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AsstrACT: Calcite pseudomorphs after ikaite (glendonite) are associated with coldwater depositional systems, including
glaciomarine and deepwater settings, as dictated by the limited stability field of ikaite. Ikaite precipitation is favored by
elevated alkalinity and dissolved phosphate, conditions encountered commonly in association with organic-rich marine
sediments where methane oxidation is occurring. The rapid recrystallization of ikaite to calcite during slight warming or
pressure release results in considerable solid volume loss, producing a highly porous crystal mesh. Preservation of the original
ikaite crystal form requires precipitation of diagenetic calcite cement during early burial to prevent compaction and collapse of
pseudomorph structures. During later burial diagenesis remaining pore space may be filled with deeper burial calcite cement.
Glendonites from the Permian of the Sydney Basin occur in subtidal shelf facies containing glacial dropstones and a normal
marine fauna.

Stable oxygen isotope signatures of modern ikaite suggest carbonate precipitation in equilibrium with ambient seawater;
carbon signatures are usually strongly negative relative to normal marine carbonate, consistent with derivation of carbonate
from methane oxidation. Review of published data suggests that while Holocene glendonite may provide reliable isotopic
records of the conditions of ikaite precipitation, precipitation of later calcite cement within the glendonite structure reduces the
significance of the isotopic signature as an indicator of qrimary degositional conditions. Bulk glendonite samples from the
Permian Sydney Basin, Australia, have a broad range of 530 and 8"*C (6"0ppg = —5 to —15%0; 8'°C = —8 to —16%0), in
contrast to the narrow range for brachiopod carbonate (6180PDB = +1 to —5%0; 8'3C = +5 to +7%0) from the same strata.
Handpicked separates of “primary” glendonite and secondary calcite also have a wide range of stable isotope values. The data
from Sydney Basin glendonites indicate that diagenetic precipitation of calcite has blurred the isotopic signature of primary
ikaite replacement calcite at the scale of micosampling done in this study.

INTRODUCTION (Buchardt et al. 2001; Kodina et al. 2003), and thus it may reliably record

seawater isotopic character given its narrow range of stability. The recent
study by Rickaby et al. (2006) demonstrated that the fractionation factor
for 0'%0 between ikaite hydration water and seawater is 1.0029, and these
authors concluded that ikaite is an optimal candidate for reconstructing
the evolution of seawater §'%0.

The conversion of ikaite to calcite plus water may result in the

Precipitation of ikaite (CaCOs-6H,0) in modern waters is limited by its
stability field to near-freezing temperatures (Marland 1975), and is
apparently favored by alkaline conditions and elevated phosphate
concentrations. Widespread occurrence of ikaite in sediments of cold-
climate shelves and estuaries, and in deeper ocean basins (Pauly 1963;
Suess et al. 1982; Kennedy et al. 1987; Buchardt et al. 1998; Kodina et al.

2002) suggests that its formation is a relatively common phenomenon
controlled largely by temperature and alkalinity. Occurrence of ikaite in
lacustrine and terrestrial spring settings (Shearman and Smith 1985;
Bischoff et al. 1993b; Council and Bennett 1993; Benson 1994; Ito 1996;
Shearman 1998; Whiticar and Suess 1998) indicates that it can precipitate
from a wide range of water chemistries. Ikaite crystals rapidly decompose
to calcite plus water when warmed above 4°C (Bischoff et al. 1993a; Ito
1998; Koenigsberger et al. 1999). Although elevated levels of dissolved
phosphorous may modestly increase the stability field of ikaite (Bischoff
et al. 1993a) the relatively strict temperature limits on its stability make
ikaite a robust indicator of cold water conditions and thus of great
paleoclimatic significance when its former presence can be detected in
ancient sediments. The stable-isotope characteristics of modern ikaite
suggest that its fractionation factors are similar to those of calcite
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generation of pseudomorphic calcite aggregates whose external form is
controlled by the ikaite crystal morphology. The eminent mineralogist
James Dwight Dana was presented with samples of these pseudomorphs
from a property named “Glendon” (in the Hunter Valley, NSW,
Australia) during his visit to the area in 1840 as part of the US Exploring
Expedition. During the expedition he also collected specimens from the
Astoria area, Oregon, and recognized the similarity between these
samples and those from Glendon (Dana 1849). He concluded that the
samples were pseudomorphs because of their granular interior, but he was
unable to determine the identity of the precursor. These pseudomorphs
were subsequently named glendonites by David et al. (1905) after the
original locality, but many other names, including barley corns,
chrysanthemum stones, fundylite, gennoishi, hedgehogs, jarrowite, opal
pineapples, pseudogaylussite, thinolite, and White Sea hornlets, have also
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TABLE 1.— Location, stratigraphic, morphological and stable isotope data for analysed samples.
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Sample Unit, location and facies Age Material analysed 5'3CVPDB, %o 5ISOVPDB, %o
MG-2a-blk Kola Peninsula, Russia; estuarine Late Neogene outcrop sample; bulk glendonite —15.63 —1.04
MG-2a-sh Kola Peninsula, Russia; estuarine Late Neogene outcrop sample; bivalve shell -0.87 -2.50
MG-1 Kola Peninsula, Russia; estuarine Late Neogene outcrop sample; bulk glendonite —15.12 —0.99
OR Alkali Lake, Oregon; lacustrine Late Neogene outcrop sample; bulk glendonite 5.78 —6.25
PYLK Pyramid Lake, Nevada; lacustrine Late Neogene outcrop sample; bulk glendonite 2.86 =222
PS-7e coarse spar in Westley Park Sandstone; Werri Beach, bulk spar sample from sandy facies -3.29 —12.94
Sydney Basin; spar

