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ABSTRACT

The Pleistocene aquifer of Andros
Island, Bahamas, contains a fresh-water lens
that is thick and extensive compared to other
Bahamian islands. Petrographic and
geochemical examinations of core samples
(upper 12 m) and chemical evaluation of water
samples indicate that the origin and diagenesis
of this aquifer are directly linked to
Quaternary fluctuations of sea level, and that
the process of diagenesis is punctuated, rather
than gradual and continuous. -

Late Pleistocene rocks of Andros Island
contain a vertical sequence of lithologies which
is the result of a depositional succession of
subtidal sediments (burrowed packstones with
corals, and skeletal wackestones) followed by
a paleosol. Above the paleosol is a skeletal
packstone overlain by a burrow-mottled oolitic
grainstone. The subtidal lithologies include
restricted lagoon, open lagoon, and stabilized
sand flat deposits. A paleosol separates the
restricted and open lagoon lithologies. These
lithologies clearly reflect fluctuations of
Quaternary sea level.

There is an overprint of dlagenesxs on
the lithologies resulting from the changing
position of the perched fresh-water lens and
mixing zone during late Quaternary sea-level
fluctuations. The current fresh-water lens and
mixing zone were delineated by resistivity
surveys and verified by conductivity profiles
and chemical analyses of water in several
wells.

The burrow-mottled oolitic grainstone
(upper lithology) has retained a significant
portion of its original carbonate. These rocks
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are 60% aragonite, and the geochemistry of the
water samples indicates that they are presently
undergoing diagenetic stabilization (Sr/Ca
values are high). The units below the paleosol
(in the mixing zone) contain very little original
carbonate ( 0% aragonite), and the water
chemistry suggests that they are experiencing
dissolution and are not now undergoing any
substantial diagenetic alteration.

We suggest that the sediment above the
paleosol was accumulated during the last
highstand of sea level (substage 5e).
Diagenesis during the subsequent lowstand of
sea level (~120 ka to ~3. 5 ka ago) was nearly
absent. Only when sea level rose high enough
to perch a phreatic fresh-water lens in the
laminated sediments (during the last few
thousand years) have these oolitic sediments
experienced rapid diagenetic stabilization.

Andros Island’s late Pleistocene rocks
appear to be in a stage of diagenesis that is
intermediate between that seen at Joulter Cays
(Holocene) and the Yucatan Peninsula
(Miocene).

INTRODUCTION

Sedimentary rocks, and carbonate rocks
in particular, are products of deposition and
diagenesis. Using comparisons to modern
environments, sedimentologists have
convincingly demonstrated that sea level, both
absolute sea level and rates and magnitudes of
fluctuations of sea level, are master variables
in determining the depositional facies of
carbonate sediments and rocks (Wilson, 1975;
James, 1984; Walker and James, 1992). Many
carbonate rocks are derived from sediments



deposited within 10 m of sea level, and stacked
sequences of carbonate rocks result from
changes in relative sea level.

The depositional process can occur
during relatively short time intervals. For
example, during the Quaternary, shallow
marine carbonates of relatively stable regions
( e. 8., the Bahamas, Florida, and the Yucatan)
were deposited predominantly during high,
stillstands of sea level. Such periods usually
lasted a few thousand years and are separated
by tens of thousands of years of lowstands of
sea level (Shackleton and Opdyke, 1973;
Schlager, 1981; Kendall and Schlager, 1981;
Boardman et al., 1986, 1993, 1995; Carew and
Mylroie, 1995). Rates of shallow-marine
deposition are typically 1 m/1000 years; so
each highstand deposit is a few meters of
sediment. :

In contrast, the diagenetic process
occurs over a long time period. Diagenesis can
start immediately following deposition and can
proceed indefinitely. Diagenesis is usually
imagined as an overlapping or coincident set of
relatively continuous processes of dissolution,
cementation, mineralogic stabilization,
trace-element and isotope equilibration, etc.
(Land, 1967, 1986; Land et al., 1967,
Friedman, 1964, 1969, 1975; Brand and Veizer,
1980; Pingitore, 1976, 1978). Terms related to
diagenesis, such as "progressive” (Gavish and
Friedman, 1969 ), and concepts such as the
"half-life of aragonite” (Budd, 1988a; Budd
and Land, 1990; Vacher et al., 1990) suggest
that diagenesis is uniform and continuous.

Studies from Bermuda on lithologies of
distinctly different ages have been used to
support the idea of progressive and continuous
(ongoing) diagenesis (Land et al., 1964; ,
Vacher, 1978; Vacher et al., 1990). However,
Vacher et al. (1995) have recently modified
this concept of ongoing diagenesis. Their
figure 10 (p. 286) can be interpreted to
indicate that, although diagenesis 1is
progressive, it is not continuously occurring,
but is punctuated.

If diagenesis is punctuated, rather than
continuous, other questions arise. Such as,
why it is episodic? What causes or controls
episodic diagenesis? How often do diagenetic
episodes occur? How fast does diagenesis
occur? The purpose of this paper is to discuss
the idea of punctuated diagenesis by linking
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diagenesis to fluctuations of sea level, in
addition to primary lithology.

