
Biogeochemical reappraisal of the freshwater–seawater
mixing-zone diagenetic model

DANIEL A. PETRASH*,† , OR M. BIALIK‡ , 1 , PHILIP T. STAUDIGEL§ ,
KURT O. KONHAUSER¶ and DAVID A. BUDD**
*Department of Environmental Geochemistry and Biogeochemistry, Czech Geological Survey,
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ABSTRACT

First proposed nearly half a century ago, the mixing-zone model of dolomiti-
zation enjoyed a brief stay in the limelight before falling out of favour.
Despite extended past criticism, arguments that build on its current validity
are presented and discussed. The coastal mixing zone can be seen as an
aquifer system exhibiting marked physicochemical gradients, reflective of
the admixture of low salinity freshwater and seawater sources with variable
redox potentials. This perspective requires a more holistic look at the mixing
zone, not only as a gradient of major element concentrations, but also as the
locus of enhanced subsurface redox sensitive reactions that occur at the
pore-space scale within a moveable diagenetic front. Combined genomic and
isotopic data indicate that an active subsurface biosphere thrives in the
mixing zone. This could facilitate Mg2+ dehydration, generate alkalinity,
consume protons and mobilize potentially catalyzing ions (i.e. Mn and Zn),
which are all low temperature factors thought to promote dolomite formation
from soluble precursors. In the updated model, the advective mix of fluids
with contrasting composition modulate a range of biogeochemically induced
mineral dissolution and reprecipitation reactions. Biotic and abiotic interac-
tions between these fluids affect carbonate equilibrium and result in dissolu-
tion of soluble aragonitic and calcitic phases, while dolomite precipitates (as
cement) and neomorphic replacement. The secondary dolomite often exhi-
bits compositional heterogeneity and contentious !18O signatures indicative
of re-equilibration. The role of manganese, zinc, intermediate sulphur spe-
cies and ammonia are far from being fully understood, nor is their finger-
print in ancient deposits. Application of in situ spectroscopic imaging
techniques, clumped and metal isotope analyses, as well as a more extended
use of traditional approaches, such as sulphur isotopes, are poised to open
many opportunities to further explore the biogeochemistry of this diagenetic
environment and how it relates to platform dolomitization.
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INTRODUCTION

The original mixing-zone dolomitization model
involves the admixture of meteoric freshwater
and seawater (Hanshaw et al., 1971; Badioza-
mani, 1973; Land, 1973), and was widely used
during the 1980s to explain the pervasive shal-
low burial dolomitization of subtidal marine car-
bonates not associated with evaporites
(Choquette & Steinen, 1980; Gebelein et al.,
1980; Taberner & Santisteban, 1987; Xun & Fair-
child, 1987; Coniglio et al., 1988; Searl, 1988).
The mixing-zone model was originally formu-
lated based on the observed and calculated non-
linearity of carbonate mineral solubility regard-
ing differences in ionic strength, total dissolved
inorganic carbon (!CO2), the partial pressure of
carbon dioxide (pCO2) and ionic activities in the
endmember solutions. Such differences allow –
under certain admixtures – for aragonite, and to
a lesser extent calcite undersaturation (Plummer,
1975; Wigley & Plummer, 1976), with concomi-
tant dolomite oversaturation (Fig. 1A). The ther-
modynamic instability of CaCO3 polymorphs
predicts that the partial dissolution and replace-
ment of metastable skeletal grains and their pref-
erential cementation by dolomite should be
favoured in the mixing zones of unconfined and
confined coastal aquifers (Folk & Land, 1975;
Magaritz et al., 1980).
By the end of the 1980s, the model began

receiving strong criticism, notably by some of its
former advocates, because of the conjecture that
extreme oversaturation conditions are required
for dolomite formation (Land, 1985, cf. Land,
1998). In addition, some authors noted that
modern coastal mixing zones, as well as Pleis-
tocene rocks that passed through multiple
mixing zones due to glacioeustatic sea-level
changes appear to be largely devoid of dolomite
(e.g. Machel & Mountjoy, 1986). Those observa-
tions, in turn, were used to argue that mixing
zones did not produce dolomite as the model
predicted. In addition, the recognition of exten-
sive dissolution in modern and Upper Neogene
platformal successions (e.g. Back et al., 1986;
Mylroie & Carew, 1990) promoted the notion
that the main diagenetic process in mixing

zones is dissolution, not precipitation. The mix-
ing-zone dolomitization model was further
weakened when Land (1991) rebutted his earlier
(Land, 1973) application of the model to the
Plio-Pleistocene Hope Gate Formation of
Jamaica. Subsequently, the role of freshwater–-
seawater admixture in diagenesis was relegated
only to generation of calcite (Muchez & Viaene,
1994; Vahrenkamp & Swart, 1994), with more
recent reaction transport modelling even sug-
gesting that such a circulation regime could pro-
duce only small amounts of dolomite, if any,
due to slow fluid fluxes (Xiao et al., 2013). By
the mid-2000s, the mixing-zone dolomitization
model was called into question and refuted
(Machel, 2004; Melim et al. 2004).
However, these lines of argument against the

mixing-zone model conflict with compelling
field evidence that does suggest dolomite forma-
tion within some modern mixing zones. For
example, Matsuda et al. (1995) and Stüben et al.
(1996) noted Mg depletion and Ca enrichment
in dolomite supersaturated mixtures of freshwater
–seawater. In both cases, dolomitization was
inferred, and Stüben et al. (1996) supported
their inference with documentation of authi-
genic dolomite in the associated cave walls and
cave sediments. Whitaker & Smart (1998) noted
that mixing-zone waters in a blue hole on the
east coast of South Andros Island, Bahamas,
approached equilibrium with respect to
disordered dolomite and that bulk rock analyses
of wall rocks in the modern mixing zone had
measurable enrichments in magnesium relative
to wall rocks above and below the mixing zone.
Whitaker & Smart (1998) suggested that those
observations might indicate localized dolomiti-
zation, influenced by organic matter oxidation
coupled to both iron and sulphate respiration
(see also Smart et al., 1988). Onac et al. (2014)
demonstrated the presence of authigenic dolo-
mite at the bedrock/brackish water interface in
speleothem deposits of Cova des Pas de Vallgo-
rnera, Mallorca, Spain. These, and other similar
observations (Shatkay & Magaritz, 1987; Sumrall
et al., 2015), require a re-examination of the
mixing-zone dolomitization model with modern,
unbiased and holistic eyes.
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Refinements that can now revive the mixing-
zone dolomitization model in a new form after
being refuted as originally stated, include grow-
ing insights into carbonate speciation, microbial
activity and electron transfer mechanisms in mix-
ing zones. For instance, the dynamics of carbon-
ate species in coastal groundwaters are now
recognized as being much more complex and
variable than previously thought (Soetaert et al.,
2007; Dickson, 2010; Hagens & Middelburg,
2016). As shown in Table 1, if the change of
!CO2 and total alkalinity (TA) remains in a ratio
of ca 1.05 during mixing, there is no net change
in the saturation state of aragonite ("Ar; Fig. 1B;
Mackenzie & Andersson, 2013). In addition, pro-
cesses such as transport of organic matter (OM)
or its production by chemoautotrophs (i.e. micro-
organisms that produce organic carbon from dis-
solved CO2 without the involvement of light) and
the accompanying heterotrophic activity are now
thought as crucial agents in the carbonate system
(Middelburg, 2019; Fig. 1B).

The mixing of endmember fluids can also
effectively drive the local availability of electron
donors and acceptors that enhance certain sub-
surface microbial functions. Hence, microbial
activity in coastal aquifers may be capable of
inducing dolomite precipitation by sustaining
elevated pH and porewater alkalinity and/or by
promoting Mg2+ cation dehydration within bio-
films (Petrash et al., 2017). A revised freshwa-
ter–seawater mixing-zone model thus envisions
a dynamic diagenetic front that results in the
enhanced activity of subsurface microbes (Pet-
rash et al., 2017). Microbial activity in such bio-
geochemically reactive interfaces, notably with
respect to transitional metal reduction and recy-
cling, induces the stabilization of partially
ordered Ca-dolomite from metastable precursors
such as very high-Mg calcite (VHMC; i.e.
>30 mol.% MgCO3), with the former poised to
recrystallize to more ordered dolomite through
solid state reorganization (for example, Ostwald
ripening). Recrystallization most probably

Fig. 1. The dynamics of the seawater CO2-carbonic acid system in the mixing zone. (A) An early conception com-
paring the saturation index (log (IAP/KSP) of dolomite, calcite and aragonite as function of salinity (modified from
Herman et al., 1985). Calculations used Caribbean seawater and Yucatan freshwater as end members of conserva-
tive mixing. The mixing of marine and meteoric waters results in a decrease in the Mg/Ca ratio of the diagenetic
fluid, which is generally thought to decrease the saturation state of dolomite. (B) Under constant temperature and
salinity, the !CO2 to total alkalinity (TA) ratio controls the speciation of dissolved inorganic carbon and carbonate
mineral saturation states ("). For the case of aragonite, if !CO2 and TA change in a ratio of 1.05, there will be no
net change in groundwater ". If they change to a ratio >1.05, aragonite " increases, and if the relation is <1.05,
that " decreases. Hydrochemical analyses show that in mixing-zone examples evaluated here, the !CO2 to TA
ratio ranges from 0.96 to 1.08 (Table 1). Consequently, the admixture of freshwater and seawater (or partially
evaporated seawater) and subsurface biogeochemical processes [chemoautotrophy (GPP) versus heterotrophy (R)],
with their contrasting effects over the mixed freshwater–groundwater !CO2 to TA ratio, exert a key control over
dissolved inorganic carbon speciation, pH and dissolution/precipitation processes (inset).
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occurs throughout discrete microscale dissolu-
tion–reprecipitation stages (Nordeng & Sibley,
1994; Kaczmarek & Sibley, 2014). Repeated
establishment of such biogeochemically reactive
interfaces through time over a package of car-
bonate rocks can result in the dolomite being
stratigraphically well distributed. This dolomite
could form as neomorphic replacement of pre-
cursor carbonates or cements in open void
spaces ranging from the submicron scale (i.e.
between micritic crystals) to intergranular pores
and the walls of larger macroscopic dissolution
vugs (mixing-zone ‘sponge rock’ sensu Back
et al., 1986; or flank-margin cavernous, sensu
Mylroie & Carew, 1990).
In this work, the biogeochemistry of freshwa-

ter–seawater mixing zones is evaluated in terms
of hydrochemistry and microbial community
structure. A revised diagenetic model of the mix-
ing zone with an emphasis on its potential to be
a zone of dolomite formation is then presented.
Some proposed examples of Cenozoic mixing-
zone dolomites from around the Gulf of Mexico
and the Caribbean provide further details of
potential textures, luminescence, isotopic and
trace element signatures of mixing-zone dolo-
mites. These examples include the Eocene–-
Oligocene of the Central Florida Platform, the
Mio-Pleistocene of Bonaire and Curaçao, Holo-
cene of north-eastern Yucatan Platform, Isla de
Monas in Puerto Rico, South Andros Island in
the Bahamas and Ambergris Cay in Belize (Ward
& Halley, 1985; Mazzullo et al., 1987; Cander,
1994; Fouke et al., 1996; González et al., 1997;
Whitaker & Smart, 1998; Teal et al., 2000; Gas-
wirth et al., 2007; Sumrall et al., 2015). Finally,
from the comparative analysis of the textural,
chemical and isotopic variabilities of the dolo-
mite locales re-evaluated here, this work empha-
sizes the need for systematic facies-scale to
crystal-scale studies of the geochemical and
potentially isotopic composition of possible
ancient mixing zones. The cementing phases
formed therein are potential windows for under-
standing the long term-dynamics, kinetics and
bioenergetics of subsurface life, and the crucial
role of the latter in differential diagenesis and
rock-selective dolomitization.

