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AsstracT:  The alternation between abiotic calcite and aragonite pre-
cipitation in shallow seawater and the oscillation of seawater Mg/Ca
ratio throughout the Phanerozoic are both popular hypotheses. Echi-
noder ms with well-preserved stereom provide new empirical evidence
that supports both these hypotheses. Analyses are reported from 29
specimens, Cambrian to Eocene age, containing ossicles preserved ei-
ther as Mg calcite, 3.3 to ~8 mole% MgCO,, or as mixed calcite and
dolomite, ~5 to 12.5 mole% MgCO,. Echinoderms with high mole%
MgCO; occur in the Early Cambrian and late Carboniferous to Tri-
assic; low values come from the Silurian and Jurassic to Cretaceous.
The average composition of echinoderms with preserved stereom does
not fall below 3.5 mol% MgCO, during the Phanerozoic and reaches
its highest mean value of 16.0 mol% MgCO, today.

An empirical partition coefficient of 0.03182 for modern tropical
echinoidsis used to indicate the Mg/Ca ratio of ancient seawater from
the Mg/Ca ratio of fossil stereom; some assumptions are involved and
a likely error is calculated from the Mg2* variation of modern echi-
noids. High mean seawater Mg/Ca ratios are calculated for early Cam-
brian (3.3) and the late Carboniferous to Triassic (2.3) but never
reached today’s value of 5.2; low Mg/Caratios (1.1) areindicated from
Jurassic to Cretaceous echinoderms. The 29 echinoderm samples plot
close to first-order Mg/Ca seawater oscillations derived from geochem-
ical models and Mg/Ca ratios determined from fluid inclusions, but
consider able discrepancies exist when shorter (10° Myr) time intervals
are considered. Further data and improved understanding of Mg par-
titioning is required before accurate secular variation in the Mg/Ca of
seawater can be determined from echinoderms. However, they are an
underused resource in this context and provide an excellent seawater
archive.

INTRODUCTION

Sandberg (1975) recorded a change from calcite to aragonite ooids dur-
ing the Mesozoic that he related to changing Mg/Caratio of seawater; |ater
(1983) he proposed that the dominant abiotic carbonate precipitated from
shallow seawater oscillated between calcite and aragonite during the Phan-
erozoic Eon. He noted that this oscillation matched Fisher's (1981) ice-
house-greenhouse cycles, which were, in turn, linked to changes in at-
mospheric PCO, (Mackenzie and Pigott 1981). Opinion has returned to
seawater Mg/Ca ratio as the control on abiotic aragonite or calcite precip-
itation (Hardie 1996; Stanley and Hardie 1998, 1999; Stanley et a. 2002),
athough experimental work by Morse et d. (1997) indicates that temper-
ature is equally important. Sandberg (1983) epitomized this mineralogical
alternation as *‘ calcite and aragonite seas,’’ terms that have been adopted
by some, athough their boundaries are ill-defined. Bates and Brand (1990)
have criticized Sandberg's database and suggest that aragonite was the
dominant abiotic carbonate to precipitate from Silurian to Recent seawater.

The notion that the concentration of major dissolved ions in seawater
has remained constant during the Phanerozoic (Holland 1978) has been
losing credence over the past two decades. Recent reviews strongly favor
fluctuations in ocean chemistry throughout the Phanerozoic (Kerr 2002,
Montafiez 2002; Lemarchand 2003). This applies particularly to the Mg/
Ca ratio, which is now predicted to have oscillated between 1 and 5 by
geochemical modeling (Wilkinson and Algeo 1989; Hardie 1996) and fluid-
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inclusion studies (Lowenstein et a. 2001; Brennan and Lowenstein 2002;
Horita et d. 2002). Marine carbonate precipitates should provide a direct
means of monitoring Mg2+ and Ca2* but are fraught with difficulties due
to their susceptibility to diagenetic change and poor understanding of Mg
partitioning (Morse and Bender 1990), especially with respect to biogenic
carbonates (Zeebe and Sanya 2002).

Fossil echinoderm skeletons have been ignored as potential marine prox-
ies in the past because their stereom was thought to be aways atered
(Weber 1973). Echinoderm skeletal Mg calcite, however, can be atered
along many different diagenetic pathways; some are preserved as Mg cal-
cite and some undergo alteration to calcite and dolomite but with preser-
vation of origina bulk composition (Dickson 1995, 2001b, 2002). The use
of fossil echinoderms in this context is explored further in this paper.

MATERIAL AND ANALYSIS

The preservation state of 104 samples of superficially well-preserved
echinoderms was assessed using a Zeiss Axioplan petrological microscope
and backscatter electron images from a Jeol 820 SEM (BSEM). Twenty-
nine samples, some single ossicles and some rock samples containing many
ossicles, were selected for this study (Table 1). All analyzed ossicles have
well defined stereom microstructure; labyrinthic, galleried and rectilinear
microstructural types (Smith 1980) were identified (Figs. 1, 2). Some os-
sicles show pentameral stereom symmetry, and many are constructed from
more than one microstructural type. The pore space in these fossils was
occupied by stroma during the animal’s life and is now filled with cement.

Identification of mineral phases present in the ossicles was attempted by
XRD analysis using a Huber Guinier X-ray powder diffractometer in trans-
mission geometry. Entire ossicles were powdered, mixed with a silicon
interna standard, and ground finely under acohol. The instrument used
CuKa; radiation at 30 kV, 20 mA. A computer-controlled point counter
measured radiation counts for 100 seconds at stepped diffraction angles of
0.01° 26. Peak characteristics were anayzed using the curvefitting pro-
gram ORIGIN and cdlibrated against the silicon internal standard. The 10.4
X-ray peaks of calcite, Mg calcite, and ferroan calcite were indistinguish-
able, but the isolated 10.4 dolomite peak of weak intensity was identified
in some samples. The four carbonate phases that occur in the fossil echi-
noderms were identified by electron microprobe and backscatter scanning
electron microscope analyses.

Energy dispersive electron microprobe analysis alowed the differentia-
tion of stereom from its cement fill and was conducted on the samples
using a Cameca SX50 microprobe, accelerating potential = 20 kV, beam
current between 3 and 5 nA, and a beam diameter between 5 and 10 wm.
Minimum detection limits for Mg, Fe, and Mn are 1200 ppm. Each ossicle
was analyzed on ~10 isolated spots on the stereom and ~5 spots on the
cement. The location of analysis spots was checked after analysis by ob-
serving circular discoloration marks on the samples, and any data from
spots that overlapped stereom and cement were rejected. The area of each
analysis spot is larger than any textura irregularities identified in the ster-
eom (Fig. 2F). An individual spot analysis is either from single-phase Mg
calcite or from a mixture of cacite, Mg calcite, and dolomite.