Diagenesis and Lithology

Evolution of a carbonate rock starts
with the deposition of carbonate sediments,
whose mineralogy and trace-element
geochemistry are unstable. Therefore, their
mineralogic and trace-element signatures
differ from those of rocks that are examined in
cores or in outcrops. Following deposition, the
sediments are diagenetically altered in a
stabilization process that includes a
mineralogic change from predominantly
aragonite and high-Mg calcite to a greater
proportion of low-Mg calcite, and/or dolomite;
and_a change in the trace element composition
toward a more pure CaCOg or CaMg(COg),
That is, loss of strontium, and increase of
calcium (Katz et al.,, 1972; Machel, 1988;
Morrow and Meyers, 1978). These diagenetic
processes are accomplished in an aqueous
medium which is almost always accelerated by
meteoric fresh water. Thus, the evolution of a
carbonate rock can be monitored by measuring
the geochemical propertiés of the rock and its
associated fluids.

Mineralogic stabilization requires
dissolution followed by precipitation
(Pingitore, 1976, 1978, 1982). If the
precipitation occurs in large voids, we call the
process cementation. If the precipitation
occurs in sub-microscopic regions, and retains
pre-existing structures, we call the process
mineralogic alteration. Both processes result in
a more stable mineralogy (e.g., low-Mg
calcite), and both processes result in a
carbonate minerals with fewer foreign ions
such as Sr2* .

In this paper we show that. 1)
diagenesis of the Pleistocene rocks of Andros
Island is linked to primary lithologic
characteristics and to the position of the
fresh-water lens, 2) those rocks have
experienced multiple episodes of diagenesis
linked to fluctuations of sea level, and 3) they
are at an intermediate stage of diagenesis
relative to Joylter Cays, Bahamas (Holocene)
and the Yucatan Peninsula, Mexico (Miocene).



METHODS

To evaluate the lithology of the
aquifer, several rock cores 5 cm in diameter
and up to 12 m in length were recovered from
a 2 km by 5 km area of North Andros Island,
Bahamas (Figure 1), The cores were described
megascopically, and thin sections were made
and examined from selected portions of the

cores.

Figure 1. Map showing the study area on North
Andros Island.

To examine the hydrology and
hydrogeochemistry of the region, several bore
holes (approximately 8 cm in diameter) were
created by augering. Vertical profiles of
conductivity and temperature were taken from
these bore holes, the core holes, and the upper
20 m of a 40 m-deep blue hole (Charlie’s Blue
Hole) in order to determine the thickness and
salinity of the fresh-water lens and the vertical
salinity gradient of the mixing zone. Water
samples were collected from 10 isolated depths
from the deepest core hole (CH 69). These
water samples include the fresh-water lens and
the upper portion of the mixing zone. Water
samples were returned to the lab and analyzed
for major and minor elements using a Dionex
liquid chromatograph. X-ray diffraction was
used to determine the mineralogy of 26
subsamples from core CH 69. The relative
proportions of aragonite and calcite were
determined by measuring peak areas of the
principal peaks of calcite and aragonite and
comparing the peak-area ratios to a standard
curve derived from X-ray diffraction of

15

natural carbonate standards.

Resistivity measurements were used to
better define the thickness of the fresh-water
lens and the mixing zone, and to link the
results from conductivity at these specific
holes. Tidally induced changes of the depth to
the water table were determined in several well
holes, the blue hole, and the ocean. A
topographic survey was conducted, and sea
level was determined from the lower limit of
leaves on red mangrove trees. Some more
detailed data can be found in Barton (1995)
and Bukowski (1996).

RESULTS
Lithology

A paleosol exposure crust caps the
surface of North Andros Island. This dense,
micritic crust is ~1-3 cm thick and is not
different from exposure surfaces and paleosols
previously described from the Bahamas
(Sealey, 1985; Boardman et al., 1995). Below
this cap is a vertical sequence of shallow-water
carbonate lithologies and paleosols. A
composite vertical sequence is presented in
Figure 2, and the principal lithologies are
described below.

The upper 5 m of core CH 69 from
Andros Island includes a mottled ooid / peloid
grainstone (Figure 3). The ooids are 0.5 to 0.8
mm in diameter, and usually have a peloid
nucleus and several laminae. Dissolution
features (i. e., dissolved laminae) and
micritization are commonly seen in thin
section (Figure 4). Up to 70% of the grains in
this section of the core are ooids. Studies of
modern ooids from Joulter Cays suggest that
there is a range of micritization seen in
Holocene ooids (Carney and Boardman, 1993).
We suspect that greater micritization of many
ooids in the North Andros rocks has
obliterated the diagnostic criteria used to
identify ooids, and that they have therefore
been identified as peloids; together, peloids
and ooids comprise 80% to 90% of the grains
(Figure 4). The remaining grains are skeletal
fragments of forams, molluscs, and green
algae. The grains are well rounded,
moderately well sorted, and there is little lime
mud matrix. Cement occurs at grain contacts
and as void fillings. The distinguishing feature
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Figure 2. Composite vertical sequence of lithologies of northern Andros Island.