Microbial involvement in shallow burial
dolomite formation

The interaction between biochemical and
hydraulic gradients in the mixing zone forms an
environment with a wide range of pH, redox

potential (Eh), alkalinity, ionic strength and
ionic speciation that can favour microbial cataly-
sis of dolomite. The more traditional interpreta-
tion (Dorag model, sensu Badiozamani, 1973)
would limit these effects only to the modifica-
tion of relative saturation state of calcite and
aragonite versus that of dolomite (Smart et al.,
1988). However, the dolomite precipitation rate
is not linear with respect to saturation state, and
every two-fold increase in the saturation state of
dolomite results in a five-fold to nine-fold
increase in precipitation rate (Arvidson &
Mackenzie, 1997). As a result of that non-linear-
ity, the dolomite precipitation rate will still not
be as fast as the calcite precipitation rate (Zud-
das & Mucci, 1994).
In the past three decades, studies of synthetic

dolomite precipitated under the influence of
prokaryotes isolated from hypersaline settings
have demonstrated that microbial activity is
involved in formation of dolomite (Vasconcelos
et al., 1995; Warthmann et al., 2000; Wright &
Wacey, 2005), or its VHMC precursors (Gregg
et al., 2015). Subsequent laboratory experiments
and numerous empirical observations in modern
dolomite forming settings reinforced the notion
that some microbial metabolic pathways could
play an important role in the formation of dolo-
mite (Petrash et al., 2017). In the most general
sense, anaerobic heterotrophy (for example, the
reduction of manganese, iron and sulphate) all
generate localized alkalinity, while sulphate
reduction also plays a role in liberating Mg2+

from the soluble aqueous MgSO4 complex.
Whether dolomite formation is a direct product
of microbial metabolic activity or is rather medi-
ated by the reactivity of microbial exopolymers
(EPS) toward Ca2+ and Mg2+ ions remains an
ongoing debate. In addition, more recent experi-
ments have demonstrated that an increase in
mobile transition metals such as Mn and Zn
have a catalyzing function (Daye et al., 2019;
Vandeginste et al., 2019) that other studies have
ascribed to dissolved sulphide and the exopoly-
mers excreted by microbes (Zhang et al., 2012a;
Roberts et al., 2013).
In recent years the microbial model for dolo-

mite formation has generated significant debate,
both with supporters and detractors (Gregg
et al., 2015; Petrash et al., 2017; Manche & Kacz-
marek, 2019). Kinetic studies (Kell-Duivestein
et al., 2019) have demonstrated that activation
energy for the transition to fully crystalline dolo-
mite is much lower for a disordered near-sto-
chiometric precursor than a non-stochiometric
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precursor. Extrapolation of results from high
temperature experiments to lower temperature
diagenetic realms indicate that the time needed
for these products to achieve a poorly ordered
dolomite could be under a year at 25°C but may
take up to 6.8 Myr to become near-stoichiomet-
ric dolomite (Kell-Duivestein et al., 2019). These
findings reinforce empirical results where syn-
thetic Ca-rich microbial dolomite often shows
poorly expressed reflections (i.e. {101}, {015},
{021}), indicative of poor lattice order (Gregg
et al., 2015). These properties also characterize
some Late Neogene dolomite deposits (e.g. Van
Lith et al., 2003), which supports the viability of
syngenetic microbial precipitates as the poorly
ordered precursor that must go through ripening
and aging for shallow burial diagenetic dolomite
formation in the larger scale geological context.
In such a context, the diagenetic imprint of most
Neogene carbonate platforms records a signifi-
cant chapter attributed to the mixing of freshwa-
ter and seawater. The biogeochemical conditions
under which mixing-zone diagenesis occurs
affect the dynamics of elemental cycles relevant
to the carbonate system, with subsurface
prokaryote communities defining redox budgets
and transformations that could influence
dolomitization at different temporal and spatial
scales.

BIOGEOCHEMICAL TRANSFORMATIONS
IN THE MIXING ZONE

The spatial distribution and temporal evolution
of microbial functions capable of driving rate-
limiting diagenetic processes, such as organic
carbon turnover, are yet to be fully investi-
gated in extended coastal aquifers such as
those considered here. Despite the limitation
imposed for the lack of systematic studies
characterizing the subsurface biosphere func-
tioning in Cenozoic carbonate platforms, this
section considers and relates diverse data from
discrete coastal mixing zones to offer a general
perspective on the biogeochemical conditions
relevant to CO2 equilibria in the coastal mixing
zone.
Table 1 illustrates the variability observed in

key parameters of modern mixing zones that
occur primarily in Neogene limestone rock units
that also contain substantial dolomite-bearing
successions. This variability suggests that steep
redox gradients can form within the mixing zone
(Fig. 2) in association with discrete metabolic
reactions (Table 2). The multistep or cascade
reactions governing these transformations regu-
late parameters such as !CO2, alkalinity and pH
buffering. Coupled with the effects of tempera-
ture and salinity (Mucci, 1983; Lee & Millero,

Fig. 2. A simplified scheme of an unconfined coastal aquifer system with deeper sourced fluxes of bioactive
chemical species (for example, Yucatan, Central Florida). Groundwater level and flow is controlled by seasonal
climate and inland hydraulic gradients. Relative sea-level changes can affect tides and circulation cells flows. An
active transformation of electron donors/acceptors occurs across this coastal aquifer system and, consequently,
redox gradients develop and exert critical controls over carbon turnover (OM ! CO2 ! CH4). Other reactants (for
example, seawater-derived Mg2+) are delivered to the active sites of carbonate precipitation by circulation cells
driven by salinity gradients.

© 2021 The Authors. Sedimentology © 2021 International Association of Sedimentologists, Sedimentology, 68, 1797–1830
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1995; Millero, 1995), those parameters ulti-
mately control carbonate precipitation and/or
dissolution. In the case of the latter, hydrochem-
ical mixing, CO2 generated by oxidation of
organic matter, or H+ formed by re-oxidation of
reduced sulphur species are well established
aragonite and Mg-calcites’ dissolution/reprecipi-
tation agents in upper mixing zones (Bottrell
et al., 1991; Stoessell, 1992; Whitaker & Smart,
1998). However, precipitation of dolomite linked
to biogeochemical transformations was not con-
sidered in either the initial conceptualization of
the mixing-zone model or in subsequent criti-
cisms of the original conception. When a favour-
able set of reactions consuming protons and
producing alkalinity occur at any point in time,
they should promote the formation of a spatially
restricted body of carbonate mineralization,
including dolomite. To understand how these
reactions impact dolomitization, it is necessary
to consider the distribution, availability and

likely modes of utilization of microbial energy
sources in the mixing zone.

Bioenergetics in the mixing zone: temporal
and spatial variability

This section considers the general distribution
and transformations of terminal electron accep-
tors (TEA) and organic matter stocks reported in
discrete confined and unconfined coastal aquifer
examples featuring Neogene dolomite succes-
sions. This study also causally connects such
transformations with concurrent changes in car-
bonate equilibrium and other relevant hydro-
chemical variables also reported, including, for
instance, S and C isotope proxies. Together the
data available point to an active recycling of
bioactive elements within modern coastal mix-
ing zones.
In addition to the vertical zonation of electron

acceptors/donors typically observed in marine

Table 2. Metabolic reactions involving organic matter (OM) respiration and predicted effects on carbon equilib-
rium conditions (after Soetaert et al., 2007 and Loyd et al., 2012).

dpH !TA* !!CO2

!TA/
!!CO2

Aerobic oxidation
(1) CH2O" #106 NH3" #16H3PO4$138O2

$16HCO!
3 ! 16NO!

3 $0:5HPO2!
4

$0:5H2PO
!
4 $122CO2$138H2O$1:5H$

!1.32 ! 10!3 –17.5 +106 –0.17

Nitrate reduction
(2) CH2O" #106 NH3" #16H3PO4$94:4NO!

3 $92:9H$ !55:2N2

$0:5HPO2!
4 $0:5H2PO

!
4 $106CO2$177:2H2O

!0.26 ! 10!3 +93.4 +106 +0.88

(3) NO!
3 $HS!$H2O$H$ !NH$

4 $SO2!
4 +1

Manganese reduction
(4) CH2O" #106 NH3" #16H3PO4$212MnO2"s#

$318CO2$106H2O$13:5H$ ! 15NH$
4

$0:5HPO2!
4 $0:5H2PO

!
4 $424HCO!

3 $212Mn2$

+3.94 ! 10!3 +438 +106 +4.13

Iron reduction
(5) CH2O" #106 NH3" #16H3PO4$424Fe OH" #3"s#

$742CO2$13:5H$ ! 15NH$
4 $0:5HPO2!

4 $0:5H2PO
!
4

$848HCO!
3 $424Fe2$$318H2O

+9.2 ! 10!3 +862 +106 +8.13

Sulphate reduction
(6) CH2O" #106 NH3" #16H3PO4$53SO2!

4 $13:5H$ ! 15NH$
4 $0:5HPO2!

4
$0:5H2PO

!
4 $53CO2$53HCO!

3 $53HS!$53H2O
!0.64 ! 10! 3 +67 +106 +0.63

Methanogenesis
(7) a) CH2O" #106 NH3" #16H3PO4 !0:5CO2$16NH3$H3PO4$0:5CH4

b) 2HCO!
3 $4H2 !CH4$CO2!

3 $3H2O
!0.58 ! 10! 3 +15

0
!1
!1

0
0

Anaerobic oxidation of methane
(8) (a) CH4$4MnO2$7H$ !HCO!

3 $4Mn2$$5H2O
(b) CH4$8Fe OH" #3$15H$ !HCO!

3 $8Fe2$$21H2O
(c) CH4$SO2!

4 !HCO!
3 $HS!$H2O

!0.13 ! 10! 3 +1 +1 +1

*TA"2 CO2!
3

! "
$HCO!

3 $OH!$HPO2!
4 !H$.
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sediments (Froelich et al., 1979; Konhauser,
2007), biogeochemical processes in coastal
groundwaters can lead to complex patterns in
the distribution and speciation of nitrogen, sul-
phur, manganese and iron along the axis of the
hydraulic gradient (Lovley & Chapelle, 1995).
Due to this biogeochemical complexity, carbon-
ate equilibrium in the mixing zone can be
locally impacted by the segregated distribution
and activity rates of micro-organisms capable of
driving carbon turnover and alkalinity produc-
tion throughout the cycling of bioactive ele-
ments.
Many reviews exist on the role of biogeochem-

istry in carbonate systems (Zeebe & Wolf-Gla-
drow, 2001; Soetaert et al., 2007; Wolf-Gladrow
et al., 2007; Middelburg, 2019). In the contin-
uum of organic matter degradation processes
(Boudreau & Ruddick, 1991; Beulig et al., 2018),
these reactions (Table 2) are the energy source
sustaining long-term microbial functioning.
The distribution of biogeochemical zones

within modern unconfined coastal mixing zones
has been studied via localized electrochemical
measurements and chemical analyses (Charette
& Sholkovitz, 2002; Kroeger & Charette, 2008;
Rodellas et al., 2015). Nonetheless, in timescales
of 105 to 106 years, the location and geometry of
redox gradients within confined and unconfined
systems can be strongly modified by changes in
relative sea level and climate, with the latter act-
ing as a dynamical system that has a non-linear
response to quasi-periodic orbital forcing
(Westerhold et al., 2020). The zone of maximum
redox gradient (i.e. the redoxcline) in uncon-
fined coastal mixing zones can also change fort-
nightly due to tides (Taniguchi, 2002; Boehm
et al., 2006; De Sieyes et al., 2008), and season-
ally due variations in recharge (Michael et al.,
2005; Charette, 2007), both of which also affect
the location and depth of the halocline (i.e. the
zone of maximum salinity gradient). In addition,
multiple geological, hydrological and hydraulic
variables affect groundwater flow paths and mix-
ing through the heterogeneous subsurface fea-
tures of coastal landmasses resulting in a
patchwork-like pattern of diagenetic effects
across large-scale hydrogeological systems (Cha-
pelle et al., 1995; Befus et al., 2017).