RESULTS

MgCO, Content.—The range in mole% MgCO, from spot analyses of
individual fossil echinoderm ossicles is variable (Table 2). The stereom of
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TaBLe 1.—List of samples analyzed.

JAD. DICKSON

No. Des Location Stage Paleolatitude Age Collector/Museum
62 c Clapham, London, U.K. (3) Ypresian 47° 53 A.Smith Nat Hist Mus.
10 c Speeton, Lincolnshire, UK. (2) Albian 41° 100 A.Smith Nat Hist Mus.
39 | Speeton, Lincolnshire, UK. (2) Hautterivian 37 130 A.Smith Nat Hist Mus.
17 c Santa Cruz, Portugal. (2) Kimmeridgian 29° 152 E.Harper
29 Bs Jarcenay, Douds, France. (3) Oxfordian 3 156 A.Smith Nat Hist Mus.
61 c Huggits Wood, Yorkshire, UK. (2) Cdlovian 39° 164 JA.D.Dickson
32 c Whatton Cliff, Dorset, UK. (2) Bathonian 36° 166 JA.D.Dickson
47 Bs Staithes, Yorkshire, UK. (2) Domerian 40° 184 A.Smith Nat Hist Mus.
38 c Cheltenham, Gloustershire, U.K. (3) Plienshachian 36° 190 A.Smith Nat Hist Mus.
101 c Staithes, Yorkshire, UK. (2) Pleinshachian 39° 192 JA.D.Dickson
94 c Black Ven, Dorset, UK. (2) Sinemurian 32° 200 E.Harper
90 Ec Dolomites, Italy, (2) Norian 25° 220 J Wendt
97 c Djebel Tabago, Tunisia, (1) Wordian -4 253 D. Erwin Smithsonian
83 c Callythyra Springs, Australia. (2) Artinskian —37r 260 P Jell
98 c Ponotoclo Co. Oklahoma, U.SA. (1) Virgilian —4° 291 D.Erwin Smithsonian
102 A&c Dry Canyon, New Mexico, U.SA. (7) Virgilian -3 292 JA.D.Dickson
93 c Palo Pinto Co. Texas, U.SA. (1) Virgilian -3 292 AMolineux Tx. Mem M.
99 c Pittsberg, Kansas, U.SA. (1) Desmoinesian -3 297 D.Erwin Smithsonian
103 c Ozarks, Arkansas, U.SA. (3) Amsbergian —13° 325 JA.D.Dickson
70 Ag Confusion range, Nevada, U.SA. (2) Chesterian =7° 326 S Marcus Indiana Univ.
68 c Liuzhou, Guangxi, China. (2) Visean -1° 330 S Marcus Indiana Univ.
41 c Clattering Sike, Yorkshire, UK. (3) Brigantian I 330 A.Smith Nat Hist Mus.
34 c Angle Bay, Pembrokeshire, U.K. (2) Hastarian -9 350 JA.D.Dickson
66 c Boy Scout Camp, Indiana, U.SA. (2) Osagian —18° 354 S Marcus Indiana Univ.
76 c Button Mold Knob, Kentucky, U.SA. (3) Osagian —24° 354 S Marcus Indiana Univ.
7 c Deam Lake, Borden, Indiana, U.SA. (2) Osagian —18° 354 S Marcus Indiana Univ.
26 L.m Eiffel, Germany. (1) M. Devonian -8 385 A.Smith Nat Hit Mus.
104 c Ninggiang, Sichuan, China. (7) Telychian —-12° 432 Y.Li
30 c Jasper National Park, Canada. (3) Botomian 18° 518 N.Butterfield
No. = sample number. Des = sample designation: ¢ = crinoid, | = Isocrinus, A&c = Archaeocidaris and crinoid, L.m. = Lepidocrinus multi, B.s. = Balanocrinus solentois, E.c. = Encrinurus cassianus and Ag =

Agassizocrinus. Paleolatitude = estimated using ' Time Trek-4"" (Cambridge Paleomap Services Ltd.) Age = age in Ma Number of ossicles analyzed in brackets.

an interambulacral plate from the modern echinoid Echinus esculentus was
analyzed for comparative purposes: 17 spot analyses show a range of 1.6
mole% MgCO; (from 5.43 to 7.00; Table 2). Some fossi| ossicles, such as
two from Whatton cliff (sample 32) composed of Mg calcite have mole%
MgCO; ranges that are comparable to that of modern Echinus esculentus:
specimen 32a with 4.03%-5.80% (n = 10, mean 4.24%, o = 0.55) and
specimen 32b with 3.89%-4.28% (n = 10, mean 4.12%, o = 0.15). Os-
sicles composed of calcite and microdolomite (tiny anhedral dolomite crys-
tals) exhibit differing ranges. For example, specimen 103a has a high mean
mole% MgCO, content of 9.62% (n = 10, o = 1.40) and a large range
7.67 to 11.82% compared to specimen 102g, which has an even higher
mean mole% MgCO; value of 11.63% but a much smaller range, 10.67%
to 12.88%. The variable rangesin the transformed ossicles are likely caused
by differences in the size and distribution of microdolomite crystals, as
illustrated by specimen 103a in Figure 2F. Different ossicles, al from a
single specimen, showing similar textures have spot analyses that tend to
have similar distributions in mole% MgCO;, data (Table 2). Thisis illus-
trated in histograms of spot analyses from Echinus esculentus and specimen
104, the sample with the most ossicle analyses (Fig. 3). The 7 ossicles from
specimen 104 have similar medians and means, but with varying symme-
tries. For this and all specimens the mean is taken to be representative.
Seven ossicles from different samples of specimen 102, and 7 ossiclesfrom
a single thin section of specimen 104 show variable mean mole% MgCO,
ranges: 1.5% in the former and 1.9% in the latter. The largest intra-sample
variation (3 ossicles from sample 103) is 2.4% (Table 2).

Minerological Variations—The stereom of some fossil echinodermsis
composed of calcite or Mg calcite, which is homogeneous except for dif-
fuse bands lying subparallel to the stereom surface (Fig. 1B). The mean
mole% MgCO; of these ossicles varies between 3.4% and ~8.0%. The
diffuse banding is similar to the concentric pattern of organic laminae re-
vealed in modern echinoids by etching with glutaraldehyde-EDTA (Dubois
1991).

The stereom of some other fossil ossicles is composed of calcite, Mg
calcite, and microdolomite that have a finely mottled or granular texture
under the petrological microscope. This is resolved using BSEM into large
millimeter-size calcite crystals that enclose many microdolomite blebs (a

few microns in diameter) and evenly distributed pores ~1 wm in diameter
(Fig. 2F). These echinoderms have mean mole% MgCO, values from
~5.0% to 12.5%.