of this lithology is that it is riddled with 1 cm
diameter holes, and there are numerous ~I|
cm-diameter oval-shaped mottles. We
interpret the holes in these rocks as relict
burrows, and the mottles as filled burrows.
Core recovery of the burrowed and mottled
grainstone was sometimes less than 25%
because the rock was so friable due to the
abundance of holes. This lithology probably
originated in a subtidal region (stabilized sand
flat), or in regions of the mobile fringe of an
ooid sand shoal. The lack of significant
amounts of lime mud, the rather good sorting
and rounding of grains, and the presence of
skeletal grains is compatible with an origin as
a mature stabilized sand flat (a major area of
burrows in modern ooid sand shoal complexes).

In this core, a 2 cm thick,
brownish-red, micritic zone with wavy
laminations that occurs 2 m below the top of
the mottled/burrowed grainstone may be a
paleosol/exposure surface, but there is no
evidence of roots or clasts which are expected
to accompany a paleagsol. Petrologic evidence
indicates that the mottled/burrowed grainstone
lithologies above and below this presumed

paleosol are identical. On the other hand, it is
possible that this zone is not a paleosol, but
rather is a recent diagenetic product of the
upper water table (i. e., the vadose-phreatic
interface) which partially mimics a paleosol
(Braithwaite, 1983).

A mottled skeletal packstone ~2 m
thick is found below the mottled grainstone.
These mottles are irregular in shape, up to 4
cm in cross-section, and often stained
reddish-brown. There are a few holes, both
round and irregularly shaped, up to I ¢m in
diameter. Skeletal grains of foraminifera,
green algae, and molluscs are recognized in
thin section (Figure 5) . Peloids are common,
and ooids are rare. The grains are poorly
sorted and not rounded. Cement occurs at
grain contacts, and commonly as equant
void-fillings. There is no evidence of an
exposure surface separating this facies from
the facies above it. This laver appears to have
originated in a normal-marine lagoon.

At 7 m below the surface an
approximately 50 cm thick paleosol occurs
below the mottled skeletal packstone.
Blackened clasts, red-stained clasts, and
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Figure 3. Burrows and burrow-mottled grainstone is composed of ooids, peloids. and bioclasts in CH
69. This facies is rarely found at elevations higher than 3 m above sea level. It is interpreted as a
stabilized sand flat formed when sea level was about 5 m higher than present, during oxygen isolope
substage Se.



Figure 4. Photomicrographs of burrow-mottled oolitic grainstone from CH- 69 clearly show extensive
selective dissolution of laminae of the ooid cortices. Cements are mostly at grain contacts. Both
meniscus cement and phreatic cement are common. A) with plane-polarized light, B) with
cross-polarized light. Field of view for both images is 4 mm across.
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Figure 5. Photomicrograph, in plane-polarized light, of mottled skeletal packstone from CH 69. This
lithology is interpreted to have originated as sediments deposited in a normal-marine lagoon. Field

of view is 4 mm across.

unstained clasts embedded in a dense, micritic
matrix (Figure 6) typify this lithology. Tiny
calcified rootlets are seen in many voids.

A 3 m-thick skeletal packstone
containing branching corals, molluscs, algae
and forams (Figure 7) is present below the
paleosol. Voids in this facies are filled with
large calcite crystals. The most distinguishing
feature of this section is that it is solid rather
than friable. Core recovery in this section was
nearly 100%. The presence of corals in this
packstone suggests that this lithology
originated in a well-ventilated lagoon.

The lowest section recovered is 1.5 m
of a mottled, skeletal wackestone / packstone
(Figure 8). Skeletal fragments include
ostracodes and small forams. Lime mud
matrix is abundant. Cement is mainly micritic,
and difficult to distinguish from deposited
lime mud. Based on the abundance of matrix
and the skeletal allochems, we suggest this
lithology originated in a restricted lagoon
(perhaps stressed by salinity or temperature
excursions from normal-marine conditions).

Hydrology

The fresh-water lens in the study area
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is located at the seaward edge of the lens
covering the north-central portion of North
Andros Island (Figure 9). The island lens is up
to 15 m thick. Resistivity studies in the
region of our study area (Cowles, 1992; Wolfe,
1994) confirm a fresh-water lens thickness of
up to 15 m which thins to the east (seaward).
Resistivity studies were ground-truthed to
conductivity profiles within boreholes and the
blue hole. The thickest fresh-water lens
recorded by conductivity data from any
borehole or the blue hole in the area was 9 m.
At the site of CH 69, the fresh-water lens was
determined to be approximately 7 m thick
using conductivity measurements (Figure 10)

The depth to the water table at this site
is 1 to 2 m below the ground surface (Figure
10), and about 1 m above present sea level.
Tidal fluctuation in this corehole is closely
linked to the tidal fluctuations of the ocean
located approximately 2 km to the east.
Maximum tidal fluctuations measured in CH
69 were 70 cm when the oceanic tidal range
was 90 cm (Bukowski, 1996), and the tidal
fluctuations are in phase.