Oxygen availability, organic matter turnover
and "CO2

Dissolved oxygen (DO) can be introduced into
the aquifer via recharge, thus facilitating aerobic
oxidation of dissolved organic matter, or DOM

(Table 2, Reaction 1). This DOM is comprised
of organic acids, humic substances, polysaccha-
rides, short chain hydrocarbons and other bio-
molecules. Groundwater can then remain
partially oxygenated where there is a general
lack of DOM and other electron donors, such as
reduced sulphur species that support microbial
O2 reduction (McMahon, 2001). The redox
chemistry of fresh and mixing-zone waters
could be expressed in terms of the flow path.
Models of the confined Intermediate and Upper
Floridan aquifers show that downdip of the
coastal mixing zone, and along the axis of the
hydraulic gradient, there is significant variation
in DO linked to terrestrial DOM inputs (Sacks
& Tihansky, 1996). Similarly, the halocline in
the unconfined Yucatan aquifer has been
recently portrayed as a ‘conveyor belt’ for the
transport of terrestrial DOM from hypoxic to
anoxic zones (Calderón-Gutiérrez et al., 2018).
In the anoxic mixing zone of Yucatan, the
involvement of methanogenic archaea was also
assumed to contribute to the DOM supply
because these chemoautotrophs produce abun-
dant organic carbon (Pohlman et al., 1997;
Brankovits et al., 2017).
In the modern mixing zone of the Upper

Floridan Aquifer, the measured variability in
!CO2 ranges from 1400 to 3500 µatm (Table 1).
The groundwater !CO2 is significantly corre-
lated with DOM and, to a lesser extent, the con-
centrations of reduced S species (Katz, 1992;
Sacks & Tihansky, 1996). Brankovits et al.
(2017) observed similar covariation of !CO2 and
DOM in the mixing zone of Yucatan. The redox
environment of the modern mixing zone on
Curaçao and Bonaire remains to be investigated,
but Fouke (1993) noted that unpublished
groundwater monitoring data from Curaçao
record bicarbonate (HCO!

3 ) concentrations rang-
ing between 197 ppm and 488 ppm that
increased toward hypoxic zones. In Curaçao,
Fouke et al. (1996) also reported Ca-dolomite
oversaturation in the groundwater system from
a combination of basalt dissolution, which sup-
plied dissolved Ca, Mg, Sr ions and anaerobic
respiration of DOM generating HCO!

3 and addi-
tional alkalinity.
In near shore groundwaters another mecha-

nism that modulates dissolved species is ebb
tidal pumping of seawater into the coastal aqui-
fer (Santos et al., 2009a,b). In the east coast of
South Andros Island, Bahamas, Whitaker &
Smart (1998) reported that this mechanism
caused enhanced mixing within fracture-related
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caves. A freshwater lens underlying the island
gives way to a brackish lens in the vicinity of
the fracture system. The salinity of the brackish
lens increases with depth and their waters are
geochemically distinct from those of the sur-
rounding freshwater lens because of inputs of
surface-derived DOM. Carbonate supersaturation
at shallow depths in both fresh and brackish
waters results from degassing of CO2 sourced
from organic matter (OM) oxidation. Below this
shallow zone, waters exhibit variable equilib-
rium conditions with regard to carbonate miner-
als (Whitaker & Smart, 1998).

Nitrogen
Biogeochemical and numerical studies con-
ducted on modern mixing zones show that an
availability of labile DOM rapidly exhausts DO
and dissolved nitrate (NO!

3 ) levels (Table 2,
Reaction 2), while enriching the porewater in
ammonia (NH$

4 ; Table 2, Reaction 3; Santoro,
2010) and bicarbonate, which increases alkalin-
ity and pH. However, the distribution of NO!

3 -
and NH$

4 across coastal aquifers has been found
to exhibit complex temporal patterns (Santos
et al., 2008, 2012). For instance, there are zones
where NO!

3 and NH$
4 seem to co-exist in mea-

surable quantities, suggesting the existence of a
diverse microbial community. That community
would be capable of combining heterotrophic
and chemoautotrophic processes, for instance
coupling either ammonium oxidation to Mn(IV)
reduction (Reaction R1) or Mn(II) oxidation to
nitrate reduction (Reaction R2) (Sørensen, 1987;
Hulth et al., 1999; Kroeger & Charette, 2008;
Santoro, 2010).

NH$
4 $4MnO2$6H$ ! 4Mn2$$NO!

3 $5H2O

(R1)

5Mn2$$2NO!
3 $4H2O! 5MnO2$N2$8H$

(R2)

Although some of these metabolisms are chemo-
lithotrophic, and thus do not directly involve
formation of bicarbonate, they can significantly
impact pH and pCO2 through CO2 fixation to
organic carbon (Thorstenson & Mackenzie, 1974;
see also Middelburg, 2019) and may ultimately
facilitate dolomite formation (Slaughter & Hill,
1991).

Transition metals
Mobility of redox sensitive trace metals in pore-
waters is governed by the redox potential (Eh)

and pH of the pore fluid, with some transitional
metals being immobilized by their co-precipita-
tion with Mg and Ca into carbonates (notably Fe
and Mn), or forming oxyhydroxide or sulphide
solid phases. Therefore, Eh variability in the
mixing zone does not only affect the precipita-
tion/dissolution rates of carbonates, but also
those of other coexisting mineral phases. Cyclic
interaction with DO within coastal mixing zones
can result in re-oxidation, mobilization, and
changes in affinity and binding properties of
transition metals. Therefore, DO exhaustion in
mixing-zone diagenetic realms is usually accom-
panied by measurable changes in the strati-
graphic distribution (partitioning) or redox
sensitive elements. Moreover, the bioutilization
of these metals is at times linked to that of other
TEA that might also be available. For instance,
several lines of recent metagenomic evidence
show that subsurface communities that actively
metabolize nitrate also impact the interlinked Fe
and S cycles, (for example, Reactions R3 and
R4) (Jewell et al., 2016, 2017; Starke et al.,
2017).

10Fe2$$2NO!
3 $24H2O! 10Fe OH" #3$N2$18H$

(R3)

5HS!$8NO!
3 ! 5SO2!

4 $4N2$3OH!$H2O

(R4)

Portions of modern mixing zones are now
known to host a reactive area in which fresh
anoxic groundwaters provide Fe(II) that is
locally oxidized and stabilized as ferric oxyhy-
droxide phases [for example, Fe(OH)3; FeOOH]
upon mixing with the brackish hypoxic ground-
water (Charette & Sholkovitz, 2002; Johannesson
et al., 2011; McAllister et al., 2015). These ferric
oxyhydroxides can later serve as a substrate for
Fe(III)-reduction once DO is exhausted. Contin-
ued transition down the TEA ladder will further
decrease Eh to establish increasingly reducing
conditions. Then Mn(IV, III) and Fe(III) are pro-
gressively used prior to the unset of dissimila-
tory sulphate reduction. However, re-
establishment of DO in a previously anoxic part
of the mixing zone can re-oxidize the Fe(II) and
Mn(II) stocks.
In the fractured cave system encompassing the

modern mixing zone on the east coast of South
Andros Island, microbial processes involving
Fe-oxidation were found to be responsible for
dissolution of calcite and aragonite, while the
lower mixing-zone waters remained saturated
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with respect to dolomite (Whitaker & Smart,
1998). For example, maximum CaCO3 dissolu-
tion was found to occur in the freshwater phrea-
tic zone where ferric oxyhydroxides can be
found coating the cave wall. As shown in Reac-
tion R3 above, denitrification coupled to Fe(II)
oxidation significantly impact the pH of ambient
water. Whitaker & Smart (1998), however, attrib-
uted the additional dissolution potential in the
upper mixing zone to an increase in !CO2

linked to the microbial oxidation of OM coupled
to dissimilatory Fe(III) reduction (Table 2, Reac-
tion 5).
Excess CO2 in the groundwater is degassed at

the water table, progressively lowering pCO2 just
toward the lower mixing zone. Although dolo-
mite was not apparent in thin sections of the
Bahamian cave system, elemental analysis of the
wall rock revealed bulk Mg enrichments in the
modern mixing zone as compared with wall
rocks located at the saline and freshwater end
members (Whitaker & Smart, 1998). Recent dolo-
mite found in submarine sinkholes at far field
interaction between seawater and freshwater at
the Great Bahama Bank exhibits Fe and Mn
enrichment attributed to reductive conditions
(Whitaker et al., 1994). Similarly, Gebelein et al.
(1980) documented patchy disordered dolomite
formation only in tidal flat facies intersected by
the modern freshwater–seawater mixing zone.
Interestingly, in the subsurface of the Abu

Dhabi sabkha, Chafetz & Rush (1994) docu-
mented sabkha-type Pleistocene dolomite with
nearly ideal stochiometric composition that con-
trasts with that formed since the Quaternary
under evaporitic conditions. Stable oxygen iso-
tope and elemental concentration analyses of
those Pleistocene sabkha sequences suggests that
the diagenetic fluid responsible for dissolution
of precursory phases and cementation by dolo-
mite likely includes relevant proportions of a
meteoric endmember. Dolomitization also
appears to have occurred more intensively in
facies exhibiting Mn enrichments (Chafetz et al.,
1999). Similarly, in the Little Bahama Bank,
Vahrenkamp & Swart (1994) reported on marked
Mn and Fe enrichments in Mio-Pliocene dolo-
mite crusts. These crusts predominantly formed
under marine phreatic conditions but were also
influenced by a palaeo-mixing zone. Also, in the
modern mixing zone of Curaçao, van Sambeek
et al. (2000) reported that the presence of more
alkaline, dolomite saturated brackish groundwa-
ters coincides with a step concentration gradient
of dissolved Fe(II).

Different lines of evidence have more recently
pointed to dissolved Mn and Zn as potentially
important catalyzers of early diagenetic ordered
dolomite nucleation (Daye et al., 2019; Li et al.,
2019a; Vandeginste et al., 2019). In fresh coastal
aquifers, dissolved Mn concentrations are gener-
ally <100 nmol kg!1 but are often comparatively
enriched in the higher salinity reducing ground-
waters (Table 1). Moreover, Mn(IV) reduction
coupled to organic matter oxidation (Table 2,
Reaction 4) is the second most powerful alkalin-
ity generator (Fig. 3). Mn(II) availability in sul-
phate/carbonate-bearing aqueous media are
highly dependent on the redox state of the solu-
tion, and under high pH, low Eh regimes it
becomes incorporated into carbonate minerals
(Ham, 1972; Barnaby & Rimstidt, 1989; Li et al.,
2019b). A mechanism of continuous alkalinity
generation might, in turn, be related to biologi-
cal recycling of Mn in the presence of S0 (Pet-
rash et al., 2015). Zinc concentrations in
uncontaminated parts of the Florida aquifer are
usually around 2 to 12 nmol kg!1, although an
increase occurs downgradient where waters
from deeper in the confined aquifer are upwel-
ling toward the discharge zone along the mod-
ern shoreline (Tang & Johannesson, 2005). In
the Mio-Pleistocene of Bonaire aquifer Zn (and
Sr) enrichment is observed in dolomite
cements. These elements are thought to be
sourced from the interaction of mixed source
water with the meteorically altered basaltic
basement (Fouke et al., 1996). Zinc availability
is affected by pH and the presence of sulphides
which precipitate any available Zn (Krężel &
Maret, 2016). As such, the optimal range for the
presence of both of these ions (Mn+2 and Zn+2),
and their possible catalyzing effect over dolomi-
tization, would be in a reduced, but not sul-
phidic, medium at pH of 7 to 8 and Eh in the
range !100 to !200 mV. Such conditions are
reported, for instance, in the coastal unconfined
Upper Florida aquifer (Haque & Johannesson,
2006).

