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Fossil Echinoderms As Monitor
of the Mg/Ca Ratio of

Phanerozoic Oceans
J. A. D. Dickson

Opinion has long been divided as to whether the Mg/Ca ratio of seawater
remained constant during the Phanerozoic or underwent substantial secular
change. Existing empirical evidence for the Mg/Ca of ancient seawater provides
a poorly resolved and often controversial signal. Echinoderm fossils that have
retained their bulk original chemistry, despite micrometer-scale changes, pre-
serve a record of seawater Mg/Ca and confirm that major changes in Mg/Ca
occurred during the Phanerozoic. Echinoderms from the Cambrian and from the
Carboniferous to the Triassic indicate a seawater Mg/Ca of ~3.3, whereas
echinoderms from the Jurassic to the Cretaceous indicate a Mg/Ca of ~1.4. The

present seawater Mg/Ca is ~5.

The major element composition of the ocean
is controlled by the balance between input
and output of seawater solutes (I, 2). Two
decades ago, the major ionic composition of
the oceans was thought to have been constant
for the past 500 million years (/), but, more
recently, major oscillations in seawater
chemistry have been proposed (3, 4). The
Mg/Ca ratio of seawater today is ~5.2 mol/
mol (5) and is controlled by the supply of
these elements to the oceans by rivers by their
exchange in hydrothermal flows at midocean
spreading centers, and by their removal due
to carbonate and evaporite precipitation. Es-
timated changes in these fluxes during the
Phanerozoic have been used to model Mg/Ca
seawater values and imply that this value has
oscillated between 1.0 and 5.0 (3, 4). This
pattern has been correlated with changes in
atmospheric CO, concentration, sea level,
“icehouse” versus “greenhouse” conditions,
and other first-order global cycles (6, 7). The
particular pattern of Mg/Ca modeled, howev-
er, depends on the values assigned to the
fluxes, and these have been questioned (8, 9).
What is needed is a reliable archive of ancient
seawater Mg/Ca values.

Evaporite minerals and fluid inclusions in
evaporites (particularly halite) have been
used to reconstruct seawater Mg/Ca (4, 10).
The deviation of fluid inclusion Mg/Cl data
from the path calculated for closed-system
evaporation of modern seawater is interpreted
as being due to different initial compositions
of seawater (/0). Despite reservations on the
use of a closed-system model (9) and the fact
that deviations from this model are uniquely
tied to compositional differences of the initial
seawater, fluid inclusion data can be matched
to Phanerozoic seawater Mg/Ca models (10).
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The relative abundance of limestone and
dolomite deposits has been proposed to re-
flect seawater Mg/Ca (3), with dolomite
[CaMg(CO,),] being more abundant at times
of proposed low seawater Mg/Ca (/7). The
relative abundance of these rocks, however,
is difficult to quantify; some suggest that the
mass ratio varied cyclically during the Pha-
nerozoic and correlated with sea level (/2),
whereas others claim its pattern is stepped,
with a reduction in dolomite abundance
~150 million years ago (/3).

Similarly, the relative abundance of the
dominant abiotic carbonate phase, calcite or
aragonite, has been proposed as an indicator
of seawater Mg/Ca (4, 8, /4). Today, shal-
low-water marine abiotic precipitation of car-
bonate occurs primarily as aragonite and Mg
calcite. However, it has been proposed that, at
certain times in the past, calcite (low-Mg
calcite) was the dominant phase and that the
alternation between aragonite and calcite seas
correlates with variations in seawater Mg/Ca
(4, 8, 14). Although experimental evidence
support seawater Mg/Ca as a control on car-
bonate mineralogy, it is clear that many other
interacting factors are involved, such as tem-

perature, concentration of SO,, saturation
state and therefore atmospheric CO, (contro-
versial), phosphate, and perhaps others (/5—
18).

Here, I suggest that fossil echinoderms
can be used as a reliable monitor of seawater
Mg/Ca. Modern echinoderms produce skele-
tons that have a large range in Mg content [5
to 19 mole percent (mol%) MgCOs]. This
variation is principally controlled by temper-
ature (Fig. 1) (/9-30). The Mg content of
different skeletal units from a single skeleton
and between different genera varies consid-
erably. This variation is controlled physiolog-
ically (37) and causes the low r? value shown
in Fig. 1. Echinoderm spines have less Mg
content than robust skeletal plates (32) and
are excluded from this study. Modern abiotic
marine Mg-calcite cements have a range of
Mg content similar to echinoderms and also
vary exponentially with temperature (Fig. 1).
The close correspondence between these two
sets of data (Fig. 1) suggests that generally
echinoderm biomineralization involves little
discrimination against Mg, as opposed to bi-
omineralization in other calcite-secreting or-
ganisms such as foraminifera.