The flow of groundwater in this region
of North Andros Island is from the west to the
east (toward the ocean), as expected from the



Figure 6. Photomicrograph of
micritic matrix of 50 cm thick
paleosol located below the
mottled skeletal packstone, and
at 7 m below the surface in CH
69.

Figure 7. Skeletal packstone
with corals lies beneath the
paleosol in CH 69. This
lithology is ~3 m thick, and is
interpreted to have originated
in a normal marine lagoon with
sufficient water movement lo
promote the growth of corals.



Figure 8. Photomicrograph. in plane-polarized light. of skeletal wackestone/ packstone from CH 69.
The presence of ostracodes and numerous small foraminifera suggest that this wackestone originated

in arestricted lagoon. Field of view is 4 mm across.
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Figure 9. Thickness of the fresh-water lens on
North Andros Island attains 15 m. The focus
of our study is a portion of the eastern flank of
the lens.

shape of the island-wide lens (Barton, 1995;
Bukowski, 1996). The flow is greatest near the
top of the fresh-water lens, and diminishes
with depth. Flow rates and recharge
considerations suggest that the residence time
of groundwater near the surface is a few years.

Mineralogy

X-ray diffraction detected only
aragonite and calcite in the samples of core CH
69 (Figure 10). No dolomite was detected.
The upper portion of core CH 69 is dominated
by aragonite (60%), but below the paleosol at
7 m, the relative amount of aragonite decreases
to 0 %, (i. e., below the detection limit of the
method, 2%), and the rock is 100% low-Mg
calcite.

Geochemistry of the Water

Several elements were analyzed for,
including Mg which showed no significant
information, but the elements of interest to
this study are calcium (Ca) and strontium (Sr).
Ca and Sr can be derived from reactions with
the rock, and from sea water. The amount of
Ca added to the groundwater by dissolution of
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Figure 10. Vertical profiles of the geochemical characteristics of the aquifer system are compared to

the lithologic profile.

Conductivity was measured and recalculated as salinity. The conductivity

profile (recalculated to salinity) at site CH 69 shows that the fresh-water lens ( salinity < 1 %o; Cl <
500 ppm) is ~7 m thick. Below the fresh water, the salinity increases rapidly. Aragonite is the
dominant mineralogy in the upper portion of the core, while calcite comprises 100% of rock below the
paleosol at 7 m depth. Ca and Sr profiles at site CH 69 show that some of the Ca and Sr comes from
dissolution of aragonite and calcite, and some comes from sea water via rain or by mixing from below.

CaCQ; is here termed excess Ca (Ca ,..). Ca
excess can be found by subtracting the Ca
derived from sea water (Ca ,,) from the total
Ca (Ca total)‘

Ca
Ca

Ca total = +

Ca

Ca ..

excess Ca total

excess
8W

As carbonate rocks and sediment have
very little Cl, the only source of Cl in the
groundwater is from sea water, either by
mixing from below, or from rain. Rainwater
gets its Ca, Sr, and Cl from aerosols derived
from evaporation of sea spray. Thus,
rainwater has the same Ca/Cl and Sr/Cl ratio
as sea water. The amount of Ca derived from
sea water can be calculated by multiplying the
Cl concentration of the groundwater sample by
the Ca/Cl ratio of sea water (= 400/19350).
Similarly, the different sources of Sr can be
determined.
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Ca from sw (Ca/CI) sw X Cl groundwater
T fromsw = (Sr/CI) sw X Cl groundwater
Calcium.

The total Ca in the groundwater is
about 75 ppm in the fresh-water lens and
increases in the mixing zone to about 150 ppm
(Figure 10). There is almost no Cl in the
upper portion of the ground water
(fresh-water lens), thus all the Ca in this
portion of the water profile (approximately 75
ppm) is in excess of that expected from a
sea-water source. This "excess Ca" is derived
from dissolution of CaCOz;. The vertical
profile of excess Ca (i. e., from dissolution) is
nearly uniform at ~75 ppm. The amount of Ca
derived from a sea-water source is essentially
0 in the upper portion of the fresh-water lens
and increases to 75 ppm in the upper portion
of the mixing zone (i. e., doubling total Ca to
150 ppm).



The total Sr in the groundwater is about

1 ppm in the fresh-water lens, and increases to .

about 2 ppm in the mixing zone (Figure 10).
There is almost no Cl in the upper portion of
the groundwater (the fresh-water lens), thus
all the Sr in this portionof the water profile
(approximately 1 ppm) is in excess of that
expected from a sea-water source. This
"excess Sr* is derived from dissolution of
CaCOq (aragonite). The vertical profile of
excess Sr is not identical to that of Ca. The
excess Sr rises from about 0.8 ppm in the
upper portion of the fresh-water lens to about
12 ppm in the lower portion of the
fresh-water lens. It then decreases with depth
in the mixing zone to about 0.4 ppm. Excess
Ca (i. e., Ca derived from dissolution of
carbonates) remains nearly constant with depth
in both zones. The amount of Sr derived from
a sea-water source is essentially 0 in the upper
portion of the fresh-water lens, and increases
to 1.6 ppm in the mixing zone.