Sulphur respiration and methane production/
oxidation
Sulphate reduction (Table 2, Reaction 6) and
methanogenesis (Table 2, Reactions 7a and 7b)
are the terminal metabolic pathways involved in
changes in !CO2 and DOM concentrations, and
both reactions are thought to exert some control
over the diagenetic conditions of dolomite for-
mation (Petrash et al., 2017). Sulphate reduction
has been found to be an important process in
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both the Floridan and the Yucatan modern mix-
ing zones. Its impact is most pronounced where
the concentrations of sulphate along the flow
paths of deeply circulating fresh groundwater
are increased by the dissolution of underlying
evaporites (Jones et al., 1993; Sacks & Tihansky,
1996; Socki et al., 2002). In other settings where
methane is present, iron and manganese oxides
and sulphate stocks can also drive the anaerobic
oxidation of methane (AOM, Table 2, Reactions
8a to 8c). When coupled to sulphate, this condi-
tion leads to significant regional variability in
the sulphate levels of the mixing-zone ground-
water (Table 1). The SO4–AOM is considered a
bioenergetically challenging reaction, whereas
Mn–AOM and Fe–AOM are more energetically
favourable processes (Riedinger et al., 2014).

Methane diffused toward suboxic zones can also
be oxidized with nitrate (Thiel, 2018). However,
in diffusive profiles SO4–AOM is for the most
part more common due to depletion of the other
TEA in the vicinity of the methanogenic zone.
The !34S values (V-CDT – Vienna-Canyon Dia-

blo Troilite) in the unconfined groundwaters of
Central Florida are +1.7 to +33.1‰ for dissolved
sulphate and !42.1 to + 14.6‰ for dissolved
sulphide. These values likely point to gypsum
dissolution as the primary source of the dis-
solved sulphate that was subsequently reduced
in the modern mixing zone (Sacks & Tihansky,
1996). Accordingly, the higher !34S values are
the product of near thermodynamic equilibrium
fractionation between sulphate and sulphide.
The lower to intermediate values reflect the

Fig. 3. Evolution of electron acceptor availability, principal metabolic mode (see Table 2), Eh and alkalinity
across a depth/redox gradient in marine sediments. Vertical scale varies in accordance with organic matter con-
tent and advection rate from millimetres to decimetres. Expected change in cathodoluminescence (CL) intensity of
carbonates based on the change in Eh/pH and available ions and known diagenetic mineral phases for each diage-
netic zone (Machel, 1985). Modified after Petrash et al. (2017).
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openness of the sulphur cycle and results from
other processes occurring in parallel, such as
sulphide oxidation and elemental sulphur (S0)
disproportionation: S0 disproportionation involves
the simultaneous reduction of sulphate and re-
oxidation of sulphide and is important during
shallow burial diagenesis. In anoxic porewater–-
sediment systems, it is linked to the reductive
dissolution of the Mn(IV)oxide stocks and Fe
(III)-(oxyhydr)oxide stocks (Canfield et al., 1998;
Böttcher & Thamdrup, 2001) according to Reac-
tions R5 and R6, respectively:

S0$3MnO2$4H$ !SO2
4$3Mn2$$2H2O (R5)

3S0$2FeOOH!SO2!
4 $2FeS$2H$ (R6)

Regarding intermediate sulphur availability,
Davis & Garey (2018) reported the presence of
vents affecting hypoxic cave waters where
multicolour biofilms developed. Toward the bot-
tom, the vents sporadically discharge yellowish
organic globules containing sulphur-dependent
bacteria. Thin filamentous mats with white coat-
ings, presumably elemental S0, were also found
in other parts of the same cave system where
fluids sourced from the evaporites underlying
the Avon Park Formation admix with the cave
waters (Davis & Garey, 2018). This observation
exemplifies the complexity of interpreting
microbial zonation and functioning, and the role
of fluid flow in the transport of TEA within mix-
ing zones.
Recent work on the marine sulphate–methane

transition zone (SMTZ) highlighted the impor-
tance of microbial sulphate respiration in alka-
linity generation (Wurgaft et al., 2019). These
findings can be extrapolated to SMTZs devel-
oped in coastal aquifers because of the interac-
tion between methane generated in the organic-
rich phreatic zone and sulphate-rich mixing
zone. Sacks & Tihansky (1996) observed covaria-
tion in !34S values and HCO3

!, which were
interpreted as indicative of alkalinity generation
under a locally significant contribution of
microbial sulphate reduction. These authors
also mentioned isotopically heavier groundwa-
ters associated with increased sulphate concen-
trations. However, the !13C of dissolved
inorganic carbon (!12.0 to !2.9‰) in the Upper
Floridian aquifer also suggests methanogenesis
and methanotrophy as two significant controls
affecting the distribution of inorganic carbon
stocks (Table 1).

In the shallow hypoxic mixing zone of the
Yucatan Platform, the linking of carbon and sul-
phur cycles still needs to be fully evaluated.
Molecular and isotopic evidence, together with
the relative abundance of archaeal communities
(Table 3), point to methanogenesis as a domi-
nant process, although with strong control of
methanotrophy (Brankovits et al., 2017). Metha-
nogens are strict anaerobes, but apart from that,
they are rather versatile with respect to environ-
mental conditions and thrive well within the
range of salinities characterizing mixing zones
(Thiel, 2018). Based on measurements involving
quinone production and consumption, Branko-
vits et al. (2017) estimated that methanotrophs
dominate the brackish to freshwater groundwa-
ter of the modern unconfined Yucatan aquifer,
where they consume up to 93% of the methane
produced. This is consistent with a measurable
decrease in DOM. Deeper in the aquifer toward
the marine interface, Socki et al. (2002) sug-
gested a similar syntrophic methanogenesis/
methanotrophic mechanism. Those authors
observed that the carbon and sulphur cycles are
intertwined by correlating shifts in pH and !34S
of dissolved sulphate and sulphide. Dissolved
sulphate measured in the shallow part of the
submarine aquifer shifts from +22.2‰ to up
to +41.8‰, which Socki et al. (2002) interpreted
as the result of microbial sulphate reduction.
The S isotope shift in sulphate is accompanied
by the occurrence of a wide range of isotopically
depleted dissolved sulphide (!32.9 to !2.5‰)
pointing to a zone of active S cycling that
includes re-oxidation and disproportionation.
Above this zone, a significant effect on ground-
water pH conditions point to the admixture of
waters containing CaSO4(aq) derived from the
dissolution of underlying evaporites (Socki
et al., 2002). Given that the chemical data do
not point to removal of sulphate, the methan-
otrophic process may instead be coupled to
nitrate removal (Brankovits et al., 2017), but, as
mentioned above, Mn(IV, III) and Fe(III) reduc-
tion could also mediate AOM (Beal et al., 2009;
Thiel, 2018). Locally, the introduction of more
energetic TEA to the AOM zone might be medi-
ated by strong advective flow within the Yuca-
tan aquifer (Canul-Macario et al., 2019).
In the groundwaters of South Andros Island,

saturation indices are significantly lower than
predicted by theoretical mixing calculations.
This is due to in situ generation of CO2 via
organic matter oxidation coupled to sulphate
reduction (Whitaker & Smart, 1998). As in the
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case of the Yucatan aquifer, the zone of dissimi-
latory sulphate reduction and organic matter
oxidation in the subsurface of South Andros
Island is separated by a redox interface from an
overlying zone of sulphur species re-oxidation.
This interface is an important locus for carbon-
ate mineral dissolution (Lasemi et al., 1989).
Yet, the combined product of enhanced ground-
water flow, source mixing and OM oxidation is
ultimately favourable to dolomite growth (Whi-
taker & Smart, 1998). Dolomitic crusts form in
Ambergris Cay, Belize, a sedimentary setting
that can be described as a coastal aquifer where
admixture of freshwater and seawater occurs
(Mazzullo et al., 1987; Teal et al., 2000). The

dolomitic crusts here formed under the influ-
ence of seasonally fluctuating salinities which
also indicates complex mixed-water interactions.
The !13C and !18O data from these dolomitic
crusts point to the influence of meteoric waters
transporting soil-derived carbon through the
flats (Mazzullo et al., 1987; Teal et al., 2000). In
schizohaline settings, sulphur-dependent meta-
bolisms were also proposed as key agents cap-
able of buffering the system toward a sustained
state marked by elevated pH and alkalinity gen-
eration (Petrash et al., 2016). Notably, in the
Pleistocene of the Abu Dhabi sabkha, where
brackish groundwater with a meteoric influence
admixes with partially evaporated seawater,

Table 3. Reported microbiome (as determined via 16S rRNA) in Central Florida (Davis & Garey, 2018) and
Yucatan (Brankovits et al., 2017) aquifers.

Florida Yucatan

Methanogenic
Methanobacteriaceae, Methanospirillaceae,
Methanococcaceae

Methanogenic
Methanomassiliicoccaceae, Methanobacteriaceae,
Methanocellaceae, Methanosarcinaceae, Methanotrichaceae

Methanotrophic
Methylococcaceae (Methylosoma sp.),
Methylocystaceae

Methanotrophic
Methylococcaceae
Methylocystaceae

Methylotrophic
Methylophilaceae (Methylotenera sp.)

Methylotrophic
Methylophilaceae

Ammonia-oxidizing
Bacteria:
Candidatus Anammoximicrobium sp.
Archaea:
Nitrosopumilaceae

Ammonia-oxidizing
Bacteria:
Nitrosomonadaceae
Archaea:
Nitrosopumilus, Nitrososphaera

Denitrifying
Bacteria:
Rhodocyclaceae, Arcobacter sp., Nitrospina sp.,
Sulfurimonas sp.
Archaea:
Halorubraceae, Halobacteriaceae

Denitrifying
Nautiliaceae, Rhodocyclaceae

Nitrite-oxidizing
Moraxellaceae, Nitrospiraceae

Nitrite-oxidizing
Nitrospinaceae, Nitrospiraceae

Sulphate-reducing
Desulfatibacillum sp., Desulfotalea sp.,
Desulfosarcina sp., Dissulfuribacter sp.,
Desulfocapsa sp.

Sulphate-reducing
Desulfobacteraceae, Desulfobulbaceae, Syntrophaceae,
Syntrophobacteraceae

Sulphur-oxidizing
Sulfurimonas sp., Thioalkalispira sp., Arcobacter
sp., Thiobacillus sp., Alkalilimnicola sp.