All fossil echinoderm skeletons have un-
dergone diagenetic change, but this can vary
from minor modification of trapped organic
matter to wholesale textural and chemical
reorganization of the stereome. A total of 103
samples containing externally well-preserved
ossicles were selected for study; 75 of these
were rejected because severe diagenetic
changes were identified with the use of the
scanning electron microscope in backscatter
mode. The remaining 28 all contain ossicles
that retain original stereome microstructure
(Fig. 2); some are composed of Mg calcite
and in some the Mg calcite has been trans-
formed to calcite and dolomite. The ossicles
composed of calcite with micrometer-sized
blebs of dolomite preserve their overall pri-
mary Mg/Ca composition (33-35).

The Mg composition of individual os-
sicles was taken as the mean of ~10 individ-
ual microprobe spot analyses (36). Each spot
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was ~8 pm in diameter, and calcite/dolomite
mixtures were averaged. Consistent results
between spots are indicated by % standard
deviations less than ~10%. The total varia-
tion in mol% MgCO, between 63 ossicles
from the 28 well-preserved samples is from
3.3 to 12.5%. A maximum of seven ossicles
were analyzed from one sample with a range
of 1.5 mol% MgCQO;; the largest intrasample
variation is 2.4% between three ossicles, but
only single-ossicle analyses were completed
on some samples. Modern tropical echinoids
(31) have an average mol% MgCO, = 16.3%
(n = 61, where n is the number of ossicles),
with a range of 7.4% (Fig. 1). Intrasample
variation requires further investigation.

The experimental determination of Mg
partitioning in synthetic calcite has been ex-
tensively studied, and a range of coefficients
for precipitation at 25°C (0.01 to 0.05) has
been determined (37). This range is caused
by a number of kinetic factors, some of which

Fig. 2. A micrograph of a
stained (32) thin section
of crinoid ossicle set in
silty clay from the Holder
Formation (late Pennsyl-
vanian), Dry Canyon, New
Mexico. Crinoid skeleton
(stereome) stains red and
is composed of a mixture
of calcite and dolomite
(unresolved at this mag-
nification) and is clearly
differentiated from the
cement that fills the ossi-
cle’s pores. The cement
stains blue and is com-
posed of ferroan calcite.
Scale bar = 0.1 mm. The
special preservation of
this structure and reten-
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are difficult to quantify. Coefficients deter-
mined from seawater precipitation of synthet-
ic material underestimate Mg found in marine
Mg-calcite cements (/7, 38). Consequently,
an effective partition coefficient for Mg in
echinoderms is used here (D°Mg = 0.03757),
calculated from (i) a mean MgCO, content of
16.3 mol% from modern tropical echinoids,
(ii) a seawater composition of Ca = 411 parts
per million (ppm) (10.2 mmol/kg) and Mg =
1290 ppm (53.0 mmol/kg), and (iii) a tem-
perature of 25°C. To minimize the effects of
temperature, echinoderm samples were se-
lected from paleotropical or paleosubtropical
regions. A reasonable temperature range for
these regions at present is 20 to 30°C; during
greenhouse epochs, maximum temperatures
were probably higher (39).

The Mg/Ca of past seawater is calculated
from mol% MgCO, of fossil echinoderms
with the use of a single partition coefficient.
For simplicity, no account is taken of temper-

tion of its original chemistry is due to the Mg-calcite skeleton changing to calcite and dolomite
after its pores were filled by ferroan calcite cement. This cement acted as a crystal casket, confining
transformation to internal reorganization of the skeleton (34).
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ature and other secular changes that will
modify the D°Mg value, because the magni-
tude of these changes is uncertain and the
effects of some Kkinetic factors are not yet
understood. It is estimated that ignoring these
factors may introduce a maximum error ~0.4
to the Mg/Ca values for seawater. The Pha-
nerozoic range and pattern of Mg/Ca seawa-
ter variation match, in a general way, those
predicted by existing mass balance models
(3, 4) and by Mg/Ca estimates from fluid
inclusions in halite (/0) (Fig. 3). Excluding
the Cambrian data, there is an excellent
match between the fluid inclusion and echi-
noderm data for seawater Mg/Ca. The pres-
ence of abundant aragonite cement in the
early Cambrian (40) tends to support the
higher Mg/Ca indicated by the echinoderm
value. The Mg/Ca models of Wilkinson and
Algeo and Hardie have substantial differenc-
es (Fig. 3) due to the former incorporating the
effects of dolomitization and the latter ignor-
ing them. The Mg/Ca values calculated from
echinoderms are close to parts of the two
model curves at different times (Fig. 3), and
their overall concentration is similar, except
for the Cambrian values. Echinoderms
formed in seawater in the early Cambrian
have Mg/Ca = 3.3 (0 = 0.1. n = 3); in the
late Carboniferous, 3.4 (o = 0.2; n =10); and
the late Triassic, 3.1 (n = 1). Mg/Ca values
calculated for early Carboniferous seawater
are substantially lower at 2.2 (o = 0.7, n =
19); in the Jurassic, 1.4 (¢ = 0.2; n = 18);
and in the Cretaceous, 1.4 (o = 0.5, n = 4),
more than a factor of two lower than modern
echinoderms.