WB-1 vein in Westley Park Sandstone; Werri Beach, Sydney outcrop sample; bulk spar sample from —0.94 —24.22
Basin; vein vein ~ 5 m below Permian basalt flow

BT-2a-dk Kulnura Marine Tongue, Illawarra Coal Measures, Diamond Permian drill core sample from 1376.35 m depth; -3.02 —13.57
Drill Hole AGL Bootleg 2A, Sydney Basin; shallow marine amber calcite separate from glendonite

BT-2a-It Kulnura Marine Tongue, Illawarra Coal Measures, Diamond Permian drill core sample from 1376.35 m depth; —2.44 —13.68
Drill Hole AGL Bootleg 2A, Sydney Basin; shallow marine clear calcite separate from glendonite

BT-2a-It Kulnura Marine Tongue, Illawarra Coal Measures, Diamond Permian drill core sample from 1376.35 m depth; —2.44 —13.68
Drill Hole AGL Bootleg 2A, Sydney Basin; shallow marine clear calcite separate from glendonite

GLEN-a Mulbring Siltstone; Glendon, Sydney Basin; shallow marine Permian outcrop sample; bulk glendonite —15.86 —6.98

GLEN-b Mulbring Siltstone; Glendon, Sydney Basin, shallow marine Permian outcrop sample; bulk glendonite =17.09 —6.80

WH-9a Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; brachiopod shell, Spirifer sp. 3.39 -3.34
marine

WH-9b Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; brachiopod shell, Spirifer sp. 4.25 -4.91
marine

WH2-Ba Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; brachiopod shell, Spirifer sp. 3.72 —2.68
marine

WH2-Bb Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; brachiopod shell, Spirifer sp. 4.29 —4.51
marine

WH-1b Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; bulk glendonite —12.50 -7.78
marine

KP-2b Wandrawandian Siltstone; Kinghorn Point, Sydney Basin; Permian outcrop sample; bulk glendonite —13.30 —-16.93
shallow marine

H3 Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; bulk glendonite —11.82 —9.50
marine

HI1-b Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; bulk glendonite -9.00 —21.40
marine

WH2-a Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; bulk glendonite —13.53 —9.76
marine

H4-a Wandrawandian Siltstone; Huskisson, Sydney Basin; shallow Permian outcrop sample; bulk glendonite —14.28 -8.13
marine

KP-7b Wandrawandian Siltstone; Kinghorn Point, Sydney Basin; Permian outcrop sample; bulk glendonite -16.35 —-9.30
shallow marine

KP-7b-dk Wandrawandian Siltstone; Kinghorn Point, Sydney Basin; Permian outcrop sample; amber calcite separate from -9.10 —13.40
shallow marine glendonite

KP-7b-It Wandrawandian Siltstone; Kinghorn Point, Sydney Basin; Permian outcrop sample; clear calcite separate from —14.04 —10.74
shallow marine glendonite

WH-7 Wandrawandian Siltstone, Huskisson, Sydney Basin; shallow Permian outcrop sample; bulk glendonite —13.17 —5.18
marine

WH-7-dk Wandrawandian Siltstone, Huskisson, Sydney Basin; shallow Permian outcrop sample; amber calcite separate from —12.46 —6.16
marine glendonite

WH-7-1t Wandrawandian Siltstone, Huskisson, Sydney Basin; shallow Permian outcrop sample; clear calcite separate from —11.49 —6.86
marine glendonite