Sulphur-oxidizing
Rhodocyclaceae, Helicobacteraceae,
Ectothiorhodospiraceae, Halothiobacillaceae,
Thiotrichaceae

Unknown
Emcibacteraceae

Multiple
Hydrogenophilaceae
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sulphur-respiration appears to also be an impor-
tant driver of cementation by partially ordered,
near stoichiometric dolomite in the sediment
column of the upper intertidal zone (Chafetz
et al., 1999; Geske et al., 2015).
Thus far, there has been consideration of geo-

logical and hydrochemical evidence suggestive
of mixing zones as dynamic regions of the bio-
sphere where the unique functional attributes of
subsurface microbial life combine to produce an
environment that may be favourable to dolomite
precipitation. The following section provides an
updated biogeochemical perspective to mixing-
zone dolomitization.

REVISED BIOGEOCHEMICAL MIXING-
ZONE DOLOMITIZATION MODEL

From the commonalities shared by the dissimi-
lar examples above, the picture that emerges is
that coastal mixing zones display marked geo-
chemical disequilibrium interfaces in which oxi-
dizing and reducing species coexist and can be
utilized multiple times by diverse prokaryote
communities. The disequilibrium interfaces are
movable diagenetic fronts in which discrete bio-
geochemical reactions with an impact in mineral
saturation occur within enclosed pore spaces
that are also affected by advective mixing of flu-
ids with contrasting composition and redox
potentials. In their dynamic niches, the micro-
organisms fuelling such reactions induce large-
scale transformations of buried OM and have an
attendant impact on the long-term C cycle
(Edwards et al., 2012; LaRowe & Amend, 2015;
Scheller et al., 2016). This impact includes OM
remineralization and carbonate mineral dissolu-
tion and (re)precipitation, with dolomite being
the most thermodynamically stable product.
There is a general lack of systematic genomic

analyses targeting gene and functionalities
expression along hydraulic and redox gradients
of modern coastal aquifers. Yet, the distribution
and relative abundance of subsurface microbes
in the mixing zones of Florida and the Yucatan
have been evaluated independently by using
prokaryotic 16S ribosomal RNA gene (16S
rRNA) analyses (Brankovits et al., 2017; Davis &
Garey, 2018). These authors focused on the
water at different salinity of cave systems to
provide insight into biogeochemical processes
in the coastal mixing zone. In both carbonate
platforms, the microbial community structure
varies with chemical stratification, and is

spatially heterogeneous. Despite marked differ-
ences in the chemical features of the Floridian
and Yucatan aquifers – a fact first highlighted
by Back & Hanshaw (1970) – there is a remark-
able similarity amongst the communities and
potential functionalities represented by the
prokaryotes thriving in the mixing zones of both
settings (Table 3). Limited genomic analyses
prevented species-level identification and infer-
ences of their exact metabolic functioning. Yet,
by using a comparative bioinformatic approach
relying on high quality sequence marker-gene
analysis and comparison with sequences depos-
ited in gene-accession banks, methanogenesis,
methanotrophy sulphur disproportionation, and
sulphate reduction appear as dominant path-
ways in the anoxic part of the mixing zone
(Brankovits et al., 2017; Davis & Garey, 2018).
As revised and discussed in Petrash et al.
(2017), such metabolic pathways, together with
the heterotrophic breakdown of Ca-reactive and
Mg-reactive EPS, have been linked to near-sur-
face dolomite formation, and may also facilitate
dolomitization in low temperature (<60°C) bur-
ial diagenetic realms.
The formation of dolomite in a coastal mixing

zone requires a mechanism for Mg2+ (and Ca2+)
delivery, dehydration of aqueous complexes and
a set of conditions promoting nucleation of new
dolomite crystals and/or stabilization of pre-
existing precursors as dolomite. In the case of the
latter, subsurface microbes could facilitate
dolomitization through: (i) the production of
exopolymeric biomacromolecules with strong
affinity for Ca and Mg cations and templating
properties (Warthmann et al., 2000; Bontognali
et al., 2010; Zhang et al., 2012b); (ii) efficient gen-
eration of alkalinity linked to OM respiration pro-
cesses and Fe and Mn cycling (e.g. Petrash et al.,
2015, 2016a, 2016b); (iii) release of dissolved sul-
phide through bacterial sulphate reduction
(Zhang et al., 2012a); and (iv) the availability of
transition metal catalysts (Daye et al., 2019; Van-
deginste et al., 2019). The mixing zone represents
an environment where the conditions listed
above can locally concur for periods of 104 to
105 years while the biogeochemically controlled
diagenetic front transitions upward and down-
ward through the sediment pile in response to
recurrently changing agents, such as climate,
hydrology and glacioeustacy (Saller et al., 1994;
Csoma et al., 2004). Therefore, the revised biogeo-
chemical mixing-zone dolomitization model dis-
cussed here (Fig. 4), portrays coastal mixing
zones as domains where carbonate diagenesis is
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influenced by the sedimentary supply of OM and
the presence of regenerable TEA that fuel an
active subsurface life.
Subsurficial microbial activity may also con-

trol the OM stocks, with variable rates and types
of autotrophic and heterotrophic reactions that
could significantly modify the pCO2 levels, driv-
ing dissolution/reprecipitation processes. In par-
allel, the high concentrations of Ca2+ from the
dissolution of metastable aragonite and calcites,
and a constant supply of Mg2+ from circulating
marine waters and from the dissolution of
VHMC, locally results in oversaturation with
respect to dolomite. In this diagenetic front, the
known kinetic barriers limiting the formation of
dolomite are diminished by microbes (Sumrall
et al., 2015). Moreover, as the mobile dolomitiz-
ing front reaches stratigraphic levels with a uni-
form density of pre-existing dolomite nuclei, it
can effectively contribute to stabilize these as a
cement or as a replacement phase, leading to
dolomitization. The pre-existing nuclei likely
formed syngenetically or early during diagenesis
of reef (e.g. Mitchell et al., 1987) to peritidal set-
tings (e.g. Teal et al., 2000) under the influence
of seawater. To then account for the large-scale
dolomite cementation and/or replacement that
typify some levels in Neogene to Palaeogene

platforms, the dolomite precursors must have
passed through multiple palaeo-mixing zones.
This is because throughout any given carbonate
platform, at timescales of 105 to 106 years, the
mixing zone and its intrinsic diagenetic pro-
cesses migrate back and forth as the result of rel-
ative sea-level change and coastal progradation
and retrogradation (Csoma et al., 2004), which
repetitively expose most of the upper part of the
platform to contrasting biogeochemical condi-
tions. Migration of the redox front and reoccur-
rence of the mixing zone over such timescales
could theoretically result in a large dolomite
body (Humphrey & Quinn, 1989; Budd, 1997).
As discussed in the next section, in some

cases the fabric in the younger mixing zone, pre-
dominantly replacing dolomite is retentive, sug-
gesting a nuanced dissolution–precipitating
reaction at the crystal surface level. Local
microenvironments and surface reactive compo-
nents related to microbial activity may play a
significant role in allowing this sort of cementa-
tion and replacement mechanism. The impor-
tance of microenvironments stands out even
more when arid environments are concerned as
the organic load in them is lower and localized.
Still, under arid precipitation conditions, both
the mixing of fluids with contrasting salinity

Fig. 4. Conceptualization of the revised mixing-zone diagenetic model considering the biogeochemical controls
over dolomitization.
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and locally variable biogeochemistry could be
related to dolomitization, as observed in sabkha
environments (Chafetz et al., 1999; Geske et al.,
2015; Rivers & Kaczmarek, 2020).

PETROGRAPHIC AND GEOCHEMICAL
FEATURES OF DOLOMITE AS
BIOGEOCHEMICAL MIXING-ZONE
PROXIES

Diverse chemical and microbial parameters can
be measured in modern mixing zones, but such
measurements only reflect a short, somewhat
static, view of a temporally and spatially vari-
able picture. The ‘snapshots’, however, can be
recorded in the carbonate rock record either as a
time series, i.e. multiple generations of cements
with discrete chemical and isotopic signatures,
or an integration of them over time. As dis-
cussed in this section, this implies that the
cements and recrystallized carbonates formed in
equilibrium with porewaters in the mixing zone
also record changes in climate and relative sea
level over multiple temporal timescales. Those
externally driven secular changes present chal-
lenges to extrapolating through time and space
all possible biogeochemical and redox transfor-
mations occurred in mixing zones. On the other
hand, dissolution voids and non-recrystallized
mineralogical products produced along these
cycles are often preserved and can inform us on
the changes in the palaeochemistry of the aqui-
fer relative to the migration of the mixing zone.
A link between carbonate diagenesis and sea-

level changes has been previously referred to by
Csoma et al. (2004) as diagenetic salinity cycles.
The definition of such cycles is useful for pre-
dicting early near-surface diagenetic processes
and products, given a record of relative sea-level
rise and fall and accompanying shallow burial
alteration under the set of conditions pertaining
to the mixing zone (as was previously described
by Matthews & Frohlich, 1987; Humphrey &
Quinn, 1989). Csoma et al. (2004) suggested that,
beginning with deposition, coastal carbonate
rocks could be bathed in successive cycles of
marine phreatic, mixing zone, freshwater phrea-
tic, mixing zone and marine waters as sea level
oscillated through time (Fig. 5A to D). The mar-
ine to freshwater leg occurs with sea-level fall,
and the freshwater back to marine leg occurs
with sea-level rise. These salinity cycles are
superimposed by climatic shifts driven by
eccentricity, and more frequently by precession

and obliquity forcing mechanisms (Fig. 5E). The
climatic shifts modify the freshwater recharge,
evaporation and vegetation patterns, with con-
current effects over the diagenetic potential in
freshwaters and mixing zones (Saller et al.,
1994).
A long-term proxy is required to understand

how the temporal and spatial changes in the
bioavailable energy sources associated with a
diagenetic salinity cycle might be manifested in
a dolomite body. A way forward is through
detailed analyses of well-preserved zoned dolo-
mitic carbonate cements that were stabilized
under the influence of ancient mixing zones.
The traditional mixing-zone interpretation of
most of these cements is typically based on bulk
rock !18O values that are less than those of con-
temporary dolomite formed from seawater, and/
or exhibit a linear covariance with !13C values,
suggestive of the influence of carbon transforma-
tions not associated with marine pore fluids.
Critics of the traditional mixing-zone model
would reject these arguments, suggesting instead
flawed interpretation of !18O values. In doing so,
they disregard variation in in situ temperatures
and fluid composition. In addition, there is large
uncertainty regarding the actual !18O fractiona-
tion factor between the fluid source and dolo-
mite (Müller et al., 2019). Depending on what
factor is used, variability of !18O estimated for
the water in equilibrium with the mineral at the
time of precipitation can exceed 3‰ (Murray &
Swart, 2017). Despite uncertainty, a review of
the isotopic attributes of these cements is
nonetheless informative as it sheds light on
what the ultimate product of a mixing-zone
dolomite might be. Further, as detailed in a sub-
sequent section, these presumed mixing-zone
products would be the ideal proxy in which to
assess new analytical methods for the assess-
ment of a mixing-zone origin of dolomite.
The dolomites that are most confidently asso-