Textural Variations—The stereom of a single ossicle can show both
the homogeneous and granular textures in sharply defined patches (Figs.
1F, 2B) with no difference in Mg2* content. In some ossicles, homoge-
neous patches are found in delicate portions and granular patches in coarse
portions of the stereom (Fig. 1F), but in other ossicles both types are pre-
sent within single ossicles of the same microstructural type (Fig. 2B). In
some specimens that show variable textures there is a tendency for stereom
with less than 8 mole% MgCOj, to be homogeneous while that with more
than 8 mole% MgCO;, is granular (Fig. 2F). However, the division between
homogeneous and granular textured stereom in general cannot be drawn at
a precise Mg+ concentration, which is not surprising, inasmuch as these
randomly selected samples have undergone different diagenetic histories.

Secular Mg+ Variations—The Mg?* content of fossil echinoderms
rises and falls throughout the Phanerozoic. Jurassic ossicles (18) from a
greenhouse epoch have mean mole% MgCO; of 4.8% with arange between
3.8% and 6.1% (Table 2) in contrast to 10 Pennsylvanian icehouse ossicles
that have mean mole% MgCO; of 11.1% with a range between 9.9% and
12.5%. Many of the Jurassic ossicles, and none of the Pennsylvanian os-
sicles, are partly preserved in Mg calcite. Unsurprisingly, the Carbonifer-
ous, more unstable, ossicles have al transformed to calcite and microdo-
lomite. High Mg?* values are recorded from Cambrian, Permian, and Tri-
assic ossicles and low values from Cretaceous and Paleogene ossicles, but
the number of analyses per period is small (Table 2).

Fe?+ and Mn2* Variations—The stereom of most ossicles have Fe?*
and Mn2* concentrations close to or below the detection limits of 1200
ppm (Table 2). The stereom pores are usudly filled with ferroan calcite
(0.8-3.0% Fe), but pyrite, siderite, and manganoan calcite aso occur; these
phases are absent from the stereom.

DISCUSSION

Echinoderm Skeletal Preservation

Evidence exists for the rapid stabilization of Mg calcite; skeletd Mg
calcite loses half its Mg concentration in 10-10° yr (Patterson and Walter
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Fic. 1.—Paired SEM backscatter images of samples showing stereom microstructure. Box on A, C, and E are enlarged on B, D, and F, respectively. Average mole%
MgCO; of stereom is given at top of B, D, and F images. A) Crinoid ossicle from Forest Marble, Dorset, U.K., specimen 32. Bands of fine rectilinear and coarse labyrinthic
stereom (dark gray), in ossicle center right. B) Labyrinthic stereom composed of nonporous Mg calcite (dark gray with *‘swirling™” lines). Calcite cement is mottled white
and pale gray with sporadic pores. Pores are present along some contacts between stereom and cement. C) Portion of crinoid ossicle from Staithes Sandstone Y orkshire,
UK., specimen 101. Labyrinthic stereom is dark gray and ferroan calcite cement is white. This ossicle has five rays of coarser stereom, athough only one is shown in
this figure (lower right to upper left) that radiates from an axial canal. D) Stereom has finely mottled pattern composed of calcite (gray), dolomite (dark gray) and micropores
(black spots). Uniform white area is cement composed of ferroan calcite. E) Crinoid ossicle from Lias, Cheltenham, U.K., specimen 38. Galleried stereom forming center
of ossicle (upper right), labyrinthic stereom forming periphery of ossicle (lower left). F) Galleried stereom composed of nonporous Mg calcite (uniform dark gray);
|abyrinthic stereom composed of patches of nonporous stereom and patches of finely mottled stereom composed of calcite, dolomite with many micropores. Palest gray
area is ferroan calcite cement.



358 JAD. DICKSON

6.3 mole% MgCO;

- 1

i ~

11.5 mole% MgCO; ,

. -
e I

P SRTPIRRE & 21 2 1 ‘Y B £ &

Fic. 2—Paired SEM backscatter images of samples showing stereom microstructure. Box on A, C, and E are enlarged on B, D, and F, respectively. Average mole%
MgCO;, of stereom is given at top of B, D, and F images. A) Portion of Isocrinus ossicle from Speeton Clay, Lincolnshire, U.K., specimen 39. Stereom is dark gray;
skeletal pores at center of ossicle filled with pyrite (white). Margin of ossicle is composed of dark gray stereom and cement that is a slightly lighter shade of gray. B)
Stereom composed of patches of Mg calcite (uniform gray) and mottled areas of calcite (gray), dolomite (dark gray), and many micropores (black). Original stereom pores
are now occupied by small ferroan calcite crystals (palest gray) and irregular shaped pores (black). C) Portion of circular crinoid stem ossicle with axia cana to upper
right, Clattering Sike, Y orkshire, U.K., specimen 40. Labyrinthic stereom (gray), and ferroan calcite cement (pale gray). D) Labyrinthic stereom composed of calcite (gray),
dolomite (dark gray) with many micropores (black). Ferroan calcite cement is palest gray. E) Echinoderm ossicle with complex stereom (dark gray) pattern, Imo Formation,
Arkansas, U.SA., specimen 103. Stereom pores and intergranular pore (lower left) are filled with zoned siderite (white) cement. Pale spots at center of coarse stereom
trabeculae (upper half) are artifacts caused by microprobe beam. F) Stereom composed of calcite (dark gray), dolomite (darker gray spots), and many micropores (black).
The micropores and dolomite blebs at the center of coarse stereom are larger than those in the areas of thinner stereom. Pale spot about 10 um in diameter just above
center is discoloration mark caused by microprobe beam. Skeletal pores are filled by siderite cement crystals (white).
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TasLe 2—Elemental data from interambulacral plate of modern Echinus esculentus (E.e.) and the stereom of 70 fossil echinoderm ossicles. List is organized in order of
increasing Mg2+ content of fossils.