WH-4 Wandrawandian Siltstone, Huskisson, Sydney Basin Permian outcrop sample; bulk glendonite -12.92 -8.12

WH-4-dk Wandrawandian Siltstone, Huskisson, Sydney Basin Permian outcrop sample; amber calcite separate from —13.01 —10.53

glendonite

WH-4-1t Wandrawandian Siltstone, Huskisson, Sydney Basin; Permian outcrop sample; clear calcite separate from —13.11 -11.22
shallow marine glendonite

WH-ORG-1  Wandrawandian Siltstone; Warden Head, Sydney Basin, Permian outcrop sample; coalified wood —22.40
shallow marine

WH-ORG-2  Wandrawandian Siltstone; Warden Head, Sydney Basin, Permian outcrop sample; coalified wood -21.70
shallow marine

TUNS543.3 Quamby Formation; Diamond Drill Hole Tunbridge RG145; Permian drill core sample from 543.3 m depth; bulk -3.95 —-17.55
Tasmania Basin, shallow marine glendonite

TUNS554.4 Quamby Formation; Diamond Drill Hole Tunbridge RG145; Permian drill core sample from 554.4 m depth; bulk -2.43 -7.72
Tasmania Basin, shallow marine glendonite

TUNS541.7 Quamby Formation; Diamond Drill Hole Tunbridge RG145; Permian drill core sample from 541.7 m depth; bulk —0.14 —6.76
Tasmania Basin, shallow marine glendonite

TUNG637-dk  Quamby Formation; Diamond Drill Hole Tunbridge RG145; Permian drill core sample from 637.0 m depth; amber -8.71 -8.74
Tasmania Basin, shallow marine calcite separate from glendonite

TUNG637-1t Quamby Formation; Diamond Drill Hole Tunbridge RG145; Permian drill core sample from depth 637.0 m; clear —12.87 —8.38

Tasmania Basin, shallow marine

calcite separate from glendonite
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been used. Glendonites have been recognized from many localities in
strata ranging from Precambrian (Johnston 1995; James et al. 2005) to
Recent (Table 1). They are an important climate proxy and have been
widely reported in association with coldwater sedimentary facies, often
within glaciomarine settings (Brandt 1986; Francis and Frakes 1988;
Sheard 1990; Brandley and Krause 1994; Bradshaw et al. 1995; Johnston
1995; Yan 1996; Shi 2001).

The formation of glendonite involves the rapid conversion of ikaite to
calcite at temperatures above 4°C (Marland 1975; Swainson and
Hammond 2001), and thus there is potential for using the stable-isotope
characteristics of the calcite in glendonites that directly replaces ikaite as
a recorder of water isotope chemistry in the depositional to early burial

penetrating underlying marine units.

setting. Measured isotopic values for pseudomorphous calcite certainly
appear to mimic the original ikaite isotopic values because ikaite samples
that transformed to calcite at 20°C have the same O and C isotopic
composition as those that were freeze dried at —56°C (Greinert and
Derkachev 2004). The narrow range of temperature at which the
conversion takes places limits the uncertainty involved in calculation of
water isotopic chemistry based upon temperature-dependent fraction-
ation factors, thus increasing the utility of glendonite calcite as a record of
isotopic signatures of the precipitating fluid. In particular, the isotopic
composition of glendonite calcite might be used to assess the reliability of
biogenic carbonate in recording seawater composition and/or tempera-
ture (De Lurio and Frakes 1999). Given the uncertain reliability with
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which some biogenic carbonate records the primary isotopic signature of
seawater (Veizer et al. 1999; Auclair et al. 2003; Brand 2004), availability
of another primary seawater chemistry proxy would be of considerable
value in refining the long-term trends in evolution of Phanerozoic
seawater (Veizer et al. 1999). Conversion of ikaite to calcite, however,
involves a volume decrease of approximately one-third, resulting in
development of high porosity within a loose mesh or “cage” of calcite
crystals. Later precipitation of void-filling calcite may occur under
physical and chemical conditions that are very different from the original
depositional setting. This, of course, limits the reliability of stable-isotope
results unless the primary calcite phase that was formed from ikaite
conversion can be identified and analyzed.

In the current paper we examine the depositional environments and
sedimentary petrology of glendonites in the Permian strata of eastern
Australia (Figs. 1, 2) and report the results of stable-isotope analysis of
glendonite calcite and associated biogenic carbonate. Additional results
from a sampling of nonmarine, Quaternary glendonite occurrences are
presented. We also review published isotopic data on ikaite and
glendonite calcite to assess the reliability of glendonites as climate
proxies and as records of stable-isotope chemistry of waters in the
depositional setting.