DISCUSSION

The purpose of this paper is to explore
the correlations of diagenesis with
composition, time of deposition, and
fluctuations of sea level. Our results suggest
that both primary lithology and fluctuations of
sea level are significant controls on the
pathway and rate of diagenesis. Because both
deposition and fluctuations of sea level are
episodic, diagenesis is episodic or punctuated
at these time scales.

Diagenesis , Lithology, and Time

The most striking evidence of punctuated
diagenesis is shown by the mineralogic
distribution within core CH 69. The upper 5-6
m of the core is primarily aragonitic (~60%;,
Figure 10) and is composed mostly of
burrow-mottled oolitic grainstone that is
interpreted to have been a stabilized sand flat
associated with an ooid sand shoal. This
lithology lies beneath a thin paleosol surface
and is presumed to have formed ~125 ka ago
(oxygen isotope substage 5e) when sea level
was approximately 5-6 m higher than present
(Neumann and Moore, 1975; Boardman et al.,
1993; Carew and Mylroie, 1995b). The portion
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of the core below 7 m depth (below a thick
paleosol) is 100% calcite. This duality of
mineralogy suggests two stages of diagenesis.
The separation of the two mineralogic units by
a paleosol places the deposition of these units
in at least two different time periods
(Boardman et al., 1995).

In this discussion, the Joulter Cays area
is used as a modern analog of the late
Pleistocene rocks of Andros Island because
Joulter Cays are adjacent (north) to Andros
Island, and there has been substantial previous
research comparing the two regions (Carney
and Boardman, 1993; Boardman et al., 1993).
The sediment from stabilized sand flats of
Joulter Cays is 70-80% aragonite, but the
Pleistocene Andros Island stabilized sand flat
has approximately 60% aragonite (Figure 10);
so, it has retained a high proportion of its
original aragonite. These Pleistocene rocks
have 10-20% less aragonite (or more calcite)
than their modern counterpart, and petrologic
evidence of this modification is seen in the
dissolution of laminae of ooids (aragonite) and
the precipitation of calcite cement (Figure 4).
In the Bahamas, studies of islands of Joulter
Cays (Halley and Harris, 1979) and a modern
ooid sand-shoal island in Schooner Cays
(Budd, 1988a, b) have suggested that there isa
conservation of carbonate (stabilization) during
early diagenesis (i. e., that the amount of
cement is equal to the amount of carbonate
dissolved from ooid laminae). Extending this
idea to the petrologic features seen on Andros,
we estimate that there has been a mineralogic
stabilization of 14% to 25% of the available
aragonite (20/80 to 10/70; aragonite loss/total
aragonite) in approximately 125 ka of subaerial
exposure. Is this reasonable?

Diagenesis is certainly occurring on
both Andros and Joulter Cays, and rocks from
Joulter Cays and Andros Island are today
experiencingsimilar diagenetic forces (rainfall,
rain chemistry, temperature, Holocene
sea-level fluctuations). Rocks from the upper
portion of Andros Island, as well as rocks from
Joulter Cays, contain abundant petrologic
evidence of dissolution of ooid laminae, and
vadose and phreatic calcite cement. Also, in
both areas, high Ca®* concentrations in the
groundwater (~70 ppm) and relatively low
Ca/Sr ratios (~90 on Andros and <<20 on
Joulter Cays; Figure 11) suggest dissolution of



a high-Sr aragonite, and/or selective
dissolution of a higher-Sr carbonate
accompanied by precipitation of a lower-Sr
carbonate (Figure 12). It has been reported
(Harris, 1979; Halley and Harris, 1979) that in
the last 1000 years ~7% calcite has been added
to the ooid sands of subaerially exposed
portions of Joulter Cays, by dissolution of ooid
laminae (aragonite) and re-precipitation of
calcite as vadose and phreatic cements. Thus,
during the past 1000 years, approximately 7%
of the aragonite has been stabilized. This rate
of stabilization fits exceptionally well with the
aragonite stabilization curve of Budd (1988a)
in which 7% stabilization is expected to occur
in the fresh-water lens in approximately
600-700 years (Figure 13). According to that
curve, the 125 ka old rocks of Andros Island
should be completely altered to calcite; yet
only 14% to 25% of the available aragonite has
been converted to calcite (see above). Based
on the Budd curve, stabilization of 14% to 25%
is expected to take only 2000 to 3500 years
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(Figure 13).

