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Abstract

Refluxing brines have been invoked to explain extensive dolomitization of numerous platform carbonates, including the Permian Basin of West
Texas, the Mississippian Madison of the Western US, and the Jurassic Arab Formation of the Middle East. Though orders of magnitude smaller
in scale, Bonaire Island in the Netherland Antilles is an often cited, early example of recent reflux dolomitization. Comparisons were drawn
between the salt-ponds of the modern Pekelmeer and the fluids forming dolomite bodies in Miocene slope deposits, and the impact of reflux on
rock fabric and porosity characterized prior to burial. Using data from a number of new field sites, we re-examine this model for dolomitization
of the Mio-Pliocene limestones of Bonaire.

At our type section of Seru Grandi, in the Washington Slagbaai National Park, tongues of replacement dolomite extend down from an erosional
unconformity which marks the transition to overlying undolomitized limestone. Dolomite geobodies develop along clinoforms within shallow-
marine coral-algal deposits, with preferential alteration of high-Mg calcite red algae. The dolomite is largely 20 to 100 um sucrosic crystals,
with cloudy centers and patchy zonation, and is non-stoichiometric and calcium-rich (45 Mol% MgCQO3). This, together with the absence of
restricted facies or associated evaporites, supports dolomitization by reflux of mesohaline fluids, rather than dense brines. Stable isotope
measurements show significant enrichment relative to precursor limestones, with §13C values +1 to +4 %, VPDB and _§180 values of +1.5 to
+5 %0 VPDB. Assuming Miocene oceans were §180 enriched (+1 to +2 §180 VSMOW) relative to modern oceans, this suggests dolomitizing
fluids with salinities of 40-44 %eo.

Several studies have used reactive transport models to better understand dolomitization driven by reflux of brines up to and above gypsum
saturation over distances of 10s to 100s of km. Our simulations, constrained by field data from Seru Grandi, indicate that at much smaller
scales waters of no more than 44 %o can reflux through these permeable bioclastic deposits at 3 to 8 m/yr. These flow rates are comparable with
those modeled for high salinity brines suggested to cause dolomitization of larger scale systems. Although the geochemical potential of these



mesosaline fluids is lower, our models suggest that at 40°C, dolomite geobodies of comparable scale to those at outcrop could form from only
marginally evaporated seawater within 200 kyr.
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ABSTRACT

Refluxing brines have been invoked to explain extensive dolomitization of numerous platform carbonates, including the Permian
Basin of West Texas, the Mississippian Madison of the Western US, and the Jurassic Arab Formation of the Middle East. Though
orders of magnitude smaller in scale, Bonaire Island in the Netherland Antilles is an often cited, early example of recent reflux
dolomitization. Comparisons were drawn between the salt-ponds of the modern Pekelmeer and the fluids forming dolomite bodies
in Miocene slope deposits, and the impact of reflux on rock fabric and porosity characterized prior to burial. Using data from a
number of new field sites, we re-examine this model for dolomitization of the Mio-Pliocene limestones of Bonaire. At our type
section of Seru Grandi, in the Washington Slagbaai National Park, tongues of replacement dolomite extend down from an
erosional unconformity which marks the transition to overlying undolomitized limestone. Dolomite geobodies develop along
clinoforms within shallow-marine coral-algal deposits, with preferential alteration of high-Mg calcite red algae. The dolomite is
largely 20 to 100 uym sucrosic crystals, with cloudy centers and patchy zonation, and is non-stoichiometric and calcium-rich (45
Mol% MgCQO3). This, together with the absence of restricted facies or associated evaporites, supports dolomitisation by reflux of
mesohaline fluids, rather than dense brines. Stable isotope measurements show significant enrichment relative to precursor
limestones, with 013C values +1 to +4 %o0 VPDB and 0180 values of +1.5 to +5 %o VPDB. Assuming Miocene oceans were 0180
enriched (+1 to +2 90180 VPDB) relative to modern oceans, this suggests dolomitizing fluids with salinities of 40-44 %oeo.

Several studies have used reactive transport models to better understand dolomitisation driven by reflux of brines up to and
above gypsum saturation over distances of 10s to 100s of km. Our simulations, constrained by field data from Seru Grandi,
indicate that at much smaller scales waters of no more than 44 %o can reflux through these permeable bioclastic deposits at 3 to
8 m/yr. These flow rates are comparable with those modelled for high salinity brines suggested to cause dolomitization of larger
scale systems. Although the geochemical potential of these mesosaline fluids is lower, our models suggest that at 40 C, dolomite
geobodies of comparable scale to those at outcrop could form from only marginally evaporated seawater within 200 kyr.

GEOLOGICAL SETTING

 The island of Bonaire is located in the southern
Caribbean, 90 km north of the Venezuelan coast.
Bonaire is part of the Netherland Antilles island

chain. The Miocene age prograding platforms

A primarily have clinoform geometries, and are chiefly

B composed of calcareous coralline red algae (up to
70%), with minor components of coral fragments,
large benthic foraminifera, volcanic lithic fragments,
echinoids, and rare bivalves.

« Replacement dolomitization is extensive in these
platforms, and are often concentrated near the more
elevated, landward portions of beds with dolomite
geobodies developed along clinoforms within shallow-
marine coral-algal deposits.