Glendonite Presursor

The identity of the precursor mineral to glendonites has been the
subject of considerable debate since the publication of the first description
of these pseudomorphs by Dana (1849). A wide range of minerals,
including anhydrite (CaSQy), aragonite (CaCOs), celestite (SrSOy),
gaylussite (CaCO5-Na,CO3-5H,0), glauberite (Na,SO4CaSOy), gypsum
(CaS04-2H,0), natron (Na,COs;-10H,0), pirssonite (CaCO3-Na,-
CO5-5H,0), sulfur (S), thenardite (Na,SO,), thermonatrite (Na,-
CO5-H,0), weddellitte (CaC,04:2H,0), and whewellite (CaC,04-H,0)
have been suggested as possible precursors, with glauberite and thenardite
probably being the most favored choices.

Synthetically produced calcium carbonate hexahydrate (CaCO;-6H,0)
had been known to chemists before James Dana visited the Hunter Valley
and described the original glendonites, but it was not found in nature
until more than a century later when the mineral ikaite was discovered in
the very cold waters of Ikka Fjord, southern Greenland (Pauly 1963).
This discovery provided the first indication of the identity of the elusive
precursor mineral and also vindicated the suspicions held by at least some
mineralogists more than a century ago. According to Edward Dana, who
investigated the “thinolites” from Lake Lahontan, Nevada, “the original
mineral was one which does not appear thus far to have been observed in
its natural condition, although, as will be shown later, it probably has
occurred abundantly at numerous other localities” (Dana 1884).
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Following the discovery of ikaite it took nearly another two decades
before Kaplan (1979) recognized that the composition, morphology, and
distribution of this new mineral matched those required for the precursor
to glendonites. Ironically, Boggs (1972) had considered calcium carbonate
hexahydrate as a potential precursor for Miocene glendonites from
Astoria, Oregon, but he rejected it because he was not convinced that
glendonites had monoclinic symmetry. Ikaite has now received wide-
spread acceptance as the precursor mineral for glendonites and related
pseudomorphs (e.g., Suess et al. 1982; Carr et al. 1989; Swainson and
Hammond 2001).

Whether the ikaite-to-calcite transformation is a single-stage process or
involves one or more intermediate compounds is equivocal. Stein and
Smith (1986) noted that ikaite samples recovered during drilling in the
Nankai Trough transformed to mixtures of aragonite and calcite, and
finally calcite after opening the drill cores. The common occurrence of
monohydrocalcite (CaCO;-H,0) with ikaite in Ikka Fjord may reflect its
formation as an intermediate phase, but this phase was not detected by
Buchardt et al. (2001) during recrystallization of ikaite to calcite in the
laboratory. The rare mineral vaterite (hexagonal CaCO;) has also been
recognized as an intermediate phase during decomposition of synthetic
ikaite at room temperature (Shaikh and Shearman 1987; Lennie et al.
2004). Both monohydrocalcite and vaterite have been recorded as
decomposition products after ikaite in the Hokkaido spring, Japan (Ito
et al. 1999).

lkaite and Glendonite Occurrences

Tables 1 and 2 present a compilation of ikaite and glendonite
occurrences. In the last two decades ikaite has been recognized from
around the globe in a wide array of facies ranging from springs and lakes
to estuaries, shallow-marine shelves, and deep oceanic basins and
troughs. All occurrences, however, are characterized by cold, alkaline
conditions and, for at least some occurrences, elevated phosphate
concentrations in precipitating waters. These elevated phosphate levels
apparently suppress precipitation of calcite and aragonite (Buchardt et al.
2001). In contrast to aragonite and calcite, ikaite becomes increasingly
insoluble with decreasing temperature (Bischoff et al. 1993a). In addition
to these natural occurrences, the white spots formed in the shells of frozen
shrimp (prawns) have also been identified as ikaite (Mikkelsen et al.
1999). Possible extraterrestrial occurrences include Mars, where an
ancient, cold, alkali-rich ocean is postulated to have been conducive to
the formation of ikaite (Socki et al. 2003).

Naturally formed ikaite occurs in two major forms comprising tufa
associated with spring discharge, and crystals that grow within the
sediment pile. Ikaite tufa deposits precipitate either directly from
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TABLE 2.— Stable-isotope analyses of glendonite and transformed ikaite.

