been
Breakdown of foraminiferal tests can often be a primary pointed out that their mineralogy and structure reflect those

source of Mg-calcite in mud®? of marine carbonate cemerfts:?>*In fact, they grade into
each other in the case of Bahamian grapestone. Because of
4.3.3. Sources of Carbonate Sands their importance as presumably abiotic marine carbonates,

Carbonate-rich sediments that are dominated by sand-sizeddids have been extensively studied and brief summary of
(>63um) grains are common in shoal-water sediments. They the primary findings follows.
are usually associated with moderate- to high-energy envi- There are three primary classes of hypotheses for the
ronments such as beaches, edges of carbonate banks, artocesses responsible for the existence ‘afi@oThey are
behind fringing reefs. Carbonate sands are often composedased on bacteriaimechanical, algal, or chemical mecha-
of carbonates of mixed mineralogy from a variety of biogenic nisms for dad formation. Some investigators have made
sources (Table 3). These components are produced byhybrid models involving more than one of these mechanisms.
physical abrasion, boring, and other biological processes. We will only present these hypotheses in a general manner
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Table 3. Skeletal Composition of a Calcareous Sand from a

Grass Bed, Ferry Reach, Bermuda

taxa identified number of grains percent

gastropods 162 6.4
bivalves 81 3.2
foraminifera 722 28.7
grass fragments 205 8.2
Halimedaspp. 1117 44.5
Cymopoliaspp. 26 1.0
ostracods 36 14
encrusting red algae 9 0.4
serpulid (?) worm tubes 9 0.4
agglutinate worm tubes 11 0.4
caecum gastropods 10 0.4
unidentified grains 90 3.6
total grains counted 2515 98.6

type of organism

number of species

gastropods
bivalves
foraminifera

9
5
21

grasses 3
Halimedaspp. 3
Cymopoliaspp. 1
other green algae 1
encrusting red algae 1
chitons 1
ostracods 3
echinoids 1
agglutinated worm tubes 1
crabs 1
serpulid worms 1
scaphopods 1
caecum gastropods 1
sponges 1
total species counted 55

a Adapted from ref 1° The remainder included non-calcareous green

algal fragments, chitons, echinoid spines, scaphopods, sponge spicule:

and crab carapace fragments.

and not attempt to reference the large number of papers

relevant to the topic.

One of the earliest nonbiological hypothesedor the
mechanism of Od formation was that dds with a
concentric structure form by a process similar to that which
forms a snowball. In this model, an organic coating is
biologically deposited (the infamous “mucilagenous slime”)
on the surface of the @ and then, as the @ is rolled
back and forth by wave action, small aragonite needles,
which are common in most modern depositional environ-
ments where dds are found, become imbedded in the
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laminated aragonitic ‘@d formation. It may be best to

consider this bacteriaimechanical hypothesis for the forma-
tion of laminated aragonitic ‘éds as a precursor to more
recent models, where adsorption of organic matter dd oo
surfaces influences the precipitation of CaCO

The hypothesis that “ads form by direct chemical
processes has gained increasing popularity, and there is a
growing body of experimental and observational evidence
to support it. Stable isotop®24>and Sr concentration data
are generally compatible with nonbiogenic formation. In
recent years, particular emphasis has been placed on the
possible role of organic compount$:25” This hypothesis
is also not without its problems. It fails to explain why it
has been difficult to produce nonradial'ids by direct
precipitation, it fails to give an explanation for organic
lamellae or the general distribution ofids, and it cannot
explain why high magnesian calcites are formed in calcitic
ooids.

Bathurst®® has presented a model that solves some of the
problems associated with laminated aragoniticldorma-
tion. His suggestion involves a means for growing inorganic
precipitates of tangentially oriented rods. His arguments also
offer plausible explanations for limitations oriidsize and
other characteristics. One of the difficulties in understanding
typical aragonitic 6@ formation is the fact that the aragonite
needles, or battens, are arranged with tbeiystallographic
axes parallel to the solid surface. Batheéisbbserved that
the radial-fibrous fabric found in calcitic “ats can be
explained as the result of competition between crystals that
grow most rapidly in a direction parallel to one crystal-
lographic axis. The perpendicular orientation of the aragonite
c-axis is commonly observed for aragonite crystals on the
é/,valls of Foraminiferida and in the utricles éfalimeda It
Is also the preferred orientation of aragonite in beach rock.
However, it is not the typical orientation of aragonite on free
calcrete grains where the aragonite grains are arranged with
their c axes parallel to the surface. Bathét$bbserved the
growth of aragonite needles with theiaxes parallel to the
surface in 3um thick films on a variety of calcarenite grains
outside of the dlitic shoal environment in the coralgal, stable
sand, grapestone, and mud habitats at a number of locations.
He suggested that the tangential orientation may result from
the adsorption of colloidal sized aragonite nuclei on the solid
surface, with their longest axis parallel the surface providing
the most stable arrangement.

Contrary to the contention of many investigators 6fdoo

organic matter. During subsequent quiescent times a newformation, Bathurst suggests that there is not a strong
organic coating is added. This process is repeated many time§orrelation between the degree of water agitation and the

(up to 200 lamellae have been observed idspcausing
growth of the ¢a. This model has the attractive character-
istics of not requiring biotic or chemical formation of Cag€O
directly on dad surfaces and offering an explanation for the
observation that dds appear to require “rest” between

orientation of aragonite needles. He cites his observation of
the similarity between grains with titically structured films

in the Bimini Lagoon and the “ads of Brown’s Cay,
Bahamas, which exhibit no petrographic differences, includ-
ing the existence of lamellae, in spite of the radically different

depositional cycles. It also provides a reasonable explanationnydrographic environments. His ideas have been reinforced

for the concentric organic-rich layers generally observed in
laminated aragonitic ‘ads.