Echinoderms to date have been ignored as
a Mg/Ca seawater monitor. The data present-
ed here are encouraging, but further analyses
of existing samples and of many previously
unstudied well-preserved echinoderms are re-
quired to substantiate the pattern of seawater
Mg/Ca secular variation.
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Spatial and Temporal Offsets
Between Proxy Records in a
Sediment Drift
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Chronologies for Late Quaternary marine sediment records are usually based
on radiocarbon ages of planktonic foraminifera. Signals carried by other sed-
imentary components measured in parallel can provide complementary pa-
leoclimate information. A key premise is that microfossils and other indicators
within a given sediment horizon are of equal age. We show here that hapto-
phyte-derived alkenones isolated from Bermuda Rise drift sediments are up to
7000 years older than coexisting planktonic foraminifera. This temporal offset,
which is apparently due to lateral transport of alkenones on fine-grained
particles from the Nova Scotian margin, markedly influences molecular esti-
mates of sea surface temperatures. More broadly, the observation raises ques-
tions about both the temporal and the geographic fidelity of paleoenviron-
mental records encoded by readily transported components of sediments.

The development of multiple parallel proxy
records derived from measurements of vari-
ous sedimentary components is now com-
monplace for reconstruction of past changes
in the ocean and climate. For example, the
molecular sea surface temperature (SST)
proxy UX (I-3) complements information
derived from the assemblages and oxygen
isotopic (3'%0) compositions of planktonic
foraminifera (4). A requirement for the suc-
cessful coupling of molecular and microfos-
sil-based proxies is that they reflect water
column conditions at the same time. Biotur-
bation can, however, mix particles with dif-
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mate proxies associated with fine particles
can be chronologically and spatially de-
coupled from those associated with coarser
particles (7). The problem is important be-
cause sediment drifts, in which a meter of
depth may represent only 1000 years, are
often targeted for studies of abrupt climate
change (8, 9).
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tonic foraminifera (Globigerinoides ruber)
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calendar years before the present (yr B.P.)
(Table 1) (cmvky = cm per 1000 calendar
years) (8, 10, 12). Table 1 also summarizes
measured radiocarbon ages for total organic
carbon (TOC), alkenones, and inorganic car-
bon in the fine fraction (FFIC) (particles <63
pm in diameter) from sediment intervals in
three different cores (/3). The first seven
entries represent samples of Holocene age
from a single box core. The average interval
between samples is ~200 years. The remain-
ing entries represent sediments deposited dur-
ing the late glacial and deglaciation, 16 to 24
thousand years ago. The temporal resolution
in this series is significantly lower, with an
average interval between samples of about
1300 years. In all samples, the radiocarbon
ages of the alkenones, TOC, and fine carbon-
ates significantly exceed those of the plank-
tonic forams. For the alkenones, the average
difference is 4200 '*C years. The TOC and
FFIC are on average >5000 '*C years older
than the forams.

The foram ages provide the most accurate
indication of the age of each sediment hori-
zon. Relative to other sedimentary compo-
nents, forams are large (>150 pm) and
dense. These sand-sized particles settle rap-
idly from the overlying surface waters (/4).
Although bioturbation can in some cases mix
forams of different ages with one another (5),
the high sediment accumulation rates at the
Bermuda Rise minimize potential offsets due
to this process (/5). In support of this idea,
measurements on another planktonic foram,
Globorotalia inflata (16), from the same
samples yielded ages that were identical,
within uncertainties, to those of G. ruber.
Finally, the presence of bomb *C in forams
in the shallowest depth interval (Table 1)
provides clear evidence of prompt deposition.

The above differences in radiocarbon age
provide compelling evidence that a significant
portion of the carbon in the alkenones, TOC,
and fine carbonates is derived from some
source other than surface waters overlying the
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