Location Material Age Setting/Origin 0"Cyppp, %0 0" Ovppp, %o Reference
Bowen Basin, Australia glendonite Permian shallow marine -20.2 =53 Huggett et al. 2005
Bowen Basin, Australia glendonite Permian shallow marine -13.6 -13.0 Huggett et al. 2005
Bowen Basin, Australia glendonite Permian shallow marine —15.1 -9.6 Huggett et al. 2005
Eromanga Basin, Australia glendonite Cretaceous shallow marine -15.02 0.0 De Lurio & Frakes 1999
Eromanga Basin, Australia glendonite Cretaceous shallow marine =21.76 -0.93 De Lurio & Frakes 1999
Eromanga Basin, Australia glendonite Cretaceous shallow marine —20.52 -1.12 De Lurio & Frakes 1999
Eromanga Basin, Australia glendonite Cretaceous shallow marine —-14.51 -0.18 De Lurio & Frakes 1999
Eromanga Basin, Australia glendonite Cretaceous shallow marine —16.49 -1.62 De Lurio & Frakes 1999
Denmark glendonite Eocene =252 —1.20 Huggett et al. 2005
Denmark glendonite Eocene =212 —-0.8 Huggett et al. 2005
Astoria, Oregon glendonite Miocene shallow marine =525 —-10.87 Boggs 1972
Astoria, Oregon glendonite Miocene shallow marine -9.36 =17.07 Boggs 1972
Astoria, Oregon glendonite Miocene shallow marine -17.81 -9.01 Boggs 1972
Astoria, Oregon glendonite Miocene shallow marine -3.59 -9.58 Boggs 1972
Olympic Peninsula, Washington  glendonite Tertiary shallow marine -6.5 =115 Whiticar & Suess 1998
Olympic Peninsula, Washington  glendonite Tertiary shallow marine =52 -11.6 Whiticar & Suess 1998
Olympic Peninsula, Washington  glendonite Tertiary shallow marine —4.8 -114 Whiticar & Suess 1998
Olympic Peninsula, Washington  glendonite Tertiary shallow marine —4.6 -11.6 Whiticar & Suess 1998
Spitzbergen glendonite Tertiary shallow marine =157 =20 Whiticar & Suess 1998
Spitzbergen glendonite Tertiary shallow marine —135 -3.1 Whiticar & Suess 1998
Spitzbergen glendonite Tertiary shallow marine =111 —4.7 Whiticar & Suess 1998
Pyramid Lake, Nevada thinolite Late Neogene lacustrine; springs 3.6 -1.6 Whiticar & Suess 1998
Pyramid Lake, Nevada thinolite Late Neogene lacustrine; springs 34 =25 Whiticar & Suess 1998
Pyramid Lake, Nevada thinolite Late Neogene lacustrine; springs 32 -2.6 Whiticar & Suess 1998
Pyramid Lake, Nevada thinolite Late Neogene lacustrine; springs 33 =25 Whiticar & Suess 1998
Mono Lake, California thinolite Late Neogene lacustrine; springs 43 -4.6 Whiticar & Suess 1998
Mono Lake, California thinolite Late Neogene lacustrine; springs 43 —44 Whiticar & Suess 1998
Mono Lake, California tufa Late Neogene lacustrine; springs 4.1 -4.3 Whiticar & Suess 1998
Mono Lake, California thinolite Late Neogene lacustrine; springs 4.5 -1.9 Whiticar & Suess 1998
Mono Lake, California thinolite Late Neogene lacustrine; springs 4.6 =19 Whiticar & Suess 1998
Arctic Canada glendonite Recent -172 =70 Whiticar & Suess 1998
Arctic Canada glendonite Recent -174 =59 Whiticar & Suess 1998
Arctic Canada glendonite Recent -18.2 =52 Whiticar & Suess 1998
Arctic Alaska ikaite Recent -199 -9.8 Whiticar & Suess 1998
Hokkaido Island, Japan gennoishi Recent lacustrine -0.8 -6.0 Whiticar & Suess 1998
River Tyne, England jarrowite Recent estuarine =285 -0.4 Whiticar & Suess 1998
River Tyne, England jarrowite Recent estuarine =27.0 0.6 Whiticar & Suess 1998
Sea of Othotsk glendonite Recent marine ~ 380 m -19.0 3.7 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -21.0 3.6 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -21.0 3.8 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -24.0 3.6 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m —24.5 3.75 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m =24.5 4.05 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m =250 3.7 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m =255 3.75 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m —=26.0 3.7 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -26.5 3.7 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -27.0 42 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m =215 3.95 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -29.5 4 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m -31.5 3.75 Greinert & Derkachev 2004