No. of Spot Mole% Seawater

No. Fe% Mn% Analyses Ca% Range Ca% Av sd. Mg% Range Mg% Av sd. MgCO, Mg/Ca
Ee X X 17 33.14-36.40 35.68 (0.78) 1.33-1.72 1.50 (0.10) 6.1 (0.4) 1.8(0.2)
10a X 0.14 10 37.34-38.64 37.96 (0.42) 0.56-1.21 0.84 (0.21) 34(0.8) 09 (0.3)
10b X 0.19 10 37.81-39.01 38.49 (0.55) 0.65-1.39 0.85 (0.23) 35(0.9) 0.9 (0.3)
6la X X 10 36.54-38.04 37.53 (0.52) 0.64-1.14 0.91 (0.15) 3.7 (0.6) 1.0(0.2)
32b X X 10 35.39-36.24 35.78 (0.29) 0.95-1.05 1.01 (0.04) 41(0.1) 12(0.2)
61b X X 9 37.62-38.92 38.20 (0.46) 0.87-1.42 1.06 (0.20) 4.3(0.8) 12(02)
29a X X 10 35.60-38.73 37.49 (0.84) 0.99-1.15 1.07 (0.05) 4.4 (0.2) 12(0.9)
94a X X 1 37.63-38.13 37.92 (0.24) 0.90-1.65 1.07 (0.22) 4.4 (0.8) 12(0.2)
94b X X 10 36.94-38.48 37.80 (0.43) 0.86-1.23 1.80 (0.12) 4.4 (0.4) 12(0.2)
29c X X 1 36.90-38.43 37.60 (0.48) 0.82-1.45 1.10 (0.18) 45 (0.7) 13(0.2)
47a X X 1 36.54-37.98 37.52 (0.26) 0.95-1.42 113 (0.12) 4.6 (0.5) 13(0.0)
76c X X 10 37.21-38.34 37.79 (0.33) 1.00-1.59 1.16 (0.19) 47 (0.8) 13(0.2)
T7h X X 6 37.24-38.07 37.67 (0.28) 0.94-1.44 1.17 (0.20) 48(0.8) 13(0.2)
29b X X 10 36.85-38.15 37.58 (0.36) 0.87-1.53 1.19 (0.18) 4.9 (0.7) 14 (0.2
101a X X 15 36.64-37.39 36.91 (0.30) 0.82-1.17 1.20 (0.18) 4.9 (0.7) 14(0.2)
TTa X X 9 36.85-38.61 37.97 (0.55) 0.82-1.43 1.20 (0.20) 49 (0.8) 13(0.2)
32a X X 10 34.81-36.64 3551 (0.52) 0.99-1.66 1.22 (0.14) 5.0 (0.6) 15(0.2)
38a X X 9 36.33-36.98 36.55 (0.23) 1.05-1.35 1.24 (0.09) 5.0 (0.4) 15(0.2)
17b X X 7 36.54-37.61 37.03 (0.41) 115-1.32 1.25(0.12) 5.1(0.5) 15(0.2)
62a X X 14 33.42-37.12 3551 (1.13) 112-147 1.28 (0.13) 52(0.6) 15(0.2)
62b 0.59 X 5 34.90-35.94 35.42 (0.40) 0.95-1.50 1.28 (0.20) 5.2(0.8) 1.6 (0.2
17a X X 10 34.41-3841 37.23 (0.62) 0.92-1.98 1.30 (0.32) 53(13) 15 (04)
38b X X 8 36.43-36.90 36.74 (0.16) 112-1.44 1.31(0.10) 53(0.4) 15(0.2)
47h X X 10 36.08-37.06 36.70 (0.33) 1.05-153 1.31 (0.15) 5.4 (0.6) 16 (0.2
101b X X 15 35.94-37.38 36.91 (0.39) 0.96-1.68 1.33(0.22) 54 (0.9) 15(0.3)
66h X X 10 38.58-39.19 39.06 (0.03) 113-1.74 1.35(0.18) 55(0.7) 15(0.2
76b X X 10 36.66-38.36 37.43 (0.49) 0.93-1.83 1.36 (0.32) 55(1.3) 1.6 (0.4)
76a X X 10 37.17-38.55 37.79 (0.47) 0.96-1.78 1.38 (0.25) 5.6 (1.0) 1.6 (0.3)
66a X X 10 37.69-38.85 38.08 (0.33) 1.31-1.66 1.47 (0.10) 6.0 (0.4) 17(0.1)
38c X X 5 35.95-37.12 36.77 (0.48) 1.35-1.63 1.49 (0.10) 6.1 (0.4) 18 (0.2)
3Ma 0.23 X 10 36.28-38.33 37.52 (0.80) 1.08-1.97 1.49 (0.40) 6.1 (1.6) 1.7 (05)
3% 0.29 X 10 35.69-37.25 36.32 (0.48) 1.37-1.69 1.52 (0.02) 6.2 (0.4) 17(0.2)
3% X X 10 35.68-37.89 36.73 (0.65) 112-231 1.54 (0.41) 6.3 (1.6) 18(0.5)
104d X X 10 37.19-3841 37.71 (0.42) 1.49-1.90 1.64 (0.13) 6.7 (0.5) 19(0.2)
62c X X 10 37.04-37.78 37.30 (0.24) 157-1.81 1.65 (0.09) 6.7 (0.4) 19(0.2)
104g X X 10 37.27-38.62 37.70 (1.11) 152-1.87 1.69 (0.12) 6.9 (0.5) 19(0.2)
104f X X 10 36.92-38.68 37.97 (0.58) 143-1.89 1.69 (0.17) 6.9 (0.7) 19 (0.2
104a X X 10 37.19-40.21 3852 (0.79) 1.39-2.07 1.74 (0.20) 7.0 (0.8) 19 (0.2
68b X X 10 36.97-38.07 37.45 (0.41) 1.48-2.32 1.77 (0.26) 72 (1Y) 2.0(0.3)
68a X X 10 37.83-38.76 37.85 (0.04) 1.48-253 1.79 (0.32) 73(13) 2.0 (0.4)
34b 0.15 X 10 35.92-38.19 37.15 (0.76) 1.19-3.02 1.83 (0.59) 7423 21(07)
83a X X 8 36.49-37.68 37.02 (0.46) 1.78-2.11 1.90 (0.10) 7.7(04) 22(0.2)
41b X X 10 36.43-37.95 36.96 (0.45) 1.49-2.27 1.93 (0.23) 7.8 (0.9) 22(03)
104c X X 21 36.66-38.23 37.46 (0.38) 1.40-2.51 1.95 (0.38) 79 (15) 22 (04)
104e X X 10 37.10-38.44 37.80 (0.42) 174-243 2.02 (0.23) 8.2 (0.9) 23(0.3)
4la X X 10 36.23-37.94 37.30 (0.60) 1.46-3.02 2.03 (0.59) 82 (2.3 23(0.7)
26a X X 1 35.96-38.43 37.16 (0.63) 119-304 2.05 (0.55) 83(2.2) 24 (0.7)
83b X X 1 356.72-37.06 36.82 (0.60) 1.73-2.66 2.09 (0.31) 85 (13) 25 (0.4)
104b X X 10 37.96-39.04 38.58 (0.34) 1.91-2.49 211 (0.19) 8.6 (0.8) 24(0.2)
41c X X 9 35.96-37.40 36.76 (0.50) 1.87-2.67 2.19 (0.30) 89 (1.2 2.6 (0.4)
70a X X 10 37.05-37.90 37.36 (0.24) 1.85-2.73 222 (0.27) 9.0 (1Y) 26(0.3)
103a X X 8 35.67-38.15 36.89 (0.90) 1.89-2.93 2.37 (0.35) 9.6 (1.4) 2.8 (0.5)
97a X X 9 35.55-39.25 37.38 (L.14) 1.56-3.45 2.38 (0.66) 9.6 (2.6) 29(0.8)
98a X X 1 36.48-38.78 37.46 (0.68) 1.32-327 2.45 (0.63) 9.9 (2.5) 2.8(0.8)
102a 013 X 1 34.48-36.93 35.86 (0.67) 1.82-324 2.50 (0.42) 10.1 (1.7) 3.0(0.6)
102¢ X X 8 35.32-38.24 36.10 (0.95) 211311 2.55 (0.37) 10.3 (1.5) 3.0(05)
30b 0.18 0.20 10 33.86-36.49 35.26 (0.93) 1.92-4.00 2.56 (0.64) 10.3 (2.6) 31(09)
30c 0 0.18 10 35.00-36.78 35.72 (0.51) 2.15-3.33 2 61 (0.36) 10.6 (1.4) 32(05)
70b X X 1 37.01-38.28 37.62 (0.44) 2.02-3.40 64 (0.38) 10.7 (1.5) 25(05)
102d X X 3 35.93-36.31 36.00 (0.28) 256-2.77 2 69 (0.12) 109 (0.5) 32(01)
102e X X 7 35.85-38.64 36.72 (1.00) 2.18-3.03 2.73 (0.27) 110 (1.2) 32(03)
30a 0.16 0.18 10 33.16-36.04 35.36 (0.09) 2.11-4.65 2.73 (0.08) 110 (31) 34(11)
102b X X 12 34.44-36.84 35.34 (0.71) 217-3.25 2.78 (0.43) 11.2 (1.7) 34 (0.6)
102f X X 10 34.50-36.30 35.15 (0.66) 2.20-3.30 2.81(0.37) 11.3 (1.5) 34 (05)
90a X X 10 35.52-37.33 36.20 (0.57) 2.34-3.23 2.82 (0.32) 114 (1.3 34 (04)
93a X X 8 36.34-36.82 36.61 (0.15) 2.76-3.02 2.87 (0.10) 116 (0.4) 34(0.2)
103b X X 7 36.06-36.35 36.16 (0.11) 2.74-2.94 2.87 (0.06) 11.6 (0.3 34(01)
1029 X X 10 34.58-35.01 34.87 (0.19) 261-3.20 2.88 (0.17) 11.6 (0.7) 36(0.2)
90b X X 9 36.77-37.18 37.03 (0.23) 2.74-3.39 2.96 (0.19) 119 (0.8) 34(0.2)
103c X X 10 35.22-35.86 36.08 (0.38) 250-3.32 2.98 (0.29) 12.0(11) 36(04)
99%a X X 10 34.82-37.30 36.17 (0.67) 2.83-4.23 311 (0.52) 12,5 (2.0) 37(07)