There are, however, some problems with the médel.
clearly does not apply to radial " ms. When examined
carefully, it fails to explain the general excellent sorting in

grain size and mineralogy, tangential arrangement of the

aragonite rods, or the formation of relatively thick lamellae
on typical aragonitic dds. It is also questionable how well

by the observations of Land et @&F in Baffin Bay, Texas,
where calcitic radial-fibrous and aragonitic tangentiédso
coexist in the same sands and show no significant correlation
with the probable wave energy differences at the different
sampling sites.
Bathurst®® also examined the question of size and sorting

of odids and the thickness of individual litec coats. He
feels that the thickness of the coats may reflect growth rates,

such coatings could hold up on grain surfaces in the abrasive which are in turn a reflection of the degree of agitation.

high-energy hydrodynamic environments characteristic of

Higher energy waters will expose the’id® to more
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supersaturated water for a longer period of time. A problem hardgrounds, and beachrock. This type of cementation may
with the sorting and size of ‘@ds on banks is that the @s also be important in ‘Gds2>* Micritic cements associated
are usually of similar size. Small ones should be winnowed with boring algae comprise the third common type of cement.

from the ddite banks by the intense hydrodynamic conditions  One of the most interesting questions about carbonate
generally present. The source of thédso therefore, must  cements in the marine environment is why they are not more
be in deeper waters where hydrodynamic conditions are lessabundant. In carbonate-rich sediments, there are abundant
intense. Bathurst suggested that the upper size limit@soo carbonate surfaces for overgrowths to form on, and both
may be governed by a balance between abrasion and growttyyerlying seawater and many pore waters are supersaturated
rates. with respect to carbonate minerals. Morse and Mj&ci

WeylP8° observed carbonate precipitation in seawater demonstrated that precipitation of cements from pore waters
flowing over a column of owls. After an initial period of of carbonate sediments is severely inhibited by burying
precipitation, the reaction between thddsand supersatu- Iceland spar calcite crystals in a variety of carbonate
rated seawater appeared to stop. If th@savere allowed sediments in the Bahamas for several months. After recovery
to sit for a period of time with no water flowing, they would and analysis using depth-profiling Auger electron spectros-
again become reactive. This experimental observation ledcopy, they were able to detect overgrowths on only a few
to the idea that dds need to “rest” between reactive periods. crystals. The calculated growth rates of the precipitates were
It was hypothesized that a high magnesian calcite coatingmuch less than those observed in laboratory experiments
initially formed, which later dissolved in pore waters of an using seawater at the same supersaturation state.

odlite bank before more aragonite would precipitate. This At least part of the reason for these observations must be
hypothesis has been quite popular ever since Weyl's work, that precipitation is probably severely inhibited by organics
although it is far from proven. such as humic acid®? Thus, inhibition of precipitation,

By far the most extensive experimental study of the coupled with slow transfer of fresh supersaturated seawater
chemistry of 6@d formation was done by Davies, Bubela, into sediment pores, seems to account for lack of extensive
and Fergusoff262 Their primary emphasis was on the early cementation.

influence of different types of organic compounds and  Factors controlling the mineralogy and chemical composi-
agitation conditions on the mineralogy and morphology of tion of carbonate cements in the marine environment have
the precipitated carbonates. After studying the influences of also been extensively investigated. Bathiffstummarized
a variety of organic compounds on the mineralogy and many of the observatio®¥ indicating that in some cases
morphology of the precipitates, it was found that humic acids the host carbonate mineral is a factor in determining
were most effective in producing magnesian calcite (com- composition. Usually aragonite grains have aragonite over-
position was not reported), with a fabric similar to that of growths, whereas high-Mg calcite grains have high-Mg
radial oods. It was also observed that, while low molecular  calcite overgrowths of similar Mg content. In some instances,
weight humic acids were preferentially adsorbed relative to syntaxial formation of cement is observed. Although this
high molecular weight humic acids, the high molecular explanation of host control is a “comfortable” one, it does
weight humic acids were most effective in producirigdeo  not explain the common occurrence of cements of mixed
like products. A lengthy discussion of the possible reasons mineralogy or those that differ from their host grains.
for this observation was presented, which noted that the high A major concern in studies of the chemistry of carbonate
molecular We'ght hu'm|c acids had a hlghgr Mg to Ca ratio cement formation is the source of the calcium and carbonate
and that humic acids through hydrophitibydrophobic 5ng necessary to form the cements. The obvious source is
interactions could possibly make membrane-type structures.geayater, but large volumes of seawater are necessary if
Tangentially oriented batten-like aragonite crystals were significant amounts of cement are to be produced. Cement
synthesized on the surfaces of quartz grains and Bahamiarsrmation is consequently favored near the sedimerster
odids without the intervention of organic compounds. A high inerface and in high-energy environments where water can
degree of agitation was found necessary, and like Weyl, pe fiyshed through porous structures such as reefs. The
Davies, Bubela and Ferguson observed the necessity of & pservation that cements usually form only in thin crusts
‘resting” period during which surfaces were reactivated, near the sedimentwater interface also demonstrates the
possibly by the release of Mg or H". Their studies are  jnnortance of normal seawater for cement precipitation.
remarkable in indicating that organic matter may be impor- gy rther strong evidence for cement formation from normal
tant for the. formation .Of magnegian calcite.rad.ialdmbut seawater comes from stable isotopes. DR values of
not aragonitic tangentialats. This observation is contrary - cements are usually close to those predicted for carbonates
to general consensus on the formation of these two types ofyrecipitating from seawatéf® Another possible source of
odids. It may also offer a major clue to the formation of ihe jons necessary for cement formation is from the dissolu-
aragonitic and calcitic carbonate cements. tion of carbonate phases more soluble than the cements.
High-Mg calcites could provide such a source, as has been
demonstrated in periplatform oozes in the Bahafamnd

The formation of carbonate overgrowths and cements is for coastal carbonate sediments of the Bay of Calvi in
certainly one of the most important and highly studied aspects CorsicaZ’? This process, leading to cement precipitation, is
of the behavior of carbonates in sediments and sedimentaryconsistent with the previously discussed chemistry of many
rocks-263-265 Carbonate cements in calcareous sediments fall Pore waters.
into three major groups. The most common are those that The precipitation of calcium carbonate usually, but not
occur in voids found in biogenic carbonates. This group is exclusively, from petrographic evidence in the form of high-
especially important in reefs. Cements also occur on the Mg calciteé’® is generally inferred from a decrease in
exterior of carbonate particles where their intergrowth can dissolved pore water calciuf*?7> Most studies of the
cause formation of hardened pellets, grapestones, crustsimpact of chemical diagenesis on the carbonate chemistry