Sea of Othotsk glendonite Recent marine ~ 380 m =335 3.5 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite =~ Recent marine ~ 380 m -20.5 2.7 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite =~ Recent marine ~ 380 m =21 2.85 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite = Recent marine ~ 380 m =215 2.8 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite ~ Recent marine ~ 380 m =215 2.95 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite ~ Recent marine ~ 380 m —=22.00 2.95 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite = Recent marine ~ 380 m =21.50 3.05 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite  Recent marine ~ 380 m —21.50 3.20 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite ~ Recent marine ~ 380 m —=21.00 2.85 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite = Recent marine ~ 380 m —=20.50 3.00 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite  Recent marine ~ 380 m —22.50 2.70 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite =~ Recent marine ~ 380 m —=23.00 2.70 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite  Recent marine ~ 380 m —=22.00 2.90 Greinert & Derkachev 2004
Sea of Othotsk transformed ikaite  Recent marine ~ 380 m —22.50 3.10 Greinert & Derkachev 2004
Zaire Fan transformed ikaite = Recent deep marine —28.92 1.99 Jansen et al. 1987
Zaire Fan transformed ikaite =~ Recent deep marine —25.52 2.72 Jansen et al. 1987
Zaire Fan transformed ikaite = Recent deep marine —33.92 2.90 Jansen et al. 1987
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Location Material Age Setting/Origin 0"Cyppp, %0 0'3Oypp, %o Reference
Zaire Fan transformed ikaite Recent deep marine —32.52 2.75 Jansen et al. 1987
Zaire Fan transformed ikaite Recent deep marine —31.50 2.85 Zabel & Schultz 2001
Zaire Fan transformed ikaite Recent deep marine —29.60 3.02 Zabel & Schultz 2001
Zaire Fan transformed ikaite Recent deep marine —27.60 2.87 Zabel & Schultz 2001
Zaire Fan transformed ikaite Recent deep marine —-26.70 3.06 Zabel & Schultz 2001
Zaire Fan transformed ikaite Recent deep marine —-28.70 2.97 Zabel & Schultz 2001
Nankai Trough transformed ikaite Recent deep marine —28.88 2.93 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —25.26 2.77 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —30.41 3.12 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —26.13 2.65 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —28.06 2.88 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —29.24 2.23 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —31.42 2.54 Stein & Smith 1986
Nankai Trough transformed ikaite Recent deep marine —28.48 227 Stein & Smith 1986
Bransfield Strait transformed ikaite Recent deep marine —22.88 3.38 Suess et al. 1982
Bransfield Strait transformed ikaite Recent deep marine —18.79 3.84 Suess et al. 1982
Bransfield Strait transformed ikaite Recent deep marine -22.21 2.08 Suess et al. 1982
Bransfield Strait transformed ikaite Recent deep marine —18.94 0.95 Suess et al. 1982
Tkka Fjord transformed ikaite Recent shallow marine; springs —6.60 -8.75 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs —6.60 -9.35 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs =7.10 —12.25 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.75 -9.30 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs =575 —10.10 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs —6.00 -9.90 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs —-6.1 -9.9 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs —6.05 -10.2 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -5.95 -10.5 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -5.95 —-10.75 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs —6.15 —10.45 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.25 -10.3 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.35 -10.35 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.35 —10.45 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.2 —11 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -64 —10.95 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent Shallow marine; springs —6.45 —11 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.35 —11.25 Buchardt et al. 2001
Ikka Fjord transformed ikaite Recent shallow marine; springs -6.25 =115 Buchardt et al. 2001
Laptev Sea ikaite Recent -36.3 1.77 Schubert et al.1997