No. = sample number, Seawater Mg/Ca calculated using partition coefficient DMg?* = 0.03757, and x = below detection limit.

1994; Budd and Hiatt 1993). Mg calcite when bathed in meteoric water ~ who found only one Pleistocene example from ~1800 fossil echinoderms
can be totally dissolved (Budd 1992), stabilized in 10° yr (Land et a. 1967),  that contained more than a few percent Mg?*. However, echinoderms pre-
or stahilized with a half-life of 60 kyr (Lafon and Vacher 1975). The served in Mg calcite are reported here from rocks as old as the Silurian
impression given by these works is that Mg calciteisrapidly removed from  (Table 2). The stereom microstructure of such ossicles is perfectly defined,
the geological record, aview reinforced for echinoderms by Weber (1969),  and they appear homogeneous on BSEM images (Fig. 1B). These echi-
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noderms till possess high diagenetic potentia but have remained unaltered
because they occur in fine-grained sediments of low permeability and their
pores were sealed early in their history by cement, preventing fluid access
to the ossicles’ interior.

Fossil echinoderms generally have been transformed to calcite and mi-
crodolomite with a wide range of textures (Dickson 2001b). Commonly
their stereom microstructure is poorly preserved, and they consist of do-
lomite crystals that are microrhombic set homoaxidly in large calcite crys-
tals (Richter 1974; Lohmann and Meyers 1977). Some of the echinoderms
reported in Table 2 that have transformed to calcite and microdolomite,
however, still posses well defined stereom microstructure and their trabec-
ulae are constructed of dolomite blebs (a few microns in diameter) set
randomly in calcite (a few millimeters in diameter; Figs. 1, 2). These echi-
noderms are texturally identical to modern echinoid ossicles that have been
experimentally transformed by heating (Gaffey et a. 1991; Dickson 2001a).
The range in mole% MgCO; recorded from spot analyses of individual
fossil echinoderm ossicles (Table 2) indicates that Mg?* redistribution
probably took place over tens of microns during transformation, but this
redistribution was confined to the stereom as the stereom-cement contacts
remain sharply defined. The presence of diffuse primary growth banding
in a Carboniferous ossicle from specimen 102 (visible in cathodolumi-
nescence) indicates Mn2* movement of no more than a few microns over
the last ~300 Myr (Dickson 2001b).

Mg Content of Stereom

Abundant data exist for the Mg2* content of modern echinoderms in
relationship to temperature (Fig. 4), a correlation noted by Chave (1954).
Weber (1969, 1973) analyzed echinoderms for Mg?* from polar to tropical
seas and from shallow to abyssal waters. He found systematic variation
between the various skeletal elements of single echinoid tests and between
different genera under the same environmental conditions and thought that
the variation was due to genetic and environmental factors. The spread of
data and low R? value (0.455) for echinoderm data plotted in Figure 4 is
probably due to physiological effects. Modern marine Mg calcite cements
and echinoderms have the same range of Mg+ compositions, and both are
similarly correlated with temperature (Fig. 4). These relationships are in
sharp contrast to planktonic foraminifera, which discriminate strongly
against Mg?+ (Fig. 4) when producing their calcite tests (Hastings et al.
1998).

The fossil echinoderms used in this study come from sediment deposited
in shallow marine waters mostly located in subtropical to tropical paleo-
|atitudes (specimen 62, at 47° N is farthest from an estimated pal eo-equator;
Table 1) at temperatures probably between 20°C and 30°C. Modern tropical
echinoids that live between 30° N and 30° S of the Equator in waters of
23-29°C can be compared with these fossils. They produce coronal plates
with a mole% MgCO; range of 7 (11.9-19.3%) and a mean of 16% (n =
62; Weber 1973).