A partial resolution to this dilemma is
suggested by considering the position of the
fresh-water lens over time. Even though
Andros Island has been subaerially exposed for
approximately 125 ka longer than rocks at
Joulter Cays, the rocks from the upper 5 m of
Andros Island cores have contained a
fresh-water lens only during the regression
from the 5e highstand and again during the
last ~2000-3500 years. The stabilized sand flat
sediments of Andros Island are originally
subtidal, and they probably did not experience
subaerial exposure until sea level fell following
the highstand ~125 ka ago. During that time it
is likely that those rocks were within the
fresh-water lens for several thousands of
years, because most banana holes in the
Bahamas are thought to have formed near the
top of a past fresh-water lens contained in
such rocks during the Se regression Harris et
al., 1995). Although sea level fluctuated
during oxygen isotope stages 5-2, there is little

(Ca/Sr) excess
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Figure 11. Vertical profiles of lithology. hydrology. mincralogy. and ratios of Ca/Sr.



ORIGINS OF Sr AND Ca
IN LIMESTONE AQUIFERS
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Figure 12. Origins and controls of the concentration of Ca and Sr in limestone aquifers is largely a
result of the dissolution of limestone with some Sr and the precipitation of calcite with less Sr in it.
Ooids, corals. and green algae have aragonite with nearly 10.000 ppm Sr. When these grains dissolve,
a solution is produced with a Ca/Sr ratio of approximately 90 (or an Sr/Ca ratio of ~0.01).
Dissolution of all other carbonates will produce a higher Ca/Sr ratio (lower Sr/Ca) because all other
carbonates have lower concentrations of Sr in them. Typically, calcite and molluscan aragonite have
<2000 ppm Sr. Precipitation of calcite excludes Sr; so. when lower ratios of Ca/Sr are found in the
groundwater, it means that Ca has preferentially precipitated as CaCOj.
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Figure 13. Alteration of aragonite to calcite ( stabilization) versus time ( modified from Budd, 1988).
The solid line represents stabilization in a fresh-water lens. The dashed line represents stabilization
in a mixing zone.
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evidence to suggest that it was ever again near

present level for an extended time until the
Holocene (Shackleton and Opdyke, 1973;
Boardman et al., 1986; but see Carew and
Mylroie, 1987, for evidence of a possible
short-term sea-level highstand at ~40-50 ka
ago). The Holocene rise of sea level would
have resulted in placement of a fresh-water
lens into these upper 5 m of rock beginning
about 3.5 ka ago (Fairbanks, 1989; Boardman
et al., 1989). Thus, the diagenetic stage of the
upper portion of this core from Andros Island
suggests that it has experienced only two
phreatic diagenetic events since its deposition,
but it has been exposed for at least twice as
long as the Buud curve would indicate is
appropriate.

Using the stabilization versus time curve
(Budd, 1988a), we estimate that the section of
the Andros core below the paleosol, that is
100% calcite, has been in a fresh-water
phreatic diagenetic system for a total of
approximately 10 ka (Figure 13). Exactly
when that 10 ka occurred is uncertain. We
speculate that it did not include the bulk of
substage-5e highstand, because at that time the
area was accumulating marine sediments, and
was completely submerged in marine water.
However, it did experience fresh-water lens
environments during the rise to, and fall from,
that highstand. The sedimentary unit below
the paleosol was not necessarily deposited
during the stage 7 highstand, but could be
much older, perhaps dating to stage 9 or 11.

Diagenesis Today

Evidence of dissolution is prevalent in all
portions of the upper 12 m of the aquifer
based on water samples (Figures 10, 11) and
petrologic examination of the rocks. The
excess Ca concentration of 75 ppm found in all
water samples is many times supersaturated for
both aragonite and calcite in equilibrium with
atmospheric concentrations of CO,. At
atmospheric CO, concentrations (~350 ppm),
the amount of Ca at equilibrium with calcite
would be about 20 ppm. Equilibrium with
respect to aragonite would be a bit higher. To
dissolve 75 ppm Ca in equilibrium with calcite
would require about 10,000 ppm CO, and in
equilibrium with aragonite it would require a
little less CO,. A concentration of 10,000 ppm

aragonite is

CO, can be attained if the aquifer waters pass
through an organic-rich soil zone where they
pick up additional CO,. Because of the
uncertainty regarding the total CO,, we cannot
use the excess Ca concentration to indicate
which carbonate phase (aragonite or calcite), if
any, is in equilibrium with the aquifer
solution. However, there is clear evidence that
substantial dissolution is occurring.

Upper aquifer.
We can use additional details about the

water chemistry and petrology to infer that
being selectively, but not
exclusively, dissolved in the upper aquifer (i.
e., above the paleosol that occurs at 7 m depth.
Numerous investigators have observed that
natural carbonates have either high Sr
concentrations (~10,000 ppm) or low Sr

concentrations (< 2000 ppm; Kinsman, 1969;
Milliman, 1974; Land and Hoopes, 1973). The

low-Sr carbonates include all calcite minerals
plus aragonite formed by molluscs. The
high-Sr carbonates include aragonite formed
by corals and green algae, and in ooids. The
exclusion of Sr from the calcite minerals
occurs because Sr does not fit well in the
lattice site reserved for a cation (Sr%* has an
ionic radius of 1.14 angstroms, whereas Ca%*
has an ionic radius of 0.99 angstroms), whereas
Sr does fit well in the lattice site reserved for
a cation in the aragonite structure. In high-Sr
carbonates the Ca/Sr ratio is ~40, in low-Sr
carbonates the ratio is ~200, and in sea water
the ratio is ~50 (by convention, the trace
element is the numerator and the carrier
element is the denominator). If dissolution is
the dominant process (i. e., cementation is
negligible), we can use this difference in ratios
to calculate the type of carbonate being
dissolved, by the following balance:

(Ca/Sr) excess
(x) (Ca/Sr from 10,000 ppm carbonate)
+ (1-x) (Ca/Sr from 2000 ppm carbonate)

=x (40) + (1 - x) (200)
= x (40) + 200 - (200)x

(Ca/Sr) excess
(Ca/Sr) excess

(Ca/Sr) e - 200 = x (40 - 200)
(Ca/Sr) oy ~200 = x (-160)
((Ca/Sr) gycess - 200) =x

-160



where x is the fraction of the sample that is
the 10,000 ppm variety of carbonate with a
Ca/Sr ratio of 40. These ideas are graphically
displayed in Figure 12.

The Ca/Sr ratio in the upper portion of
the aquifer is about 90 (Figure 11). From this
ratio, we estimate that the type of carbonate
being dissolved in the upper portion of the
fresh-water zone is mostly the high-Sr variety

(= 70 %), the rest being a low-Sr variety of
carbonate (mollusc aragonite and/or calcite).

As only 60% of the rock of the upper aquifer
is aragonite (the more soluble polymorph of
carbonate), there must be some selectivity of
dissolution. Many of the ooids have missing
laminae (Figure 4) which are interpreted to be
the result of selective dissolution.
Furthermore, although most of the aragonite
can be petrologically accounted for in the form
of ocoids (high-Sr aragonite), some of the
aragonite is molluscan (low-Sr aragonite), and
some aragonite may be in the form of peloids.
Clearly, ooids are selectively being dissolved,
and it may be that the rest of the material
being dissolved (the 30% of low-Sr carbonate)
is all aragonite from molluscs (and perhaps
peloids) or a combination of low-Sr aragonite
and calcite.

In the area immediately below the
paleosol at 7 m depth, the Sr concentration
increases to ~1 ppm (Figure 10) and the Ca/Sr
ratio decreases to about 60 (Figure 11). In
contrast to the overlying portion of the
aquifer, this geochemical signature cannot be
directly linked to dissolution of the local rock,
because the local rock is 100% calcite, and
when dissolved, calcite should produce a high
Ca/Sr ratio (~200 or greater) and a low Sr
value (~0.4 ppm). A logical way to get a lower
Ca/Sr ratio is to selectively precipitate Ca, and
selectively exclude Sr from the precipitated
solid, which is the process expected for
precipitation of calcite cement. The
distribution coefficient for Sr precipitating
into calcite is ~0.06 (Katz et al., 1972), which
means that the ratio of Sr/Ca going into calcite
will be 6% of the ratio of Sr/Ca in the water;
so, Sr in the water will increase relative to Ca.

It is remarkable that the Sr in the
solution is higher than in the aragonitic aquifer
above it. There are two ways to get a high Sr
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concentration: 1) dissolution of a rock with
high Sr values, and/or 2) repeated/continuous
dissolution of a low-Sr host rock and
precipitation of an even lower-Sr carbonate
cement. If dissolution alone caused the Sr
values and Ca/Sr ratios, 87% of the material
dissolved would have to have been high-Sr
carbonate. [Even dissolution of the upper
aquifer would be unlikely to yield this
signature. We suggest that precipitation of
calcite is occurring, or has occurred, in order
to have created this geochemical signature.
Petrologically, this region is the best-cemented

“portion of the aquifer.

Lower Aquifer.

From the top of the mixing zone (~8.5
m from the surface) to the base of the cored
interval, the amount of excess Sr decreases
from | ppm to <0.5 ppm; while excess Ca
remains constant, and the Ca/Sr ratio increases
to 170. This suggests that a low-Sr carbonate
(calcite) is being dissolved within the mixing
zone. The salinity in this region increases
from 0.5 %o to ~3.5 %o (salinity of 3.5 %o
corresponds to a mixture of 10% sea water and
90% fresh water). Several studies have
demonstrated that there is increased dissolution
in the fresh-water/marine mixing zone (Back
and Hanshaw, 1970; Hanshaw and Back, 1979;
Back et al., 1986; Mylroie and Carew, 1988,
1990).  Quantitative geochemical studies
indicate that calcite should dissolve in a
mixture of 10% sea water and 90% fresh water.
Even though the fluids may be saturated with
respect to both aragonite and calcite in the
fresh water, when fresh water is mixed with
sea water, the resulting fluid can be under
saturated with respect to both calcite and
aragonite. As there is no aragonite in the
region of the mixing zone, calcite dissolves.