subaerially exposed springs (e.g., Hokkaido, Japan; Ito 1996, 1998) or,
more commonly, during mixing associated with subaequeous discharge of
springs in a submarine (e.g., Ikka Fjord, Greenland; Buchardt et al. 2001)
or sublacustrine (e.g., Mono Lake, California; Bischoff et al. 1993b;
Council and Bennett 1993) setting. Given the restricted temperature
stability of the mineral, ikaite tufa may be ephemeral in many seasonal,
cold-climate settings and be unrecognized in many localities. Recognition
of such tufas in the geological record would be difficult, and we are
unaware of any publication describing these features in pre-Quaternary
sequences.

Ikaite also occurs as single crystals or groups, commonly as stellate
clusters, that grow displacively within the sediment pile. Individual ikaite
crystals seldom exceed a few centimeters in maximum dimension but
single glendonite crystals range up to > 1 m in length, and are commonly
5to 15 cm long and 2 to 3 cm across the diagonal of rhomboid cross
sections (Fig. 3A). Stellate glendonite clusters range up to ~ 15 cm in
diameter (Fig. 3B). Glendonites and related pseudomorphs are recog-
nized in a wide range of geographic locations and in strata ranging from
Precambrian (Johnston 1995) to Recent in age (Tables 1, 2). Geographic,
stratigraphic, and morphological data for samples analyzed in the current
study are summarized in Table 1.

Sydney Basin

The Sydney Basin of southeastern Australia consists of almost flat-
lying, relatively undeformed Upper Carboniferous to Triassic marine and

nonmarine strata and volumetrically minor igneous rocks (Fig. 1). The
basin forms the southern part of the extensive, contiguous Sydney—
Gunnedah-Bowen Basin, which developed initially as a failed rift
(Fielding et al. 2001) followed by accumulation on the western margin
of an elongate seaway that later developed into a foreland basin along the
southeastern margin of Gondwana during the late Paleozoic and early
Mesozoic. At that time, the region of the Sydney Basin was at high
latitude, and basinal strata contain abundant evidence for very cold
conditions (David et al. 1905; Gostin and Herbert 1973). Recent
reevaluations of the late Paleozoic stratigraphic record of the Gondwanan
ice age in eastern Australia (Dickens 1996; Tye et al. 1996; Eyles et al.
1998; Eyles and Eyles 2000; Isbell et al. 2003; Jones and Fielding 2004;
Fielding et al. 2006) have suggested that three main glacial (icehouse)
periods may have occurred between the mid-Carboniferous and the Early
Permian. Glendonites are common in the Sydney Basin and have been
recorded from more than 30 separate geographic localities (Carr et al.
1989) that represent six major glendonite-forming intervals; the Allandale
Formation, the upper Pebbley Beach Formation, the Wandrawandian
Siltstone and the Branxton Formation, the Berry-Mulbring Siltstones,
the Broughton Formation, and the Kulnura Marine Tongue in the lower
Illawarra Coal Measures (Fig. 2). All glendonite occurrences in the
Sydney Basin have several features in common. In particular, all occur in
dark gray, carbonaceous, Permian marine strata. The glendonites are
restricted to particular stratigraphic intervals within each formation and
tend to occur in several glendonite-bearing horizons within a stratigraphic
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Fic. 3.—A) Stellate cluster of large glendonite pseudomorphs in the Wandra-
wandian Siltstone, Sydney Basin, New South Wales. B) “Pineapple” glendonite
crystal array, Kola Peninsula. Scale in mm and cm.; C) Porous glendonite crystal
array within concretion, Kola Peninsula. Note bivalve shell cemented within
concretion. Scale in mm and cm.

interval several tens of meters thick. These horizons are composed of
mudstone, siltstone, or rarely, very fine-grained sandstone that is
commonly bioturbated. The glendonites are prismatic or stellate with
randomly oriented long axes (Fig. 3A), and may partially or completely
enclose fossils or pebbles. Glendonite-bearing beds are commonly
overlain by sandy and/or fossiliferous beds that contain abundant
rounded and less common subangular dropstones.

The glendonite-bearing formations are predominantly very fine-
grained and represent periods of slow deposition where water depths
were below storm wave base on an open continental shelf (lower three
intervals) or in a protected seaway (upper three intervals). Between the
glendonite-bearing formations coarser sand-dominated successions rep-
resent shallower-water offshore and shoreface facies (e.g., Le Roux and
Jones 1994; Herbert 1995; Tye et al. 1996). The presence of glendonites in
the Pebbley Beach Formation (and possibly in the Allandale Formation)
may represent deposition under icehouse conditions during the last major
phase of Gondwanan glaciation (Fielding et al. 2006). The relatively
common occurrence of glendonites through the upper part of the Sydney
Basin marine succession, however, indicates that cold conditions (< 4°C)
must have persisted at least periodically through most of the mid to Late
Permian to allow the growth of ikaite crystals. Cold conditions with
seasonal ice are also indicated throughout this succession by the presence
of rounded erratic dropstones. Most of the formations (including the
icchouse Pebbley Beach Formation) also contain wood fragments that
have been washed into, and preserved in, the cold marine waters, thus
indicating that the adjacent landmass supported a woody flora and the
climate must have been only seasonally cold. The occurrence of
glendonites in the deeper-water phases of Sydney Basin deposition is
probably the result of tectonic downwarping of the basin rather than
glacio-eustatic sea-level changes that would suggest that they formed
during interglacial periods.