4.3.4. Carbonate Cements
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of anoxic sediments have focused primarily on the fact that The importance of inhibition of dolomite formation by
sulfate reduction results in the production of alkalinity, which sulfate has been widely deba#&&While dolomite formation
can cause precipitation of carbonate minetéiarbonate is usually associated with sediments where sulfate reduction
precipitation can also occur via methane oxidation instead is active, the observation that dissolved sulfate concentrations
of organic matter oxidation, resulting in distinctly “light” can remain high and dolomite still can form argues against
03C values for authigenic carbonat&s. dominant control by dissolved sulfate. This observation
Finally, it should be noted that while most investigators SUggests that reaction products of sulfate reduction, such as
have rejected the idea that carbonate cements are directly ofncreased alkalinity, may play a more important role in
even closely linked to biological mechanisms of formation, ncreasing the formation rate of dolomite than sulfate does
some investigators hold the position that organisms may be'!" |nh|b|t|n8% it. This conclusion has been expanded upon by
very important to cement formation processes. Marine COMptor;®® who emphasized the general observation that
peloids (aggregates of cemented carbonate grains) havdlighly elevated solution supersaturations with respect to

received considerable attention in this regard because of theifd0lomite are usually associated with sediments containing
close association with bacterial clumigd.In addition,  @Pove average concentrations of organic matter. He termed

Fabriciugs has presented a lengthy discussion in favor of dolomite that forms under these conditions “organogenic

the formation of grapestone cements aniitisdy algae. dolomite.” More recently, Mazzulf§” has further explored
and summarized the data supporting the early formation of

4.3.5. Dolomite Formation dolomite in organic-rich sediments where extensive sulfate
reduction and methanogenesis occur.

The formation of dolomite under conditions encountered  Arvidson and Mackenzi€®?®°conducted experiments on
in modern marine sediments and sediment burial to moderatedolomite growth at elevated temperatures from which they
depths is strongly controlled by reaction kinetics that are slow were able to derive a rate equation where temperature and
even at high supersaturatioff8278A plausible explanation  saturation state were used to predict growth rates. This
for the slow precipitation kinetics of dolomite is that the equation was used to extrapolate to conditions where
requirement of cation ordering puts a major limit on the rate dolomite formation is currently occurring in sediments, and
at which the phase can forff® It is likely that the reasonable (within an order of magnitude) agreement between
dehydration kinetics of M{J also play a rolé*®> Because  calculated and observed growth rates was found.
the precipitation kinetics of dolomite are too slow to be  Another factor that may promote dolomite formation
studied in the laboratory at near Earth-surface tempera-during early diagenesis is direct participation by bacteria.
tures?8® experiments on dolomite reaction kinetics have The literature relating to this possible avenue of low
generally been conducted at elevated temperatures (typicallytemperature dolomite formation was reviewed by Vascon-
between 100 and 308C). While considerable interesting celos and McKenzfin their study of microbial mediation
information has been gathered from these experiments, theof dolomite formation in Lagoa Vermelha in Brazil.

applicability of the results to lower temperature and slower ) P .
reaction kinetics remains highly questionable. 4.3.6. Carbonate Minerals Formed in Siliciclastic

Observations of dolomite formation in natural systems also Sediments

have been used as the basis for discerning additional factors Carbonate minerals that are formed in siliciclastic sedi-
that may influence the rate of dolomite formation. These ments are dominantly the result of diagenetic reactions taking
include catalysis by certain clay minefélsand production ~ place in the sediments. The quantitatively most important
of organic byproducts by bacted#Mg?2* transport to sites  reactions generally occur very close to or within less than a
of dolomite precipitation can inhibit the reaction in hemi- meter of the sedimentwater interface. These reactions are
pelagic sediment$3 However, the true influence of reaction often associated directly or indirectly with a variety or
rates is largely speculative because the kinetic factors areterminal electron acceptors, such as solid iron and manganese
generally deduced primarily from the presence or absenceoxides and dissolved sulfate, used by bacteria metabolizing
of dolomite in different environments. sedimentary organic matter or hydrocarbon gases. Not only

Most modern dolomite is forming from high ionic strength do bacteria play an important role in the formation of
solutions that are typically derived from the evaporation of Carbonate minerals in sediments, but they are also, as will
seawater or lakes in arid regions. These environments have?® discussed in section 5, the primary driving force for
been studied extensively because they provide an opportunity?iSSolution of sedimentary carbonate minerals. This is a large
to observe directly systems in which substantial amounts of 21d complex field of study that we will only briefly touch
dolomite are currently forming. The associated hydrology 2" 1" this paper. However, reviews dealing specifically with