 The Pekelmeer, a Holocene hypersaline lake, is a

useful modern day analog for reflux dolomitization
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FIGURE 1: A) Simplified Geological Map of Bonaire, with location of Seru Grandi
and direction of progradation for clinoforms (modified from Laya et al., 2018). B)

Plan view of Seru Grandi terraces, with type-outcrop of clinoforms marked. C)

Schematic cross section of the Holocene hypersaline Pekelmeer lagoon (modified

from Lucia (1968)).

within the older units on Bonaire, with rare
contemporary dolomitization observed (Deffeyes et
al., 1965)

RESEARCH OBJECTIVES

Re-examine the model for dolomitization for the Mio-
Pliocene limestones of Bonaire using stable isotope
geochemistry, petrography, and reactive transport
modelling.

Characterize the impact of reflux dolomitization on
rock fabric and porosityof Seru Grandi clinoforms.
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STABLE ISOTOPES PETROGRAPHY

« Stable isotope geochemistry can give clues as to mechanism of Al 4 « Petrography reveals dolomite crystals to morphometrically accord
dolomitization and salinity of dolomitizing fluids. 3 with the classic reflux model suggested by Saller and Henderson
f (2001), with the largest crystals concentrated towards the upper
« d180 of dolomitizating fluids likely to be at about 5%o0 VSMOW, which is 0 e part of the formation (closest to reflux source).
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Fig. 3: A) Crossplot of d13C and d180O. Darker markers indicate higher dolomite %. Note the ?, N 5
covariance of d13C and d180O B) Scatterplot of d180 values along transects Clino 1, Clino 2, sl ___ | <
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Fig. 5: A) Scatterplot of crystal size along transect Clino 1.
B) Scatterplot of crystal size along transect Clino 2.

85% (236 mg/L). Percent Fluid Evaporated (%)

REACTIVE TRANSPORT MODELLING

« Reactive transport modelling provides a numerical approach to understanding the
extrinsic and intrinsic controls on dolomitization.

Dolomite geobodies appear to be initially controlled by permeability differences
between clinoforms.

Ocean Open (36 9 44 (mg/L))
0pel 2
ke
Res: giEs >
Closed Year 1
B Ocean Clinoforms (Decreasing
Permeability)
Fig. 6: Set up of model, with distribution of Year 10
material properties, dimensions, and boundary
conditions.
Table 1: Parameters used in simulation. Year 100
Clinoforms
Porosity 0.40-0.25 -
Permeability X
(m~2) 2.96E-11 > 2.96 E-14 Year 1000
Permeability Y
(m~2) 5.9E-12 > 5.9E-15
Density (kg/m3) 2.71
Anisotropy > Year 10000
Reference
(poro/perm) Enos & Sawatsky, 1981, Lucia 1995
Initial Salinity
(mg/l) 35.5
Temperature (C) 30
Salinity (mg/L)
L . - e
Fig. 7: Distribution of salinity over time for » 36 44

mesohaline simulation. Note the initiation of
reflux at Year 1, and the occurrence of
refluxing columns, with clinoform-surface
controlled flow.

Dolomite vol%
Fig. 8: Distribution of Dolomite at timestep
10000 yr for preliminary simulation run with
reactive transport modelling with an initial

»5_

dolomite of 5%.

Fig. 9: Distribution RMS velocity at timestep
1000 years for baseline (mesosaline)
simulation run.

.
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RED ALGAE - ADDITIONAL Mg SOURCE? IMPLICATIONS

The Seru Grandi Miocene prograding clinoforms’ dolomite | La

geobodies appear to have preferential alteration of high-Mg Reflocmodel | Noypresencect | Loue spigment | Nom-Sochionetrc | - mgaiFitfaes | Subtca facies
calcite red algae. Considering the fairly high Mg content of red Mesohaline & & i X v
algae (up to 30 wt% Mg), and abundance of coralline algae (up Hypersaline X X X A X
to 55% rock volume), red algae potentially can contribute

significant amounts of Mg for dolomitization. Additionally,  Miocene aged reflux dolomitization events within the Seru
“protodolomite” (non-stoichiometric dolomite) has been Grandi were likely driven by mesohaline fluids, with
observed to directly be precipitated by red algae in studies by potential Mg contribution from Mg rich bioclasts.

Nash (2013), and experimentally demonstrated to be

selectively dolomitized by Bullen & Sibley (1984). This

“protodolomite” can potentially act as “seed crystals”, providing FUTURE WORK

a means to reduce kinetic barriers to dolomitization. . .

« Further explore the potential role of red algae in rock-

Red Algae % vs Transect Distance (m) for Clino 1, Clino 2, Clino 3

- . derived Mg contribution towards dolomitization.
< > |mClino1 _ . SRR - Better definition of geobodies within 3D space using
S iz "g:fnoi o . . " geostatistical methods
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« At smaller scales, mesosaline reflux can significantly

I contribute to dolomitization at magnitudes similar to I
that of hypersaline reflux.

I  The dolomite geobodies of the Seru Grandi likely formed
as a result of reflux dolomitization by mesohaline

I brines, based on the geobody patterns, distribution of I
dolomite crystal sizes, lack of evaporitic facies,

relatively low enrichment of stable isotopes, and non-
stoichiometric nature of the dolomite. I

Fig. 9: SEM micrographs of coralline algae. Undolomitized coralline algae Reactive Transport Models show flow rates of 3 to 8
fragment (a) composed of cryptocrystalline high-Mg calcite and synthetically I
dolomitized counterpart (b). Individual crystals are visible in dolomitized

algae fragment but are below resolution at this magnification in I

undolomitized fossil. Scale bars = 0.01 mm. (Bullen and Sibley, 1984).

m/yr., and dolomite geobodies of comparable scale to
those at outcrop scale can form within 200 kyr
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