Phanerozoic Carbonate Mineralogy

Secular Variation in Carbonate Mineralogy.—Identification of the
dominant abictic carbonate phase to precipitate from shallow seawater has
concentrated on the aternation between calcite and aragonite (Sandberg
1975; Sandberg 1983; Mackenzie and Pigott 1981; Wilkinson and Given

—

Fic. 3—Histograms showing mole% MgCO; plotted against frequency for the
modern echinoid Echinus esculentus and 7 echinoderm ossicles from sample 104,
Ninggiang, Sichuan, China. Frequency classes are 1 mole% MgCO,. Note change
in scale for mole% MgCO, between Echinus and fossil echinoderms. Black bars =
homogeneous stereom composed of Mg calcite, stippled bars = granular stereom
composed of Mg cacite, calcite, and microdolomite.
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Fic. 4.—Scatter diagram of mole% MgCO; plotted against temperature for 173
modern echinoderms and 11 marine cements. Echinoderm data include analytical
composition and recorded temperature from individual specimens of echinoid tests,
asteroids, ophiuroids, and crinoids (Chave 1954); from average composition from
coronal plates for echinoid and asteroid genera (Weber 1973); and averaged data
from the tests of echinoid, asteroid, ophiuroid, and crinoid orders (Weber 1969).
Cement data are from Alexandersson (1972), Ginsburg and Schroeder (1973), Mil-
liman and Miller (1973), Mller and Fabricius (1974), James et &. (1976), Macin-
tyre (1977), Schlager and James (1978), McKenzie and Bernoulli (1982), Pigott and
Land (1986), Andrews (1988), and Carpenter et &. (1991). Curves of Mg/Ca versus
temperature for planktonic foraminiferal tests are from Nirnberg et a. (1996a,
1996b) and Elderfield and Ganssen (2000), replotted as curves A and B, respectively.

1986; Lasemi and Sandberg 1984), and the role of Mg calcite has received
little attention. The bulk mean composition of predominantly low-latitude
fossil echinoderms reported here oscillates between 4 and 12 mole%
MgCO;, throughout the Phanerozoic (Fig. 5A) in phase with the proposed
aragonite—calcite seas alternation. The lowest Mg2+ content of the 29 an-
alyzed echinoderm samples at ~3.5% mole% MgCO, comes from two
Albian ossicles (specimen 10) with one Callovian ossicle at 3.8% mole%
MgCO; (specimen 61a, Table 2). Hence, even at times when calcite seas
are proposed, only 3 of the 70 ossicles analyzed dip dlightly below the 4
mole% MgCO, composition that is used to divide calcite from Mg calcite.
This situation apparently differs with marine cements from greenhouse ep-
ochs that are composed of calcite with low Mg?* contents. Woo et al.
(1993), for instance, record mid-Cretaceous radiaxial calcite with less than
1 mole% MgCO,. This difference between echinoderms and marine ce-
ments could be the Cretaceous norm (a situation that would differ from
that today; Fig. 4); they could have formed at substantialy different tem-
peratures, or one, or both, of the samples has not preserved its origina
composition. Despite this difference, mole% MgCO, contents of a selection
of well preserved marine Mg calcite cements plot in positions similar to
echinoderm data in Figure 5A. Early Paleozoic cements contain less Mg+
than contemporary ossicles.

Modern tropical echinoids have a mean value of 16.0 mole% MgCO,
(Weber 1973), which is higher than any fossil echinoderm and implies that
seawater Mg/Caratio is higher today than throughout the Phanerozoic. This
is probably due, at least in part, to the formation of marine dolomite today
being at an all-time Phanerozoic low (Given and Wilkinson 1987; Burns
et a. 2000; Holland and Zimmermann 2000). Another factor is that the
locus of marine calcium carbonate production and accumulation switched
from shallow platforms to the open ocean during the late Mesozoic (Morse
and McKenzie 1990). Mg calcite is formed today principally on tropical
platforms while pelagic carbonates are composed mainly of calcite. The
relaive rise in Ca?* abstraction due to increasing numbers of pelagic cal-
cifers during the Tertiary and the long-term (107yr) sequestering of this
Ca?* in the deep ocean would cause a rise in seawater Mg/Ca ratio. The
amount of Mg?+ abstracted from the ocean due to Mg calcite precipitation

361

was also reduced as the area of tropical platforms decreased throughout the
Tertiary (Walker et al. 2002). The effectiveness of Mg calcite as a long-
term Mg?* sink, however, is difficult to assess, because this Mg?* is re-
leased back to the ocean during stabilization of Mg calcite to calcite (Wil-
kinson and Algeo 1989).

Control on marine carbonate mineralogy has recently been ascribed to
the Mg/Caratio of seawater (Hardie 1996; Stanley and Hardie 1998; 1999;
Stanley et a. 2002) but is complex and likely to be influenced by many
factors (Burton 1993). While seawater Mg/Ca ratio is undoubtedly impor-
tant, it is unlikely to be the only control. Indeed, Morse et a. (1997) have
shown that temperature is just asimportant. It is sanguine that much surface
seawater today is unfavorable for calcite precipitation being supersaturated
with respect to aragonite with a high Mg/Ca ratio = 5.2, yet biological
control overrides these factors and the dominant precipitate from today’s
ocean is biogenic calcite from planktonic calcifiers.

Mg/Ca Ratio of Phanerozoic Seawater

Geochemical Models—Geochemical models for seawater Mg/Ca
throughout the Phanerozoic have utilized estimates for the supply of these
elements to the oceans by rivers, exchange by hydrothermal flow at mid-
ocean ridge spreading centers (MORs), and removal by carbonate and evap-
orite precipitation. Models have been proposed for the last 100 Myr (Berner
et a. 1983; Lasaga et a. 1985) and for the entire Phanerozoic (Wilkinson
and Algeo 1989; Hardie 1996; Wallmann 2001). Dolomitization is a major
Mg?* sink that has been incorporated in some models but not in others,
and even where incorporated, estimates of its secular abundance vary wide-
ly (Given and Wilkinson 1987; Holland and Zimmermann 2000). The
Spencer and Hardie (1990) and Hardie (1996) model is based on the mixing
ratio of river water and hydrothermal fluids generated at MORs; however,
the vaidity of their input data has been questioned by Holland et a. (1996),
Holland and Zimmermann (2000), and Rowley (2002). These geochemical
models predict that the Mg/Ca ratio of seawater oscillated between 1.0 and
5.0 throughout the Phanerozoic (Fig. 5B) and is in phase with other first-
order global cycles such as atmospheric CO, concentration, sealevel, ‘‘ice-
house’” versus ““greenhouse’” conditions, and so on.

Evaporite Mineralogy and Fluid Inclusions—The compositions of
potash salts have been used to indicate secular change in seawater chem-
istry. According to Hardie (1996) the presence of MgSO,-bearing potash
evaporites coincides with times when aragonite ooids and cements are
abundant and seawater Mg/Cais high, and KCl-bearing evaporites are pre-
cipitated when aragonite is scarce or absent and seawater Mg/Ca is low.