- : P ; the topic are availabl&?91.292
and solution chemistry of the dolomitizing fluids can also . . .
be determined. Sites of particular note are the Persian Gulf , A Very important reaction for both the formation and
sabkhas, Coorong district in South Australia, Bonaire Island d€struction of caicium carbonate in marine sediments is
in the Caribbean Sea, Sugarloaf Key in Florida, supratidal 2acterial sulfate reduction, which can be represented as an
sediments on Andros Island in the Bahamas, and Deep Springapprommatlon for marine organic matter as given in eq 4.1.
Lake in California. A general feature of many of these areas
is that high M@+ to C&* solution ratios appear to promote 1 (CH,0),0¢(NH2),6HsPO, + SO - . Cco,+
dolomitization. Friedmafi* discussed the general importance 93 2o yies ’ 2
of modern high salinity environments for dolomite formation HCO.,” + HS + 16 NH. + 1 H.PO, + H,O (4.1)
and evidence in the rock record indicating a strong relation 3 53 % 53 ¥ 4 72 :
between evaporites and dolomite. He claimed that most
sedimentary dolomite should be considered an evaporiteBecause the components of the organic matter are at constant
mineral — an opinion that is not universally accepted. ratios, fixed pH can be established after a moderate degree
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of sulfate reduction in a closed systéfDuring these early  the saturation state of the overlying water is that models for
stages of reaction in seawater, the pH drops to about 6.9, inthe processes controlling carbonate deposition depend strongly
the absence of other reactions, and remains constant. Thi®n this relation. Hypotheses have ranged from a nearly
can result in pore waters becoming undersaturated and‘thermodynamic” ocean where the CCD and ACD are close
carbonate dissolution occurring. Further sulfate reduction to co-incident with calcite and aragonite saturation le%¥ls,
causes the alkalinity to rise while the pH remains constant. to a strongly kinetically controlled systéf where major
At about 35% sulfate reduction, the pore waters regain differences in the CCD, FL, and saturation depth exist.
supersaturation with respect to calcium carbonate and furtherHowever, it now appears that the long cherished idea of a
sulfate reduction can result in calcium carbonate precipitation. “tight” relation between seawater chemistry and carbonate
Massive carbonate crusts and nodules can be formed indepositional facies must be reconsidet®drhis is a fertile
sediments rich in organic matter. Sediment through which field for further research.
hydrocarbon gases, usually dominantly methane, are seepingb_ . .
are especially noteworthy in this regard and are commonly 2-1.2. Dissolution in the Water Column
associated with deeper sedimentary methane hydfété®: Millero? (this issue), discussed that, based on changes in
“Reactive” forms of Fe(lll) and Mn(IV) are found in  water chemistry, it is estimated that probably-8D% of
siliciclastic sediments that can be reduced either by bacteriathe CaCQ formed in the pelagic environment dissolves in
or through reactions with dissolved reduced pore water the upper water column. Maximum dissolution rates occur
components such as8l. The resulting dissolved Fe(ll) and near the aragonite saturation depthAn extensive inves-
Mn(ll) can react with C@~ ions to either coprecipitate with  tigation of planktonic foraminifera in sediment trap samples
calcium carbonate minerals or form distinct iron and from the tropical Pacific and central Atlantic oceans has been
manganese carbonate minerals. For Fe(ll) the commonconducted, and at both study sites, the total foraminiferal
mineral formed is siderite (FeGJ which is most common  flux and the carbonate flux tend to decrease with dépth.
in estuarine and freshwater sediments where little sulfide is In addition, the flux of individual species of planktonic
formed that competes for the Fe(ll) to form minerals such foraminifera varies significantly with depth, with the number
as pyrite (Fe®. Although Mn(ll) can form simple MNnC® of small, solution-susceptible species decreasing with in-
(rhodochrosite), careful studi€sndicate that it is more likely  creasing depth. These results indicate that there is significant
to form a poorly ordered Mn analogue to dolomite, (pseudo)- dissolution of small £150um) foraminifera as they settle

kutnahorite (CaMn(Ce)y). through the water column. Material collected from the
sediment-water interface directly below the Pacific sediment
5. Dissolution of Calcium Carbonate trap array contained no planktonic foraminifera, suggesting
that the residence time of an individual skeleton on the

5.1. Dissolution of Carbonate Minerals in the seafloor before it dissolves is extremely shHgH*
Pelagic Environment A study of the sedimentation of pteropods and foraminifera
] ] in the North Pacific using sediment traps confirmed that
5.1.1. General Considerations considerable dissolution of pteropods was taking place in

the water columi® It was calculated that approximately

istry has been the relation between calcium carbonategoz/ﬁ of tfhtﬁ aragtomtelflux V}/tcatshrerlrgrt])erahieg tlr? :TE udppetL

accumulation in deep sea sediméfftand the saturation state ~ <-< KM Of the water column. 1t should bé noted that the dep
for total dissolution in the water column is considerably

of the overlying water (see Millefoin this issue). The q than th " tion deoth. This. i
accumulation of calcium carbonate in deep sea sediments eeper than neé aragonite compensation depin. IS IS

has been mapped for over 100 years based on the “carbonatBrObably due to the short resu_jencg time of pter_op_ods in the
compensation depth” (CCD). Although this has been defined Water column because of their rapid rates of sinking.

using various concentrations of Cag@ sediments, it
basically divides deep sea sediments into those with little
(less than~10 wt %) to no CaC®@from those containing Early models for the process of calcium carbonate dis-
substantial CaC&concentrations that commonly exceed 80 solution in deep sea sediments were based on simple
wt %. Analogous to the CCD is the aragonite compensation diagenetic models in which calcium carbonate dissolved into
depth (ACD), which is defined in reference to the mineral the pore waters of the sedimed?$.The alteration of
aragonite rather than simply total Cag€bntent as is the  concentrations from an initial saturation state of the overlying
CCD. Two other commonly used sediment markers of water to equilibrium with calcite results in diffusion of the
carbonate dissolution based on foraminifera tests are thereactants and products, causing exchange with the overlying
foraminiferal lysocline (FL) and the Rdepths. The CCD,  waters. The process is governed by the difference between
FL, Ry, and ACD have been carefully mapped in many areas. equilibrium concentrations and those found in the overlying
However, with the exception of complete Cagxssolution waters, the rate of dissolution as a function of disequilibrium
at the CCD and complete aragonite dissolution at the ACD, diffusion rates and the thickness of the stagnant benthic
the extent of dissolution that has been observed in most deegooundary layer above the interface. Because of the relatively
sea sediments is difficult to quantitfy. Consequently, it is rapid dissolution rate of calcium carbonate, the depth in the
generally not possible to make reasonably precise plots ofsediment calculated for equilibrium has generally been only
percent dissolution versus depth. In addition, the analytical a few millimeters.

chemistry of the carbonate system and constants used to A major benthic process that had only casually been
calculate the saturation states of seawater have been a sourceonsidered for its potential influence on carbonate accumula-
of contention. A reason that there has been so muchtion in deep sea sediments is the oxidation of organic matter.
controversy associated with the relation between the extentAlthough this reaction was widely recognized as being
of carbonate dissolution occurring in deep sea sediments andmportant in coastal and continental slope sediments, which

One of the most controversial areas of carbonate geochem

5.1.3. Dissolution on the Deep Sea Floor
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are relatively rich in organic matter, it was generally ignored Jahnke and Jahnké who found that in sediments above

in deep sea sediments, which usually have less than 0.2 withe saturation depth containing high concentrations of
% organic C. With the advent of sediment traps, however, calcium carbonate, the ratio of the calcium carbonate
it became apparent that significant amounts of organic matterdissolution rate to the organic matter remineralization rate
were reaching the sedimentvater interface. Consequently, was substantially less than at other types of sites. They
near-interfacial oxidation of organic matter is potentially a suggested that this may be the result of exchange on
major diagenetic process even in deep sea sediments. Acarbonate particle surfaces coupled with particle mixing, but
detailed review of this process has recently been Afade this process has yet to be clearly substantiated. Although
for the reader interested in pursing the topic further. considerable speculation has been put forth to attempt to