The Ca/Sr ratio of calcite is often > 200; hence
the Ca/Sr ratio in the water that dissolves this

limestone goes up. In the mixing zone, the
Ca/Sr ratio increases from 70 (at a salinity of
1.5%0) to 156 (at a salinity of 3.5%so).

s ¢ Di ic P

What the petrologic, geochemical,
hydrologic, and geotechnical data suggest is
that rain enters the aquifer and selectively
dissolves high-Sr aragonite in the upper
portion of the fresh-water lens (above the



paleosol at 7 m depth). Some precipitation of
calcite may be occurring, but the geschemical
evidence suggests only selective dissolution of
aragonite. Water below the paleosol is derived
from above, but moves more slowly.
Cementation by calcite occurs below the
paleosol causing the Ca/Sr ratio to decrease. In
the current mixing zone, dissolution of calcite
appears to be occurring.

Diagenesis and Age

The upper 12 m of Andros Island consists
of rocks that exhibit two distinct stages of
diagenesis, with a small intermediate zone
separating them. The lower zone is 100%
calcite, and the upper zone is approximately
40% calcite (60% aragonite). Clearly, the older
(lower) limestone unit has undergone greater
diagenesis than the upper limestone unit. The
water chemistry indicates that several processes
are presently occurring which are causing an
overall decrease in aragonite and an increase in
calcite. These diagenetic processes are linked
to the position and thickness of the modern
fresh-water lens and mixing zone.

The geochemistry of the groundwater in
these two units from Andros (Pleistocene) can
be compared to Joulter Cays, a modern ooid
sand shoal (~1000 years old), and to data from

] .
10 4
Sr :
- (excess ppm)
5 -
0

the Yucatan Peninsula, a Miocene limestone.
A plot of Sr vs Ca shows that the groundwater
of each of these limestones has a distinct Ca
and Sr concentration (Figure 14). The
solutions contain Ca concentrations of 20 to 80
ppm, which is what is expected from a
limestone in equilibrium with CO,
concentrations ranging from atmospheric
values (PCO, = 1075 ) to ones which have
been increased by reaction within soils (e. g.,
PCO, = 10°%).

The Joulter Cays samples have
relatively high concentrations of Sr because the
Joulter Cays rock is composed primarily of
high-Sr aragonite ooids. The low Ca/Sr ratio
suggests that substantial dissolution is
occurring, followed by precipitation of calcite
cement. Thus, the Sr concentration rises; yet
the Ca concentration remains at values near
saturation with respect to calcite.

Andros samples have much lower
concentrations of Sr than Joulter’s samples.
Dissolution of these rocks in the fresh-water
phreatic zone adds Sr, and the Ca/Sr ratios
suggest precipitation of calcite in the lower
portion of the fresh-water lens and the upper
portion of the mixing zone. Thus, mineralogic
stabilization is occurring at the present time,
and it is incomplete.

The water samples from the Yucatan

e Joulter Cays;

= Andros Island
o Yucatan

~ High-Sr
ARAGONITE
(10,000 ppm)

Low-Sr
. carbonate
(2000 ppm Sr)

0O 20 40 60 80 100
Ca (excess ppm)

Figure 14. Srversus Ca for water samples from three regions with cdrbonate rocks of different ages.
The Ca/ Sr ratio increases from a low of ~5-10 for Joulier Cays ( Holocene) to a high of >200 for the

Yucatan Peninsula (Miocene).



have slightly lower concentrations of Sr than
those from Andros. The Yucatan rocks are
entirely calcite, and the water chemistry
resulting from their dissolution has a Ca/Sr
ratio which is what would be expected for
samples of water froma rock that is all calcite.

The decrease of Sr, and increase of the
Ca/Sr ratio of diagenetic solutions reflects the
diagenetic stabilization of the rocks. The
clumping of the groundwater geochemistry is
correlated with age of the rock, and suggests
that diagenetic stabilization is a step-wise
process.

SUMMARY

The principle mechanism controlling
both the mineralogic stabilization and
trace-element diagenesis of the carbonates
studied is the intensity and duration of
diagenetic processes in the fresh-water vadose,
fresh-water phreatic, and mixing-zone
environments. As the fresh-water lens rises
and falls with sea level fluctuations, the
duration of fresh-water diagenesis depends on
the rates of sea-level change and the duration
of sea-level stillstands. Likewise, the duration
of vadose diagenesis is linked to sea-level
fluctuations.

Although the difference in age between
Joulter Cay rocks and the upper portion of the
Andros aquifer is ~125 ka, there is a much
smaller difference in the duration of
fresh-water diagenesis, because the upper part
of Andros Island did not experience
fresh-water phreatic diagenesis during most of
the time between deposition and today,
because sea level, and the fresh-water lens,
was below these rocks during this time. Only
during the last few thousand years has a
fresh-water lens been situated near its present
position; so, the upper section of Andros Island
has experienced fresh-water phreatic
diagenesis for only the past 2000-3500 years.
Apparently, the rocks below the paleosol at 7
m depth have experienced greater diagenesis
(more steps) than the rocks above this thick
paleosol, most likely indicating that those rocks
are older than 125 ka.
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