The chemical evolution of evaporating water during halite precipitation
has been monitored by analysis of sequential fluid inclusions (Zimmermann
2001; Lowenstein et al. 2001; Horita et a. 2002). The evaporation path
determined from these inclusion data can be extrapolated to determine the
initia composition of seawater. This is straightforward if evaporation fol-
lows the modeled path for present seawater (Harvie et al. 1984); but most
natural systems are open so the effects of dolomitization (Holland et a.
1996; Holland and Zimmermann 2000; Zimmermann 2000; Brennan and
Lowenstein 2002; Horita et a. 2002) and the addition of externa waters
(Ayoraet a. 2001) before halite precipitation commences makes prediction
more difficult.

Lowenstein et a. (2001) and Horita et al. (2002) have recently compiled
inclusion data from halite and give an assessment of how these data can
be used to reconstruct the chemistry of Phanerozoic seawater. The Horita
et a. Mg/Ca curve is similar to the Kovalevich et a. (1998) curve for
Soviet and European halite inclusions. Seawater Mg/Ca ratio extrapolated
from fluid-inclusion data is similar to other predictions (Fig. 5B).

Mg Calcite Cement.—Marine Mg calcite cements are thought by some
to be the best proxy for ancient seawater chemistry because of the absence
of biological fractionation or “‘vital effects” during their precipitation, and
they have been used to predict seawater Mg/Ca (Carpenter et al. 1991,



362 JAAD. DICKSON
A
2000NelPg [ K | J [Tw[Pm{P[mM] D [S|] Of C |
18.00 - ® Echinoderms |
F % Cements
16.00 -
%
o"‘ 14.00 T -
O k
2 12.00 1 Fic. 5.—A) Scatter diagram of mole% MgCO,
X 10.004 § | for 70 fossil echinoderm ossicles and 8 ancient
O‘D ; Mg calcite cements plotted against age. Mean
S 8.00- * | mole% MgCO; for each ossicle is shown as
s : circle, range from spot analyses is shown as
6.00 o | vertical line. Selected ancient Mg calcite cements
’ 4 ® (asterisks) are from Meyers and Lohmann
4.004 L * | (1978), Richter (1984), Carpenter et a. (1991),
Whittaker et al. (1994), Frank and Lohmann
2.004 L (1996), Wilson and Dickson (1966), Tobin and
Walker (1997), and Pirrie et . (1998). Mean
0004 A 121 o [ ?,J A | .. I| ? Al mole% MgCO, for modern tropical coronal
echinoid stereom (n = 62, 16.0%) is from
Weber (1973). Mean mole% MgCO; (17%) for
B modern tropical/subtropical Mg calcite cement is
Ng| Pg | K | J | Tr | pm| P ] M | D | S | 0 ] C [ from Alexandersson (1972), Ginsburg and
7.0 T Schroeder (1973), James et al. (1976), Macintyre
Modern | (1977), Pigott and Land (1986), and Carpenter et
6.0 seawater Horita et al. 2002 - a. (1991). B) Seawater Mg/Ca molar ratio
/ : versus age. Echinoderm data are shown in red;
8 504 il | seawater Mg/Caratio calculated from mean
= H i mMg/mCa ratio of 70 fossil echinoderm ossicles
g’ \ Hardie 1996 is plotted as red dots, range on each data point
= 4.0+ 1 - is caculated from range of Mg2* partition
Qo coefficients applicable to modern echinoderms
© 30 L (seetext for details). Dashed vertical purple bars
2 plot estimated Mg/Ca seawater range from halite
3 fluid inclusions (Lowenstein et &. 2001; Brennan
» 207 \+t.. ‘\4t/M~L b T LY ™ and Lowenstein 2002); the circles on three
''''''''' “‘Permian’’ bars represent estimated most likely
1.0+ -~ values (Lowenstein, oral communication 2003).
Dashed blue line is Mg/Ca ratio of seawater
0.0 modeled by Wilkinson and Algeo (1989), solid
Al?] c [?] A | ] c [ 2 |Al greenlineis Mg/Ca ratio of seawater modeled
: : } 4 by Hardie (1996), and dotted pink line is Mg/Ca
0 100 200 300 400 500 550 raio estimated from fluic-inclusion data by
Horita et a. (2002). A = Aragonite Seaand C
Age (Ma) = Calcite Sea from Sandberg (1983).

Carpenter and Lohmann 1992; Cicero and Lohmann 2001). Mg calcite
cements are thought to have been common, especialy during icehouse
epochs, but most are now atered. Evidence of ateration is sometimes ob-
vious but can be obscure.

Magnesium Partitioning.—Prediction of seawater Mg/Ca ratios from
echinoderm or Mg cement data relies on an understanding of Mg?*+ par-
titioning. This has been extensively investigated between solution and syn-
thetic calcite at 25°C, and a range of D¢y, values (0.01 to 0.05) has
been assembled by Rimstidt et al. (1998). It iswell established that D%
shows a large positive change with increasing temperature (Mucci 1987;
Morse et a. 1997; Rimstidt et al. 1998), but kinetic factors such as solution
Mg/Ca composition (Mackenzie et al. 1983; Mucci and Morse 1983; Har-
tley and Mucci 1996) affect Mg partitioning while the effect of precipita-
tion rate and PCO, are controversial (Berner 1978; Given and Wilkinson
1985; Burton and Walter 1991; Mucci and Morse 1983; Hartley and Mucci
1996). A full understanding of Mg partitioning in abiotic cacite is till
wanting, a fact that is clear when laboratory-derived D%, values deter-
mined from bulk synthetic precipitates underestimate the observed com-
position of modern marine Mg calcites (Mucci 1987; Morse and Bender

1990; Hartley and Mucci 1996). It has been suggested that some of these
difficulties may be overcome when crystal surface effects are integrated
into partitioning studies (Reeder and Grams 1987; Zhang and Dawe 2000;
Davis et a. 2000), but at present the reason for this discrepancy is un-
known.

Effective partition coefficients can be calculated for modern echinoderms
using their Ca2+ and Mg?* compositions and seawater Ca?+ and Mg?*
concentrations of 411 ppm and 1290 ppm, respectively. The range in
mole% MgCO, for modern echinoderms living in waters of 20-30°C is
12.0-21.0% (Fig. 4), which produces partition coefficients of 0.02635 and
0.05137, respectively. These coefficients accommodate physiological ef-
fects over a 10°C range and were used to calculate the range in seawater
Mg/Ca ratios indicated by mean mole% MgCO, data of the fossil data
(Fig. 5B).