Understanding of the factors that control the diagenesis €xplain these large variations in deep sea carbonate dissolu-
of deep sea carbonates that leads to their partial to completeion kinetics, at this time it appears our ability to make
dissolution can be considered largely one of scale. For predictions is still quite limited and that a number of
differences among major ocean basins, it is clear that theParameters may contribute to these variations.
primary variable is the saturation state of the water at a given ) ) ) ]
depth, which is largely controlled by its pGOA secondary ~ 5.2. Dissolution of Carbonate Minerals in
influence is the deposition rate of siliciclastic sediments. Carbonate-Rich Shallow Water Sediments
Within ocean basins, variations in near-surface primary
productivity and the ratio of the rain rate of organic carbon
to calcium carbonate to sediments can exert a strong
influence and, at least in some areas, lead to substantial

dissolution above the saturation depth of the overlying water. carbonate minerals (see previous discussion). However,

This process will be explored further in the subsequent ... "the early stages of sulfate reductior2@s to 35%)
discussions of carbonate diagenesis in shoal-water carbonate;

rich and shallow-to-intermediate depth siliciclastic sediments this reaction may not cause precipitation, but rather results
. . ptn : in undersaturation with respect to carbonate minerals because
where metabolizable organic matter is at higher concentra-

tions and exerts even a greater influence on carbonatethe Impact of Iowereq pH IS greater than that O.f mcrea}sgd
diagenesis a!kallmty. Carbonate ion activity decreases ra}p|dly as it is
' i i “titrated” by CO, from organic matter decomposition leading

The approach that has generally been used is to estimatgq g decrease in pore water saturation state. This process is
carbonate dissolution rates via diagenetic models thateayigent in data for Fe-poor shallow water carbonate sedi-
incorporate organic matter oxidation by oxygen (assuming ments from the Baham&and has been confirmed in other
a C/O ratio) that produces undersaturated conditieha. studies of Florida Bag2-314 Checker Reef, Oahti® and
relationship is then established between the calcite dissolutiongermuda sediment® There are three primary processes that
rate and pore water saturation state. The general kinetichaye been identified that can cause undersaturation, in
equation for calcite dissolution in seawater (eq 332as  aqdition to the undersaturation that may result during the
been most commonly used. early stages of sulfate reduction. These are early postdeath

The fundamental parameter in all models for calcium microenvironments within organisms, oxidation of organic
carbonate dissolution in the deep sea is the saturation statenatter by processes preceding sulfate reduction, and oxida-
of pore waters. In order to determine the saturation state,tion of sulfides. These processes commonly will be most
not only the composition of the pore waters but also the important near the sedimentvater interface.
solubility of the calcium carbonate must be known unider Prior to the onset of sulfate reduction, extensive organic
situ conditions. Therefore, many studies of carbonate chem- matter degradation can occur by bacterially mediated oxygen
istry in deep sea sediment pore waters have focused on theeduction as described for deep sea sediments. The influence
apparent solubility behavior of carbonates in these sedimentsof benthic bacterial activity under aerobic conditions on
Early resultd”s3indicated that, despite considerable vari- carbonate mineral dissolution has been nicely demonstrated
ability in the pore water chemistry of sediments at a number for pore waters from sediments of the Gulf of Calvi in
of different sites in the Atlantic and Pacific oceans, the pore Corsica?’2 Other reactions of probable less importance than
waters are generally close to calculated equilibrium with those above leading to undersaturated conditions with respect
calcite. Higher ion concentration products in pore waters to calcium carbonate near the sedimemwater interface
where Mrf* was detectable were observ&dindicating include nitrate reduction and fermentatin.
possible control by a carbonate phase other than calcite and | ynn Walter and her associaté&34 demonstrated the
a much higher ion concentration product in one sediment major quantitative importance of dissolution of calcium
containing aragonite was also foufdHales and Emerséf¥ carbonate from shallow carbonate sediments. Up to about
have observed different apparent solubilities for sediments 50% carbonate dissolution can be driven by the sulfate
from the Ceara Rise and Ontong-Java Plateau, but the reasongduction-sulfide oxidation process. In calcium carbonate-
for this remain uncertain. rich sediments, there is often a lack of reactive iron to

Perhaps no aspect of the diagenesis of deep sea carbonatggoduce iron sulfide minerals. The sulfide that is produced
has been more controversial than the values of rate constanby sulfate reduction then basically can only be buried in
and reaction order. Most investigators have modeled ratesdissolved form in pore waters, be oxidized, or diffuse out of
that demand rate constants orders of magnitude less tharthe sediments. For most carbonate-rich sediments, the
those measured for deep sea sediments in the laboratoryoxidative process strongly dominates the fate of the sulfide.
Also, the values for the reaction order have ranged fréth 1  Figure 16 shows the strong relationship that generally occurs,
to 4.531° Even within a given study, as with apparent in carbonate muds from Florida Bay, among total carbon
solubility products, different values for the rate constant have dioxide, excess dissolved calcium (calcium at a concentration
been required?®3° A puzzling observation was made by above that predicted from salinity), and the amount of sulfate

Many studies of the impact of chemical diagenesis on the
carbonate chemistry of anoxic sediments have focused
primarily on the fact that sulfate reduction results in the
production of alkalinity, which can cause precipitation of
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. C&" + 2HCO,” <= Cacq, + H,0 + CO,
(6.1)
— N
Previously the relationship of organic matter oxidation to
% 41 . carbonate diagenesis was discussed. Organic matter produc-
= . tion is also important and results in GQuptake from
_§ - '.'- seawater. Production and respiration can be written simply
& -] as opposing reactions as in eq 6.2. Organic matter production
APy = - can occur along with calcification for formation of biogenic
2 - carbonate minerals from important organisms such as coc-
| °°° ° o o 0%0 colithophorids and various coralline algae. These processes
o, %o ©°° ° can be combined resulting in eq 6.3.
| | | | |
0 05 1.0 15 20 25 CO,+H OM& CH.O+ O (6.2)
Ca?* Excess (mM) 2 2™ ‘respiration 2 2
Figure 16. Dissolved sulfate versus excessCm the pore waters + -
of%arbonate-rich Florida Bay sediment: closed squaFr)es, unburrowed cad’ + 2HCO, = CaCO+ CH,O + O, (6.3)

mud bank; open circles, burrowed mud bank. Modified from ref
313, Figure 2 with permission of the authorand the Royal Society, ~ Although increasing the pCQof the surface ocean may