ciated with mixing zones are characterized by
multiple generations of cements exhibiting com-
plex, yet similar mineralogical, textural and
in situ chemical features. For instance, the mix-
ing-zone cements in the upper part of the
Eocene Avon Park Formation, originally
described by Cander (1994), appear in the matrix
of a previously formed fabric destructive
replacement dolomite (Fig. 6A). The cements
consist of two generations of syntaxial dolomite
that often encircle multiple replacive crystals.
The cements exhibit variable Fe and Mn compo-
sitions, as observed via cathodoluminescence
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Fig. 5. Schematic diagram illustrating the early diagenetic evolution of the late Pleistocene reefal limestones of the
Yucatan Peninsula. Early diagenesis (marine, meteoric and mixing zone) of these rocks is controlled by changes in
sea-level: (A) marine; (B) mixing zone; (C) meteoric; and (D) mixing zone. (E) Through time, the early diagenetic
events include: (1) micrite envelopes and submarine cementation in the marine environment; (2) loss of Mg-calcite,
precipitation of sparry calcite cement, neomorphism and dissolution of aragonite in the mixed and freshwater envi-
ronment; (3) dolomitization (replacement and cementation) and aragonite dissolution in the mixing zone; (4) pre-
cipitation of zoned dolomite cements in the mixing zone; (5) precipitation of calcite cements in the freshwater
environment; (6) dissolution of high-calcium dolomite and Mg-calcite cements in the freshwater environment; and
(7) intercalation of dolomite and calcite overgrowths or Ca-dolomite. Composite Pleistocene sea-level (SL) stack
after Spratt & Lisiecki (2015) with eccentricity (ca 100 kyr), obliquity (ca 41 kyr) and precession (ca 21 kyr) frequen-
cies illustrated in the shaded curves; LGM – Last Glacial Maximum. Modified from Ward & Halley (1985).
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Fig. 6. Petrographic features of dolomite interpreted as mixing-zone products. (A) Cathodoluminescence (CL)
image of Late Eocene Avon Park Formation, Florida (core TR8-1 from well W-15826, !306.9 m). Early formed,
inclusion-rich, non-cathodoluminescent cores of marine dolomite – EFD (arrows) are enveloped by layered lumi-
nescent mixing-zone dolomite cements characterized by alternating layers of dolomite and calcite. (B) CL image of
Oligocene Ocala Formation, Florida (Well 17 056, !343.8 m; modified from Gaswirth et al., 2007) illustrating
bright luminescent dolomite cement formed atop older marine dolomite with dull red luminescence, hollow zones
– HZ (arrows). (C) Late Pleistocene of north-eastern Yucatan (Core K-274 near Pedregal, !4.1 m; modified from
Ward & Halley, 1985) coral mould with dolomite and calcite cements. Moulds are lined with limpid dolomite –
LD, which is enveloped by zoned dolomite – ZD. Note also hollow-zoned crusts – HZ composed of calcite cement
– CC. Plane polarized light; Alizarin Red S stained; porous space filled by blue epoxy. (D) Late Pleistocene of
north-east Yucatan (Core K-274 near Pedregal, !5.1 m; Ward & Halley 1985). Detail of hollow-zoned calcite
cements shown in (C). The SEM photomicrograph shows well-preserved outer CC layers, and hollow layers ! HZ,
presumably representing partially dissolved Ca-dolomite. Partially dissolved inner zone presumably composed of
Mg-calcite (MC). (E) Miocene dolomite, Seroe Domi Formation, Curaçao (sample from the Seru Prekstul outcrop of
Fouke et al., 1996), showing concentric CL zones and sectorial zoning. (F) Late Pleistocene reef terrace at Golden
Grove (southeastern Barbados; modified from Humphrey & Radjef, 1991). The pore-filling cement sequence is
shown in BSEM. Cements nucleate on partially dolomitized matrix – M, and include compositionally zoned dolo-
mite – ZD and syntaxial calcite band (C) and grow into primary pore spaces (P). (C) and (D) Reproduced with per-
mission from SEPM (J. of Sed. Res.). (F) Reproduced with permission from Elsevier B.V. (Sed. Geol.).
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(Cander, 1994; Choquette & Hiatt, 2008), which
points to precipitation in equilibrium with pore-
water of variable, and cyclic redox states (Can-
der, 1994; Choquette & Hiatt, 2008).
In the Eocene Ocala and Oligocene Suwannee

formations, Gaswirth et al. (2007) reported lumi-
nescently zoned dolomite similar to that present
in the underlying Avon Park Formation. In the
Suwannee Formation the dolomite is also a syn-
taxial cement (Fig. 6B); in the Ocala Formation,
the dolomite phase is a partially neomorphic
alteration of the original replacive dolomite
(Fig. 6C, Gaswirth et al., 2007). The authors
attributed both types of luminescent dolomites
to exposure for considerable time of the respec-
tive rock units to high "dolomite mixing-zone
groundwater in a confined aquifer. Modelling of
the Sr isotopic composition of the Suwannee
and Ocala dolomites indicated that the lumines-
cent phases formed at separate times in the Neo-
gene in response to sea-level and climatic
change (Gaswirth et al., 2007). Thus, the differ-
ences in the petrographic features and lumines-
cence of the Avon Park, Ocala and Suwannee
luminescent dolomites may result from variation
in space and time of the geochemical processes
and conditions in the three different mixing-
zone systems.
In the Yucatan Platform, Ward & Halley, 1985;

Fig. 6D) reported that dolomite occurs as a finely
crystalline, anhedral to subhedral phase (3 to
15 µm) that replaces host-rock matrix of pack-
stone and wackestone, typically leaving calcitic
skeletal fragments undolomitized. Dolomite also
occurs as a complexly zoned cementing phase
that consists of subhedral rhombs 20 to 100 µm
in size, followed by a zoned, 2 to 10 µm thick
layer of syntaxial dolomite. The dolomite exhi-
bits compositional Mg/Ca variabilities and may
also alternate with calcite layers (Fig. 6E). The
alternating calcite is either low (1 to 3 wt.%) or
high (4 to 7 wt.%) Mg-calcite that was inter-
preted to have formed in the dilute portion of a
palaeo-mixing zone. The Mg-calcite cements are
partially to totally leached, and Ca-dolomite lay-
ers are often dissolved, forming hollow-zone
crystals. Notably similar textural features have
been reported and interpreted as mixing-zone
products in Neogene rocks of multiple Carib-
bean settings. Examples include the Mio-Plio-
cene Seroe Domi Formation of Bonaire and
Curaçao (Sibley, 1980, 1982; Fouke, 1994; Lucia
& Major, 1994; Sumrall et al., 2016; Fig. 6E), in
a late Pleistocene reef terrace of Barbados (Hum-
phrey, 1988; Humphrey & Kimbell, 1990;

Humphrey & Radjef, 1991; Fig. 6F) and in the
Miocene Cayman Formation of Grand Cayman
where Jones and coworkers, carefully docu-
mented the textures and geochemical signatures
associated with mixing-zone dolomite (Jones,
1989; Zhao & Jones, 2012; Ren & Jones, 2017,
2018). Sumrall et al. (2015) also reported dolo-
mite wall rock in caves of Isla de Mona (Puerto
Rico) that were polygenetic (replacement plus
subsequent cement). A younger euhedral rhom-
bic carbonate cement phase with near equal pro-
portions of Mg and Ca (undetermined if
dolomite or VHMC) also encase microbial fila-
ments within the wall rock, suggesting a micro-
bial influence in at least those dolomite crystals.
However, these delicate fabrics rarely appear to
be preserved in the sedimentary record due to a
combination of Ostwald ripening, dissolution–
reprecipitation and overgrowth.
In those examples not related to a confined

aquifer, aqueous dissolution and reprecipitation
processes are also indicated; one that involves
partial dissolution of relatively unstable sub-
micron scale Ca-dolomite and VHMC precursors
(Gregg et al., 2015), accompanied by growth of a
more stable form of dolomite, for example, finely
crystalline rhombs followed by their over-
growths. The precipitation mechanism seems to
lead to the next diagenetic sequence. Following
the initial deposition (Fig. 7A) and early alter-
ation of the sediment (Fig. 7B and C), at the first
stage (Fig. 7D) limpid euhedral–subhedral Ca
dolomite/VHMC crystals (20 to 100 µm in size)
are formed. These are followed (Fig. 7E) by dolo-
mite with zones formed by variations of the cal-
cium/magnesium ratios, variable and usually
alternating Mn and Fe contents. Finally, genera-
tions of alternating calcian dolomite and calcite
cement and a thin rim of calcite cement develop
as a cortex (Fig. 7F). The second stage of this
sequence indicates a strong control by changes
in the redox potential over the solubility and
precipitation potential of VHMC and Ca-dolo-
mite. These changes are driven by both changes
in the supply of DOM and TEA, which, in turn,
implicate the activity of subsurface microbes
that utilize them. As relative sea level fluctuates,
some of the more reactive phases formed along
this cycle might be dissolved, resulting in hol-
lowed out crystals (Kyser et al., 2002). This
porosity may be filled by later generations of
cement and obscure the temporal order of the
cement stratigraphy (James et al., 1993; Jones,
2007). However, in some cases, initial dolomiti-
zation can occur in other settings (Fig. 7G) and
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Fig. 7. Scheme illustrating an idealized sequence of cement growth in relation to mixing-zone dolomite. Starting
with an (A) open pore bounded between allochems and micrite formed, this pore would be filled with fibrous to
bladed aragonitic cement under marine conditions (B). However, with exposure to meteoric waters preferential dis-
solution and replacement of very high-Mg calcite (VHMC) and aragonite (C) follows, although non-selective dissolu-
tion might also occur in extreme cases of undersaturation (for example, meteoric vadose). Upon introduction to the
active zone of mixing, first limpid Ca-dolomite/VHMC grows (D), followed by zoned dolomite overgrowths (E), with
partial dissolution of Ca dolomite and/or VHMC. In the final stage (F), more stable dolomite can be intercalated with
calcite overgrowths or Mg-enriched, Ca-dolomite. Initial dolomitization may occur in the marine environment (G)
and be then introduced to the mixingzone (H), where pore filling zoned dolomitic cement (as overgrowth) would
form. BCL (bright luminescence) and NCL (no luminescence) refer to appearance under CL microscopy.
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would be followed mainly by the zoned cements
(Fig. 7H) – as is the case in the Avon Park For-
mation (Cander, 1994).
The above ideal paragenetic sequence is not

present in its entirety in many cases. This may,
in part, reflect the complexity of a given palaeo-
mixing-zone’s hydrological path and susceptibil-
ity to short-term transient changes in climate
and flow patterns. Whitaker et al. (1994), for
example, noted that most of the likely mixing-
zone dolomites in the Bahamas Blue Hole were
not zoned and likely formed within a brief per-
iod within one of the above stages. On the other
hand, those mixing-zone dolomites interpreted
as the product of confined Palaeogene aquifers
(for example, Avon Park, Ocala and Suwannee
formations) are characterized by just the zoned
dolomite. This likely reflects the confined nature
of their parent aquifer – the confinement would
have meant less susceptibility to short temporal
fluctuations in redox conditions, microbial activ-
ity and climatic (recharge and sea-level change)
conditions. In contrast, the unconfined Pleis-
tocene coastal aquifer systems (for example, Bar-
bados and Yucatan) tend to exhibit all
components. In the Yucatan, Ward & Halley
(1985) consider the complete sequence pre-
sented to reflect progressive freshening of
groundwater during the initial stage of a late
Pleistocene fall in relative sea level (Fig. 6E).
In the examples in which precursor dolomite

played a key role, the precursors within each
unit also had different solubilities depending on
crystal size, shape and texture (Nielsen et al.,
1994), but also on their Mg:Ca ratio. Migration
or generation of fluids with high pCO2 can result
in differential dissolution along the crystallite
surfaces starting with the most thermodynami-
cally unstable Mg-calcites, then aragonite and
poorly ordered Ca-dolomite phases. This disso-
lution sequence may have two ongoing effects.
The first is calcite reprecipitation due to the
common ion effect, which will cause a slight
increase in the fluid’s Mg:Ca ratio that would
favour the formation of more ordered Ca-dolo-
mite (Ren & Jones, 2018). The second effect
would be formation of confined microenviron-
ments that may prompt formation of Mg-rich
amorphous calcium carbonate (Jiang et al.,
2011), which would then be a precursor for
additional Ca-dolomite. As unstable dolomite
precursors are dissolved within the dynamic
precipitation environment, the hybrid porewa-
ters may also become supersaturated with
respect to dolomite and the process of

precipitation of more stable crystals could pro-
ceed under higher alkalinity conditions.
The common denominator in the interpreted

mixing-zone processes considered here is
cements. These cements may exhibit complex
zonation consisting of compositional Mg/Ca
variabilities and, in some cases, calcite–dolomite
alternations. The intercalated calcite cement lay-
ers may be related to calcification of a biofilm
developed in the pore spaces at times when the
dolomitized level was affected by chemical fluc-
tuations in porewater that decreased the dolo-
mite precipitation rates, thus allowing the faster
kinetics of calcite to transiently govern cementa-
tion. The petrographic evidence shows that crys-
tals nucleate on pre-existing crystal surfaces and
grew as either entirely new crystals or by contin-
ued growth around earlier-formed fine crys-
talline precursors. Importantly, compositional
and mineralogical heterogeneity in mixing-zone
dolomites (for example, Fig. 6) impose limita-
tions to bulk carbonate rock geochemical and
isotopic datasets that rather represent averages
for multiple events. Small variations in the redox
states of the porewater–sediment system at the
time of crystal growth could influence the C and
O isotope ratios and the content of redox sensi-
tive elements, such as Mn and Fe, at the crystal
scale. Emergent methods that would resolve the
in situ variability discussed in this section, and
the relevance of these, and other methods for
future interpretations of mixing-zone dolomites
are discussed below.