The large range in Mg?* partitioning coefficients for al echinodermsis
narrowed for individual ossicles to a single coefficient calculated from the
coronal plates of modern tropica echinoids (Weber 1973). Their mean
mole% MgCO, composition a 27°C is 16%, which yields a partition co-
efficient of 0.031819. Using this coefficient assumes that all the fossil echi-
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noderms produced their skeletons at 27°C, which could be modified using
temperature estimates for the fossils from paleolatitude data (Table 1). Ad-
justment could also be made for varying seawater Mg/Ca ratios. Fluid Mg/
Caratio is known to influence partitioning in abiotic calcite (Mackenzie et
al. 1983; Mucci and Morse 1983; Hartley and Mucci 1996), but its effect
on echinoderm mineraization, while likely, is unknown at present. Rather
than applying dubious corrections, the data for individual ossicles presented
on Table 2 and Figure 5B (red dots) uses D¢,q,. = 0.031819. Thus,
comparisons can easily be made but with the understanding that some un-
certainty surrounds these calculations.

Echinoderm Data—Despite uncertainties in applying distribution co-
efficients to fossil echinoderms, the seawater Mg/Ca ratio these coefficients
predict follows the two first-order Phanerozoic oscillations between 1 and
5 that other methods predict (Fig. 5B). The greatest disparity between sea-
water Mg/Ca ratios from echinoderm and other predictions is in the early
Paeozoic. Early Cambrian fibrous calcite cements were used by Whittaker
et a. (1994) to estimate seawater Mg/Ca ratio = 1.4, and Lowenstein et
al. (2001) used fluid inclusions from early Cambrian halite to predict a
ratio of ~1.2, whereas the echinoderm data presented here indicate aratio
of 3.3. This difference in estimates may be caused by inaccurate dating.
The error in age assignment on some of this data is unknown and on
echinoderms is ~ =3 million years. The rate of change in the Mg/Caratio
of early Cambrian seawater is predicted to change very rapidly (Fig. 5B),
so small errors in dating of samples will lead to large differences in Mg/
Ca ratio estimates.

The rate of change in seawater Mg/Ca ratio during the Silurian is esti-
mated to be small (Fig. 5B), but the value of that ratio predicted by various
methods differs considerably: fluid-inclusion data (Brennan and Lowenstein
2002) indicate aratio of 1.3 to 1.6, the echinoderm data (Table 2) indicate
aratio of 1.9 to 2.3, and calcite cements (Cicero and Lohmann 2001)
indicate a ratio of ~0.2.

Carboniferous echinoderm data show a rapid rise in Mg/Ca during the
early Mississippian with high Mg/Ca values from late Mississippian
through late Pennsylvanian to Permian times. These data correspond in a
general way with other predictions but are insufficient to verify the complex
pattern proposed for the Carboniferous by the Hardie (1996) curve.

Echinoids from the Cassian (Triassic) beds of Italy indicate Mg/Ca =
3.5, which is close to the Hardie curve but far from the Wilkinson and
Algeo curve (Fig. 5B), which is supported by Middle Triassic calcite ce-
ments from Sicily with a Mg/Ca ratio of 0.9 (Cicero and Lohmann 2001).
The occurrence of Triassic aragonite cements (Kostecka 1972; Scherer
1977; Wood et a. 1999), however, suggests that a Mg/Ca ratio higher than
1.0 is likely.

A magjor difference in Mg/Ca estimates occurs in the early Jurassic when
Hardie's (1996) model indicates a Mg/Caratio of 3.0 in the early Jurassic,
but this does not correspond with any of the other estimates, which are
~1 for the early Jurassic (Fig. 5B).

The single echinoderm sample from the Cenozoic (Mg/Ca = 1.7) is
consistent with Hardie's Mg/Ca curve (1996) and data from fluid-inclusions
(Zimmerman 2000) and benthic foraminifera (Lear et a. 2000).

CONCLUSIONS

Fossil echinoderms are preserved in a plethora of different ways. The
stereom pore system of some ossicles becomes filled with stable ferroan
calcite cement before any ateration of the skeleton occurs. These cement
crystal caskets have achieved preservation of some Mg calcite skeletons
for 400 Myr and confined the alteration of others to within their skeletons.
The distinction of stereom microstructure from cement fill in these ossicles
is sharp and readily visible on BSEM images. Preservation of this highly
distinctive stereom makes the task of selecting fossil echinoderms for re-
constructing ocean chemistry relatively easy.

The skeletal Mg?*+ composition of 29 marine echinoderms rises and falls
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in phase with other first-order global cycles. Jurassic greenhouse ossicles
have low mole% MgCO, compositions (4-6%) and are often preserved as
Mg calcite whereas Pennsylvanian icehouse ossicles have high mole%
MgCO; compositions (9-12%) and &l have stabilized to calcite and mi-
crodolomite. The lowest mean Mg2+ composition found for fossil echi-
noderms is ~3.5 mol% MgCO,; hence (following the definition of Mg
calcite as containing > 4 mol% MgCO,) most echinoderm skeletons were
composed of Mg calcite, even during times of calcite seas.

The change in seawater Mg/Ca ratio, as predicted for the Phanerozoic
by geochemical models, has recently been reinforced by fluid-inclusion
studies. Echinoderms now add another independent line of evidence that
collectively can leave little doubt that major changes in the seawater Mg/
Ca ratio have occurred. These independent lines of evidence al indicate
that seawater Mg/Ca ratio varied between 1 and 5 throughout the Phaner-
ozoic, but they differ substantially when changes over shorter time intervals
(107yr) are considered. These differences need resolving.

This pilot study has shown the potential of echinoderms as Mg/Ca ar-
chives, but the number of analyses is inadequate to achieve statistically
significant results. Analyses of many echinoderms from single samples and
further samples of the same age are required. Fossil echinoderms are abun-
dant, and examples of the required type have been recorded, particularly
in paleontological literature (e.g., Savarese et a. 1996) but are as yet un-
analyzed.

The prediction of seawater Mg/Ca ratios from echinoderms has advan-
tages—their distinctive microstructure enables their diagenetic state to be
easily recognized, and they provide empirical evidence as they are precip-
itated directly from seawater—but also disadvantages; our understanding
of elemental partitioning during stereom formation is rudimentary, making
accurate prediction of seawater Mg/Ca ratios uncertain.

Well preserved fossil echinoderms are an underutilized empirical archive
of ancient seawater chemistry. Not only should accurate monitoring of sea-
water Mg/Ca ratio be possible, but the determination of latitudinal tem-
perature variations for specific time intervals from Mg/Ca data should also
be feasible. Environmentally sensitive elements such as Sr?+ and SO,_
could aso be investigated, but their distribution after transformation is
different from Mg2* (Dickson 2001b) and a different analytical strategy
than that reported here would be required.
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