Copyright 1993. lead to a decrease in Cag@roductiorf?® and the release

of CO, associated with this process, this will be counterbal-
that has been reduced. It is noteworthy that the burrowed 5,0 by the formation of organic matter, which will be

banks show much more extensive increases in calcium thangimulated by higher pCOvalues and possibly increased
the other mud banks. This is in good agreement with the , yjen input to the ocean as wéf.In fact, fertilization of
observations in Long Island Sound siliciclastic sediments, o gcean'is being considered as a pOSSIble way of removing
where increased bioturbation leads to increased sulfldeco2 The subsequent oxidation of a major portion of the
oxidation and carbonate dissolutig. produced organic matter in the water column and at the
seafloor in sediments will locally release gQowering

6. Response of Carbonate-Rich Sediments to the saturation state and causing increased carbonate mineral
Acidification of the Ocean Due to Rising dissolution. Thus, in the future the ocean will likely have a
Atmospheric pCO decrease in biogenic formation of carbonate minerals and

an increase in the fraction of carbonate minerals produced
6.1. General Principles and Considerations that undergo dissolutioff’

There is now overwhelming scientific evidence that human . .
activities, such as burninggof fossil fuels and land use 6.2. The Major Ocean Basins
practices, have caused a major disruption of the natural global It is estimated that probably 4@B0% of the CaC@formed
carbon cycle resulting in a major increase in atmospheric in the pelagic environment dissolves in the upper water
pCO..2* This has changed the global ocean from a net sourcecolumn (see section 5.1.2). The calcium carbonate that does
to a sink for CQ and a consequence of this has been an survive and becomes buried on the seafloor is mostly calcite.
uptake by the ocean of roughly half of the excess,CO We can therefore divide the impact of lowering the saturation
released:??8-320Although there remains considerable scien- state of seawater due to increasing p@@o basically upper
tific debate regarding the extent and distribution of climate ocean processes, lowering the saturation state in the deep
change caused by rising atmospheric ;C@here is no water column, and impacts on processes occurring near the
guestion that the uptake of G@y the ocean is causing pH sedimentwater interface of deep sea sediments above the
to decreas®! and along with it the saturation state of current CCD.
seawater with respect to carbonate minet&l&. is hypoth- The upper water column, via atsea exchange and
esized that this decrease in saturation state is in turn leadingrelatively rapid mixing, will be first impacted by rising pGO
to a decrease in calcification by organisms and an increaseresulting in a probable lowering of CaG@roduction and
in carbonate mineral dissolutiGA® 32 These effects are as previously described an increase in organic matter
likely to lead to major changes in the biology and chemistry production, but nutrient availability may limit changes in
of the ocean over a rather short period of time. primary productivity. This will result in changing the rain-

In considering the reactions involved between carbonate rate ratio of CaC@C to organic C into deep waters and
minerals and the carbonic aeipCQO, system, there are few  sediments. Oxidation of the increased organic matter will
important fundamental relationships that will be represented result a rise of pC@in the deep ocean prior to the penetration
here in a simple form to illustrate the basic concepts generally of CO,-rich upper waters into the deep sea. This will lower
following the conventions of ref 320. Intuitively, it might  saturation states with respect to carbonate minerals and lead
be expected that the precipitation of calcium carbonate wouldto increased dissolution both in the water column and
decrease solution pG@nd dissolution of calcium carbonate sediments. Subsequently, in a complex pattern reflecting deep
would increase pCObecause total dissolved inorganic water formation, mixing, and circulation, anthropogenic,CO
carbon (DIC) concentrations and total alkalinity (TA) change will be transported from surface waters into the main volume
in this manner. However, the opposite is true as shown in of seawater that resides in the deep ocean basins. This mixing
eq 6.1. Consequently, the addition of £ the ocean will and equilibration will take thousands of ye&t5ln conjunc-
be buffered by calcium carbonate dissolution and an associ-tion with the associated major decrease in deep sea sediment
ated increase in DIC and TA. calcium carbonate accumulation, this will be the primary
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8 T . T — —] two scenarios are quite different reflecting the large uncer-
S$=35; t=25°C; T-Alk=2300 pmol/kg-sw ] tainties in the solubilities of high magnesian calcites, but
. both do point to the large changes in dissolution expected
1 for shallow water carbonates in the relatively near future due
: to changing atmospheric pGO
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20 7. Summary and Thoughts on Possible Future

Ca x CO; ICP (mol/kg-sw)? x 107

' P&M Biogenic . .
oen Research Directions
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] 7.1. Summary
10 E———*Best” Biogenic 1 Our objective in writing this paper was to review the major
E Synthetic Aragonite— — — — = . aspects of the chemistry of carbonate mineral formation and

(0]