DETECTING BIOGEOCHEMICAL
SIGNATURES OF MIXING-ZONE
DOLOMITES

Testing the revised diagenetic mixing-zone
dolomitization model requires evaluating the
presence of biogeochemical tracers and proxies
that can be affected by the dynamics of mixing-
zone processes. Future research efforts thus
should rely on both traditional and emerging
techniques that can reveal new insights into bio-
geochemical reactions relevant to the formation
of ancient authigenic dolomite phases, which
requires reassessing the interpretation of tradi-
tional proxies. Those approaches can also be
used to re-examine the examples of interpreted
mixing-zone dolomites described above, and
thus establish whether they are indeed mixing-
zone products. This last section presents the
framework for such analyses with a focus on
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trace elements, luminescence patterns and geo-
chemistry of multiple isotope systems.

Trace elements and cathodoluminescent
signatures

As discussed in prior sections, dolomite
cements precipitated in mixing zones typically
exhibit complex cathodoluminescence (CL) pat-
terns indicative of biochemically driven shifts in
Eh and divalent Fe and Mn availability. Over
longer periods, changes in the mixing-zone posi-
tion (for example, Fig. 5) would modulate the
DOM and TEA availability in each stratigraphic
location as a function of mixing-zone migration.
The resulting carbonate formed in the seaward
portion of the mixing zone would likely be non-
luminescent (Machel et al., 1991) with possible
thin luminescent rims reflecting a transient
redox state where dissolved Fe was lower than
dissolved Mn (Gies, 1975; Machel, 1985; Budd
et al., 2000). In mixed porewaters containing by-
product HS-, however, the relative Mn concen-
trations might increase significantly as Fe pre-
cipitates in pyrite precursors, but, in general,
the dissolved Mn ions are usually much less
than aqueous Fe concentrations (for example,
#2 µM of Mn2+ versus $100 µM of Fe2+;
Table 1). It has also been suggested that Zn,
another biosensitive element, may sensitize Mn-
activated luminescence (Gies, 1975; Machel,
1985), and thus may play a part in the complex
CL zonation of mixing-zone dolomite cements
(but see Budd et al., 2000).
The intracrystalline distribution of these ele-

ments has been shown to correlate to different
%MgCO3 bands of dolomite cements interpreted
as mixing-zone products (Kyser et al., 2002).
Other potential trace metal CL modifiers, such
as Co, Ni (Machel, 1985) or Ce (Habermann
et al., 1996), are also sensitive to changes in
redox states and might contribute to CL zona-
tion. The initial release to porewaters of redox
sensitive elements, such as Ce, that can con-
tribute to chemical zonation in dolomite crystals
formed under predominantly anoxic, schizoha-
line conditions has been linked to the biogeo-
chemical reductive dissolution of Fe-(oxyhydr)
oxides and Mn-(oxyhydr)oxides (Petrash et al.,
2016a,b). High spatial resolution and precision
techniques that can systematically advance the
understanding of these metals and their role in
CL zonation of mixing-zone dolomites are now
readily available (for example, ion and photon
probes, notably synchrotron-based X-ray

absorption and fluorescence). Evaluating the
spatial distribution of those trace elements
would serve as an additional test of the biogeo-
chemical mixing-zone dolomite model.

Isotopic geochemistry

Much of the debate first establishing and then
refuting the original mixing-zone dolomitization
model stems from interpretation of stable O iso-
tope data (e.g. Land, 1991, Melim et al., 2004).
However, most of the currently available iso-
topic analyses of dolomite interpreted as formed
in the mixing zone are based on whole-rock
powders of what is presumed to be pure dolo-
mite, or chemically separated dolomite fractions
from mixed-mineralogy limestones (e.g. Swart &
Melim, 2000). The individual dolomite crystals
are typically complexly zoned (precursor dolo-
mite plus syntaxial cements) and, thus, their
bulk isotope contents represent the integration
of variable geochemical conditions during crys-
tal growth. Therefore, the stable isotope values
considered here likely average discrete equilib-
rium processes occurring in porewaters of tem-
porally varied composition. These groundwaters
were seawater and admixtures of seawater and
meteoric waters, all with dissimilar organic con-
tents, !13C and !18O values. Despite this fact,
compared to Plio-Pleistocene Caribbean dolo-
mite formed dominantly from seawater (Higgins
et al., 2018, and references therein), nearly all
Late Cenozoic examples of dolomites from the
Caribbean Sea and the Gulf of Mexico that are
interpreted as mixing-zone products exhibit
lower !18O and !13C than their marine counter-
parts (Fig. 8).
The stable C and O isotopes of mixing-zone

dolomites exhibit two potential trends (Fig. 8).
One of co-depletion of 18O and 13C (with a
slightly stronger decrease in !13C values) and
the other dominated by depletion in 13C accom-
panied by only a minor decrease in 18O. Diage-
netic models of meteoric–seawater mixing zones
presented by Zhao et al. (2020) show that the
relationship between !13C and !18O values can
be variable as sediments recrystallize. This can
be driven either by physical mixing of the fluids,
which shows a high degree of covariance, or the
gradual re-equilibration of carbonate minerals
with diagenetic fluids, which can vary due to
preferential rock-buffering of carbon isotopes
compared to oxygen isotopes. The co-depletion
of carbon and oxygen isotopes has long been
interpreted as a freshwater–seawater mixing
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trend (Allan & Matthews, 1982), with the
decreasing !18O values associated with increas-
ing percentages of meteoric water in mixing
zones, and the decreasing !13C values driven by
increasing influence of soil-respired 12C in that
meteoric water (Lohmann, 1988). More recently,
however, Swart & Oehlert (2018) interpreted
such covariance as the result of diagenetic pro-
cesses occurring to varying degrees within the
interface between vadose and phreatic zones as
the interface migrates vertically during glacial
and interglacial stages. If a precursor limestone
was so altered, then a similar isotopic covari-
ance in dolomite would only be expected to be
preserved under conditions wherein a low
water/rock ratio is present during dolomitiza-
tion. Under these conditions, the primary source
for magnesium would be that supplied through
the dissolution of VHMC and other high-magne-
sium phases. The second trend, with only a

small decrease in !18O values relative to a mar-
ine dolomite, is characterized by a %CO2 pool
sourced from extensive AOM and/or sulphate
reduction (Humphrey, 2000). Most mixing-zone
dolomites plot in an arc between these the two
end member trends (Fig. 8). The preponderance
of positive !18O values suggests that such dolo-
mites formed predominantly toward the more
saline end member of a mixing zone (Fig. 8).
Analyses of !18O and clumped isotope (!47)

values in Pleistocene to Cretaceous-aged dolo-
mite in a core in Andros Island by Winkelstern
& Lohmann (2016), indicate that dolomite con-
tinues to exchange oxygen isotopes with pore
fluids at burial depths in excess of 1 km. Ryb &
Eiler (2018) made similar observations in a data-
set of Cenozoic through Palaeozoic-aged dolo-
mites, finding a relationship with increased age
and increased equilibration at higher tempera-
tures and more positive fluid !18O values. These

Fig. 8. !18O versus !13C cross-plot
of Neogene dolomites including
those attributed to a mixingzone
(Ward & Halley, 1985; Humphrey,
1988, 2000; Kimbell, 1993; Fouke,
1994; Lucia & Major, 1994;
González et al., 1997; Gaswirth
et al., 2007; Budd & Mathias, 2015;
Sumrall et al., 2015, 2016) and
marine dolomites of the Bahamas
(Higgins et al., 2018, and referances
therein). Two main trends are
visible and define mixing lines to
the marine end member. One is a
marine–meteoric covariance in !18O
and !13C to values like those in
freshwater systems. The second is a
!13C trend created by
biogeochemical alteration of marine
organic matter (OM) toward lowest
!13C values ascribed to methane
oxidation. Most of the data points
related to dolomites interpreted as
mixing-zone products fall between
these two trends, suggesting a
mixture of both components. VPDB,
Vienna Pee Dee Belemnite.
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observations suggest that primary dolomite !18O
values, which had previously been expected to
reflect the fluid from which the mineral initially
formed, should not necessarily be preserved
during burial. Because of this, in order to suc-
cessfully fingerprint dolomite without the poten-
tial bias of later-stage recrystallization expected
from using either !47 and/or !18O, the identifica-
tion of the conditions in which dolomite forms
must rely on the informed application of multi-
ple isotopic systematics capable of constraining
rock versus fluid buffering systems (e.g. Ahm
et al., 2018; Murray et al., 2021). In addition,
newer understanding of rock buffering of pore-
water composition, especially in the zone
marked by dissolution of aragonite and VHMC,
such as in the phreatic meteoric zone, could
also bias the stable isotopic signal (Banner &
Hanson, 1990; Higgins et al., 2018). These, as
well as the findings of Swart & Oehlert (2018)
weaken the applicability of !18O alone as a
clearly indicative proxy for mixing-zone alter-
ation.
The broad range of !13C values in Fig. 8 indi-

cates several carbon sources, including overlap-
ping C isotope signatures resulting from
multiple cycles of multi-step OM respiration
processes ranging from aerobic oxidation to
methanotrophy (Table 2; Charette & Sholkovitz,
2002; Brankovits et al., 2017; Calderón-Gutiérrez
et al., 2018). The application of other isotopic
proxies that are sensitive to changes in the avail-
ability of electron acceptors (for example, sul-
phate) could provide valuable constraint on the
role of these microbial behaviours in early dolo-
mite formation. Across the Bahamas mixing
zone, for example, a strong sulphur isotope gra-
dient can be observed, indicating significant sul-
phate reduction in the seawater/freshwater
interface (Bottrell et al., 1991). A more extended
use of the isotopic composition of carbonate
associated sulphate (CAS) can shed an addi-
tional light onto mixing-zone diagenesis. This
latter proxy has been applied to great effect in
constraining conditions during the early diage-
netic history of marine sediments (Rennie &
Turchyn, 2014; Present et al., 2015; Murray
et al., 2021), and recently to the analysis of dia-
genetic porewaters in the Permian carbonates of
the Guadalupian Mountains (Present et al.,
2019). Iron isotope systematics provide another
redox sensitive proxy exhibiting a non-conserva-
tive behaviour across mixing zones (Rouxel
et al., 2008). Analysis of CAS, trace-metal
enrichment factors (for example, Re, Ni and Mo)