Caleite = =~ 7 - == === 7=7

F 1 dissolution in the marine environment. In doing so, we did
N not attempt to cover all that is known about carbonate mineral
400 800 1200 1600 2000 aqueous solution chemistry but rather focused primarily on
pCO, (uatm) those aspects of direct relevance to their behavior in seawater.
, , ) ) ~ Sections 2 and 3 of the paper dealt with basic properties
Praduct in'surface seawater at constant alkality as a funciion of 214 eSS of laboratory experiments, whereas sections 4
pCQO,. Horizontal lines are for various solubility products. Green and 5 cover obsgrvatlorls cpncerned with carb_onate m_lneral
is for 15 mol % Mg calcite based on various solubility estimates. formation and dissolution in the ocean. Section 6 briefly
The gray line is based on observations from the Great Bahamacovers the response of the ocean and, in particular, carbonate
Bank. Adapted from ref 329, Figure 11, Copyright 2006 with minerals to rising atmospheric carbon dioxide concentrations.
permission from Elsevier. While we have attempted to be reasonably comprehensive
on the topics we addressed, there are many related subjects
that were only touched on or not addressed to which different
authors might have given greater attention. These include,
- : for example, the oceanic carbon cycle, biomineralization,
6.3. Shallow Water Carbonate-Rich Sediments incorporation of trace components and isotopes used largely
As previously discussed, the shallow ocean will be most as proxies for paleooceanographic conditions, studies of early
immediately impacted by rising atmospheric pQd@€sulting diagenesis, and how the ocean’s chemistry and carbonate
in a lowering of pH and decreasing saturation state with minerals have varied over geologic time. There is an
respect to carbonate minerals. An impact that is already extensive body of literature on all these topics and the reader
occurring is a decrease in calcification rates of organisms who has gained interest in the chemistry of marine carbonates
such as aragonitic corals. Attempts have been made tofrom this paper is encouraged to pursue these related areas.
estimate the change that is expected in net shallow waterAlso, it should be noted that a review paper on the carbonic
(coastal margin) ecosystem calcifications rates that indicateacid system in seawater by Millérappears in this issue,
a rather slow drop with time up until about the year 2000 to and therefore, we did not cover this topic in any detail.
2050 followed by a rapid decrease in the net calcification  Laboratory research related to carbonate mineral behavior
rate32® has primarily been aimed at determining the solubility and
In order to make predictions about the dissolution of reaction kinetics of calcite (including high-Mg calcites) and
shallow water marine carbonates in the future ocean into a lesser extent aragonite in seawater under varying
response to rising atmospheric p£@e anticipated calcium  conditions. Research on dolomite formation under oceanic
carbonate ion concentration product can be computed as aonditions has been much more limited due to its very slow
function of time for surface ocean water and compared with reaction kinetics under close to STP conditions. Until
the stoichiometric solubility product of different calcium relatively recently, most of the research focused largely on
carbonate minerals. An example of such calculations is giventhe composition of the solution in contact with these minerals.
in Figure 178%° As discussed previously, a major difficulty A major challenge has been the use of equilibrium thermo-
occurs with the high magnesian calcites where the influencesdynamic concepts as the basis for interpreting results, even
of magnesium and other factors lead to large certainties inthough in most cases the system is at best metastable. In
their solubility. This is of particular concern in making many instances, it is not even possible for the carbonate
predictions about the response of shallow marine high mineral being studied to be in metastable equilibrium with
magnesian calcites to declining seawater pH because theséhe seawater solution because the reaction is not reversible.
minerals are the most soluble common carbonate minerals Another difficulty is that most of the carbonate minerals
and therefore would be the “first responders” to a declining formed in the ocean are derived from biogenic sources where
saturation state. the composition of solution from which they are precipitated
A simple schematic model utilizing this concept is is controlled by biologic processes often referred to in general
presented in Figure 18. In this mod@&reservoirs of various  as “vital” effects. This can lead to biogenic carbonates that
sizes for the different magnesian calcite, aragonite, and calciteare heterogeneous, partially hydrated, and disordered. A
compositions are allowed to react until they are exhaustedprime example given for these differences between the
in sequence of their solubility. This results in the changes properties of abiotic and biotic carbonates was that of Mg
with time in solution chemistry and reservoir sizes presented calcites. Additionally, the morphology of the biogenic
in Figure 19. Two scenarios were used based on the Plummercarbonates is often complex and microporous in nature
and Mackenzi¥ and “best fit" biogenic magnesian calcite leading to a disconnect between true (e.g., BET) surface areas
stoichiometric solubilities (see Figure 2). The results of the and “reactive” surface areas. In some instances, these

process that ultimately reduces atmospheric pfolowing
the current pulse of anthropogenic inptft.



376 Chemical Reviews, 2007, Vol. 107, No. 2 Morse et al.

Forcing: pCO2
A
Surface water
e S Y Yo N S v T
A= 28.3x106 km? F, SN
V=37x1018 L pCO2
S =35 psu A N e N
T=25°C
DIC = 1846 pmol/kg 130 m
TA = 2200 pmolrkg
Fc Fa F11 F12 F13 F14 F1s F1e F17 F1g
A N AN SRR S NN SN SR SR N
[ I I I [ I [ [ [ I
" . 1Mmol% [12mol% |13 mol% [14mol % |15mol % |16 mol % |17 mol % | 18 mol % 1m
Calcite | Aragonite | p_calcite | Mg-calcite | Mg-calcite | Mg-calcite | Mg-calcite |Mg-calcite | Mg-calcite | Mg-calcite 50%
5400 27350 306 959 2080 2510 2700 1070 583 306 ,P°’°S'ty

dDICsy/dt = Fpcoo + FC+ FA+ F11+ F12+ F13+ F14 + Fi5+ F16 + F17 + F18
dTAswldt =2 x [FC + FA+ F11 + F12+ F13+ F14+ F15+ F16 + F17 + F1g]

Figure 18. Model schematic of simple dissolution model representing the global coastal ocean. In the current simulations, the system was
assumed to be closed and did not exchange water with the open ocean, the atmosphere, or input via rivers and runoffs. Arrows denote
fluxes. The masses of carbonate phases are shown at the bottom of each carbonate mineral reséfmiolinTh& major forcing of the

model was pC@ which increased by 2atm year?!. Reprinted from ref 329, Figure 4, Copyright 2006 with permission from Elsevier.

Also see ref 330.

morphological properties can appear to override chemical In the modern ocean, the dominant source of carbonate
properties such as solubility. minerals comes from a wide variety of organisms that yield

Considerable effort (and speculation) has gone into trying “skeletal” carbonates. In the pelagic realm of the open ocean,
to establish the mechanisms responsible for observed kineticthe primary carbonate mineral formed is low-Mg calcited(
behavior between carbonate minerals and a bulk seawatefmol % MgCQ;) coming from foraminifera and coccolitho-
solution. It is now reasonably well-established that under phores, with smaller amounts of aragonite also being derived
conditions likely to be encountered in the ocean these from organisms such as pteropods and heteropods. Deep
reactions are surface-controlled rather than transport-0cean sediments contain high-Mg calcite 4( mol %
controlled. Consequently, there has been an emphasis ofMgCQs) from benthic organisms and occasional abiotic
trying to establish the chemical speciation of carbonate marine cements usually as a very minor component of total
mineral surfaces under varying conditions and on identifying sedimentary carbonate minerals. The sources and mineralogy
surficial mechanisms that are ultimately rate-controlling. The Of shallow water carbonates are much more highly varied
advent and increasing resolution and versatility of a variety and complex than deep water carbonates, with aragonite
of analytical techniques capable of determining composition, being the must abundant mineral followed by high and low
morphology, and structure at scales of a few nanometers hagnagnesian calcites. In some regions, such as the Great
opened major opportunities for moving much of the research Bahama Bank, the primary source of calcium carbonate is
in this area from speculation to direct observation. likely the abiotic precipitation of fine-grained aragonite

One of the more perplexing aspects of understanding theeedle “muds’. Dolomite is rarely found and then usually
behavior of marine carbonates is the role of organic matter. ©NlY in “special” environments that typically show elevated
Organic matter is ubiquitous in the marine environment. Most Salinity, temperature, or saturation state.
surfaces are covered with a film of adsorbed organic matter The production of calcium carbonate is greater in the
and many biogenic carbonate minerals have occluded organigoelagic environment than the shallow water environment,
matter. The use of the term organic matter is certainly not but the extent of dissolution is substantially less in the
precise and reflects that much of this material is the result shallow water environment. In both environments, diagenesis
of the breakdown to various degrees of complex once-living in sediments, where carbon dioxide is added from reminer-
tissue, of which only a small portion can be identified in alization of organic matter, can play an important role in
terms of specific organic compounds. Consequently, the inter-calcium carbonate dissolution. However, deep ocean waters
action and influences of “model” compounds have often been become undersaturated and the general distribution of
used to try to assess the potential impact of organic mattercalcium carbonate in deep sea sediments can be related to
on marine carbonates. The interactions of different organic the variability in different ocean basins of the degree of
compounds and their influences on calcite and aragonite undersaturation at equivalent depths. The processes control-
reaction kinetics vary widely. Observations of carbonate ling the finer scale distribution of deep sea carbonates include
mineral diagenesis in marine sediments indicates that bio-dissolution kinetics, organic matter content, and accumulation
logically derived organic matter may have little influence rate. Major hurdles remain to be overcome in determining
on calcium carbonate dissolution but may play a major role the source of variations of apparent solubilities in pore water,
in inhibiting precipitation on sedimentary carbonates. and in resolving the differences in the dissolution kinetics

Near-surface seawater is supersaturated with respect tgletérmined in laboratory experiments with those obtained
calcite (including abiotic high-Mg calcite), aragonite, and from modeling deep sea sediment pore water profiles.
ideal dolomite. However, these minerals fail to precipitate ~ The ongoing increase in anthropogenic 4©having an
directly from seawater under near-normal oceanic conditions.impact on the degree of saturation of the surface ocean,
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Figure 19. Model calculated responses of carbonate minerals to increasing (3€©text for details). The figure illustrates changes in
saturation state with respect to calcite, aragonite, anrel8Ilmol % Mg calcite and the total masses of Mg calcite minerals present in the
sediments throughout the simulation in scenario +( and scenario 2 (BE). The same saturation state data are shown in panels A and

B and panels D and E but on different scales in order to highlight the sequential dissolution of the most soluble carbonate phase present
in the sediments as well as the establishment of a metastable equilibrium between the seawater and this phase. Reprinted from ref 329,
Figure 5, Copyright 2006 with permission from Elsevier. Also see ref 330.

generally referred to as the “acidification” of the ocean. The unanswered fundamental questions. Certainly three of the
most immediate impact is on the shallow water environment, most important of these have to do with building bridges
which is in close contact with the atmosphere. Here rates of between different areas of research that have substantially
calcification may be negatively impacted, and eventually it evolved separately and where attempts to relate findings have
is likely that these waters will become undersaturated with often met with limited success at best.

(rslse?]egtr;g)oali?ge'?lr(\:ehrlggijl\élt?oﬁailr?lzzzsl’cﬁir::itligns?g:: ;ﬁg'?ﬁz The first area where better conceptual bridging is needed
increased dissolution of some shallow water sedimentary :ﬁtt:;v(\:/gg: gf;;é%gﬂﬁ;ggﬁﬂ'g%ﬁigﬁ relfamt:/; 2';2 itngten
carbonates will lead to an increase in the oceanic uptake of . ; Phe

aproached using concepts derived from equilibrium thermo-

CO,. Over longer time spans this “excess” £€®ill more q . q i | hanistic ob
extensively impact the deep sea leading to more extensivelY@MICS, and more recent nanoscalé mechanistic observa-

dissolution there, and features such as the calcium carbonatdons- Many of these concepts were the major focus of this
compensation depth will become less deep. paper. Future work will certainly have to focus on further
development of experimental and analytical techniques. In

7.2. Thoughts on Possible Future Research particulaf, the improvement of time and spatial resolqtion
Directions will be of importance. The development of “super-resoluthr)”

methods is one possible pathway, and also the likely ability

Although research on the formation and dissolution of to combine techniques in one instrument, for example, the
carbonate minerals in the ocean has been going on since atombination of confocal or fluorescence microscopy with
least the late nineteenth century, there remain many basicinterferometry or even AFM with VSI techniques, will further
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enhance our ability observe surface processes. Howeverjnvolving carbonate reaction kinetics and for supplying
being able to integrate these observations may also requiregenerous assistance with figures as well. R.S.A. and A.L.
a revised theoretical framework that provides a means of also gratefully acknowledge funding provided by the Office
resolving relationships between surface composition and theof Naval Research (ONR), the Department of Energy (DOE
distribution of surface energy. Development of this theoreti- No. DE FG07-01ER63295), the Department of Defense
cal underpinning will also require an understanding of how Multidisciplinary University Research Initiative (MURI)
overall reactivity varies as a function of length and time program, and the Nanoscale Science and Engineering Initia-
scales. More powerful Monte Carlo based computer simula- tive of the National Science Foundation (No. EEC-0118007).
tions that treat crystal dissolution and growth as many-body We especially thank Fred T. Mackenzie for his many
problems also show promise. Computer simulations of this insightful comments in his review of this paper. Further
size and quality are the prerequisite for a direct comparisonimprovements were made based on comments of an anony-
of high-resolution laboratory observations at the mineral mous reviewer.

surface.
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