and other metal isotope systems (for example,
!238U and !98Mo) in suspected mixing-zone
dolomite would also help in directly interrogat-
ing those dolomites for the redox state under
which they formed.
The trace element and isotopic signatures of

dolomite are affected by the water–rock interac-
tions within the mixing zone. These interactions
induce changes in the chemical composition of
the groundwater, and in the porosity, permeabil-
ity and mineralogical composition of the coastal
aquifers (Wicks et al., 1995; Zhao et al., 2020).
With respect to C and O isotopes, a low water–-
rock ratio, such as might occur in a microenvi-
ronment characterized by replacement of the
precursor, will result in a muting of both the
!18O and !13C values of mixing-zone fluids
(Fig. 8). There are, however, multiple issues
involved in properly inferring water/rock ratios.
These issues are also reflected by the difficulties
in interpreting solution chemistries from dolo-
mite Sr concentrations. Published values for the
Sr partitioning coefficient between water and
dolomite range from 0.012 (Vahrenkamp &
Swart, 1990) to 0.07 (Behrens & Land, 1972),
with other values in between from multiple
studies (Katz et al., 1972; Katz & Matthews,
1977; Baker et al., 1982; Baker & Burns, 1985;
Banner, 1995). This variability results in a Sr
content that may range from 50 to 600 ppm for a
near-stoichiometric dolomite formed from nor-
mal seawater, a range that nearly covers the
entire observed Sr values observed in presum-
ably mixing-zone dolomites (Budd, 1997). Nev-
ertheless, Budd (1997) suggested that low-Sr
dolomites (<300 ppm) are likely to be derived
from unmodified seawater, whereas high-Sr
dolomite (>750 ppm) likely points to a fluid
with a relatively high Sr/Ca ratio derived from
the dissolution of aragonite, which would point
to a more diffusively limited system. Such a
closed system would allow for the accumulation
of Sr in the pore fluid and increase the Sr/Ca
ratio of the mineral.
New developments using Ca and Mg isotopes

(Higgins et al., 2018) offer a new and more effec-
tive way to constrain fluid buffered versus rock
buffered systems, offering insight into the physi-
cal processes present during dolomitization. Cal-
cium isotopes, for example, when coupled with
clumped isotope analyses, have been demon-
strated to be a sensitive recorder of fluid advec-
tion rate (Staudigel et al., 2021), this approach
was effective due to the insensitivity of clumped
isotopes to relative effects of rock buffering and
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the far higher sensitivity of calcium to the same
variable. The coupled behaviour of Ca, Mg and
other isotope systematics was explored in a
numerical model published by Ahm et al. (2018)
that illustrated that !26Mg and !44Ca provide
ideally sensitive proxies to estimate the water/
rock ratio during dolomite formation. Increase in
!26Mg and !44Ca relative to an expected baseline
of marine-associated values would point to a
closed system. With !26Mg changing predomi-
nantly as a result of dolomite/VHMC formation,
and Ca being incorporated into all carbonate
phases, significant changes in !26Mg not
matched with !44Ca would imply a more effi-
cient incorporation of Mg into the solid phase
products of a given diagenetic zone. Multi-proxy
approaches, such as those published for

Neogene Bahamian sediments (Higgins et al.,
2018; Murray et al., 2021) and Devonian dolo-
mite in the Williston sub-basin, within the Wes-
tern Canada Sedimentary Basin (Nadeau et al.,
2019), therefore have the distinct advantage of
being based on proxies more resistant to alter-
ation during later stages of diagenesis. At pre-
sent, little to no !26Mg and !44Ca studies of
likely freshwater–seawater mixing zones or cal-
careous aquifers exist. A recent multi-proxy
study based on a limited, yet illustrative, dataset
suggests that Ca, Mg isotope values of meteori-
cally altered, marine dolomites reflect some
degree of fluid-buffered diagenetic overprint that
can be constrained by the correlation of !26Mg
and !18O values with !44Ca, while the corre-
sponding !13C values and cation order inform

Fig. 9. Secondary ion mass spectrometry (SIMS) imaging on a He ion microscope (HIM–SIMS). This emerging
technique permits petrographic analytics at the nanoscale and can also discriminate for isotopes. The analytical
areas are shown in secondary electron microphotographs (left), and their corresponding elemental maps (right) are
composite Na + K. (A) Fine crystalline euhedral dolomite cements from the Oligocene Suwannee Formation in
the Upper Floridian aquifer. Note the presence of numerous Na + K micro-inclusions in crystals lacking these ele-
ments, likely indicative of a diagenetic chapter under the influence of more saline groundwaters that followed an
earlier stage of dolomite growth in equilibrium with a fluid with low levels of these anions. Within the over-
growths, numerous nanoscale Na hotspots oriented with the a-axis (arrows) are interpreted to represent lattice
substitution, indicative of precipitation under saline conditions. (B) Blocky dolomite cement from the Mio-Pleis-
tocene Seroe Domi Formation in Bonaire. The partially corroded rhombs display no intracrystalline Na + K. The
samples, however, contain punctual matrix accumulations of these cations. This latter feature might (or might
not; Laya, et al., 2021) be consistent with a downward hypersaline flux interpreted by Lucia & Major (1994).
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on crystallization pathways (Riechelmann et al.,
2020). A chemostratigraphic application of these
combined isotope systems, ideally with petro-
graphic control, to mixing-zone settings could
prove highly informative if evaluated with
respect to the meaning of their covariant mineral
assemblages and water/rock ratios.
Emerging methods and techniques such as

clumped isotopes could also be applied to
younger mixing-zone dolomites (i.e. examples
where enough dolomite can be concentrated
with minimal concern about mixing phases),
which would yield palaeotemperatures of forma-
tion and allow constraining equilibrium pore
fluid !18O values. The latter would shed light on
the salinity regime which generated these dolo-
mites. Detailed !18O and !13C analysis of zoned
dolomite crystals using secondary ion mass
spectrometry (SIMS) (Śliwiński et al., 2016a,b)
would also be helpful to elucidate the presence/
absence of the highly variable isotopic signals
predicted by temporal and spatial variation in
the amount of mixing and biogeochemical reac-
tions that affect the carbon system. Interestingly,
this technique is also prospective for the evalua-
tion of the intracrystalline distribution of salin-
ity indicator elements, such as sodium and
potassium (Fig. 9). High resolution analyses of
these elements can be combined with in situ
!18O microanalyses of zoned dolomite for com-
positional estimations of the dolomitizing fluid
in the mixing zone. Application of any or a

combination of these emerging characterization
techniques to hypothetical examples of mixing-
zone dolomite represents a research opportunity
that could illuminate further aspects of mixing-
zone diagenesis.

CONCLUDING REMARKS

1 The arguments once declaring the classical
mixing-zone dolomitization model as a failed
hypothesis are shown to be scientifically unsat-
isfactory. The original conception of the model,
however, did not account for the biogeochemical
intricacy of the carbonate system. A more
sophisticated alternative model was therefore
required.
2 This updated conceptual and mechanistic

perspective of dolomitization in mixed-source
coastal aquifers (Fig. 10) encompasses high fre-
quency changes in relative sea-level and climate
variations as modulators of the redox structure
of mixing zones. Concurrent with changes in
the redox potentials, the upper part of mixing
zones can recurrently become the locus of reoxi-
dation of the reduced species. Recycling of
these energy sources involves the long-term
activity and interlinked dynamics of diverse
microbial communities thriving best within the
redoxcline of coastal mixing zones, as suggested
by the currently available microbiome and

Fig. 10. Conceptual models of mixing-zone dolomitization in a coastal unconfined aquifer. (A) The traditional
mixing-zone dolomitization model (Hanshaw et al., 1971; Badiozamani, 1973; Land, 1973), where calcite dissolu-
tion and dolomite accumulation is controlled and dictated by differential saturation states of carbonate minerals.
(B) The proposed update to the model that also incorporates the variation in alkalinity, terminal electron accep-
tors (TEA) and redox potential (Eh) of the system, with the red gradient illustrating the redox gradient. This is a
simplified model because there are multiple elements within this system (for example, iron re-oxidation and recy-
cling) that are yet to be fully explored with respect to dolomitization. Note that the traditional model and the pro-
posed update is not necessarily contradictory but complementary.
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isotope analyses of the Yucatan and Florida
examples.
3 The redox structure in the coastal mixing

zone is not static and shifts with changes in rel-
ative sea level, and as a response of quasi-peri-
odic climatic fluctuations between wet and dry
periods. Concomitant changes in porewater
hydrochemistry can allow for a downstream
reaction (for example, oxidation) to shift to the
prior position of the corresponding upstream
reaction (for example, reduction). As a result of
these redox oscillations, notably during glacial
periods, the biogeochemical reaction front in the
mixing zone can sweep across an entire shelf.
Cycles of enhanced selective dissolution affect-
ing primarily very high-Mg calcite (VHMC) and
aragonitic constituents, reprecipitation of pre-
cursors as dolomite, and cementation by the lat-
ter in the deep phreatic saline zone, where Mg2+

ion availability is increased, and the abundance
of terminal electron acceptors (TEA) also allows
for reducing conditions to develop. The mecha-
nism can become particularly efficient when the
moveable diagenetic front passes repeatedly
through shallowly buried facies containing an
abundance of early diagenetic authigenic
VHMC % poorly ordered Ca-dolomite.
4 The genomic and isotopic evidence, when

combined with the range of recorded variations
in !CO2, pCO2, alkalinity and pH ranges, indi-
cates that biogeochemistry regulates key parame-
ters of the inorganic carbon system within
mixing zones. Also, important is that the organic
carbon turnover within the mixing zone appears
to be exerted by metabolic functions like those
that have been thought instrumental for shallow
marine, near-surface dolomite precipitation
environments. These include, among others, N,
Fe, Mn and S-based heterotrophic pathways, as
well as chemoautotrophy and methanotrophy.
5 The petrographic and geochemical observa-

tions of dolomitic successions interpreted to be
the product of mixing-zone diagenesis were re-
evaluated. This reassessment supports coastal
mixing zones as viable diagenetic domains for
the formation of dolomite both as neomorphic
phases that replace early aragonite and VHMC
precursors, and as newly formed cements often
exhibiting a heterogenous elemental composi-
tion (Mg/Ca, Mn, Fe and Na) at the crystal scale.
These features result not just from relative solu-
bility differences between carbonate minerals
but is also reflective of complex redox fluctua-
tions interlinked to the long-term C cycle in
coastal aquifers.

6 The empirical geochemical evidence supports
an active elemental recycling processes in Neo-
gene coastal aquifers, but the role of manganese,
zinc, intermediate sulphur and nitrogen species
as drivers of dolomitization are far from being
fully understood, nor is their fingerprint in
ancient deposits exhibiting a mixing-zone diage-
netic imprint. Combined traditional and emerg-
ing geochemical proxies including high-
resolution imaging techniques and more
extended use and integration of of !47, Mg, Ca
and Fe isotope systematics, together with more
detailed analyses of the carbonate associated
sulphur isotopes, and redox sensitive elemental
concentration data provide opportunities to
truly evaluate a mixing-zone origin of Neogene
and by extrapolation more ancient dolomites.
This effort will also shed light on the long-term
dynamics of subsurface communities in diage-
netic mixing-zone systems.
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