Petrology of Glendonites and Associated Sediments

The microscopic texture and fabric of glendonites from the Permian
Sydney and Tasmanian Basins consist of brown to amber, blocky
calcite crystals (2-50 microns) that form diffuse agglomerations and
more regular dendritic arrays. These crystals contain minor micron-
scale pyrite spherules and flecks of organic matter (Fig. 4A, B). The
amber to brown calcite is interpreted as the calcite that formed during the
early conversion of ikaite to calcite (Greinert and Derkachev 2004). Pore
space within the brown to amber calcite network is filled with clear,
coarsely crystallized secondary calcite cement. Calcite-filled pores range
in size from millimeter to micron scale (Fig. 4B). Bioclasts are often
included within glendonite crystals (Fig. 4C), but siliciclastic sediment
from the surrounding mudstones is not (Fig. 4A). This suggests that the
displacive growth of the ikaite excluded noncarbonate material or that
ikaite preferentially nucleated in bioclast-rich zones. As noted below,
sampling of glendonite for isotopic analyses attempted to distinguish
amber-brown calcite, interpreted as most likely representing early
replacement of ikaite, from clear or white calcite, interpreted as burial
diagenetic cement.

Mudstone in a 1-15 cm zone surrounding a glendonite is often more
tightly cemented by blocky calcite microspar, forming obvious concre-
tionary masses cored by glendonite. Organic laminae and bioclasts are
less compacted in this concretionary material than in adjacent sediment,
suggesting development of the concretionary masses shortly after burial,
and likely associated in time with the conversion of ikaite to calcite.
Phosphatic conularids, minor phosphatization of bioclasts, and discrete
phosphate clasts are common in the associated siliclastic sediment
(Fig. 4D). In general, brachiopods from concretionary material adjacent
to glendonites are well-preserved, with apparently minimal recrystalliza-
tion and loss of primary microfabric (Fig. 4D).
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Fi6. 4—Photomicrographs (plane light) of glendonite and associated sediment. Wandrawandian Siltstone, Sydney Basin, NSW. A) Section of glendonite illustrating
displacive growth of original ikaite crystal. Note abundant bioclasts. Scale in mm. B) Interior of glendonite illustrating darker (amber-brown) calcite with lighter clear-
white calcite cement. Scale in mm. C) Glendonite with included bioclasts. Scale in mm. D) Bioclastic siltstone. Note Ca-phosphate infill of spines and punctae (arrows).

Joints within the glendonite-bearing units of the Shoalhaven Group in
the southern Sydney Basin are mineralized with minor calcite and rare
quartz. This mineralization is pervasive, and is likely related to later
tectonic or burial phenomena. Some mineralized joints, however, may be
related to hydrothermal fluid systems developed during emplacement of
Late Permian basalts (Carr et al. 1999).

Stable Isotopes

Samples and Methods.—Stable-isotope analyses were carried out on
glendonite samples from the Permian strata of the Sydney and Tasmania
Basins (Domack et al 1998) of eastern Australia, and Quaternary units in
the Kola Peninsula (Russia), Alkali Lake (Oregon), and Pyramid Lake
(Nevada). In addition, shell material from the concretionary sediment
surrounding Sydney Basin and Kola Peninsula glendonites, and two
samples of calcite spar from mineralized joints in the Sydney Basin, were
analyzed. Two samples of coalified wood from a Sydney Basin
glendonite-bearing horizon were also analyzed for 6"°C to provide an
indication of the isotopic composition of nonmarine organic material in
the Permian glendonite-bearing strata.

Samples of glendonite, shell, and calcite spar were crushed to sand size,
and separates were hand-picked under a binocular microscope. Picked
separates were ground to < 230 mesh and roasted at 300°C for one hour
to remove organic carbon inclusions. Prepared samples were analyzed for
carbon and oxygen and carbon SIRA at the Stable Isotope laboratory at
New York State University at Albany. The samples were placed in
septum vials and loaded into a heated rack with temperature controlled to
+ 0.1°C. 100% phosphoric acid was sequentially needle injected pro-
ducing CO, which was then passed to a Micromass Optimagas-source
triple-collector mass spectrometer for determination of stable isotope
ratios. Regular standardization with NBS-7 and replicate analysis of
samples indicate precision of better than 0.1%o for both 6'*C and 4'°0.
All isotopic data are reported relative to VPDB.

Results.—The results of the analyses are reported in Table 1 and are
shown graphically as Figure 5. The Sydney Basin brachiopods (Spirifer
sp.) form a relatively tight cluster with 6'°C ~ +3 to +6% and
00 ~ +1 to —4%. These liec well within the range of stable-isotope
compositions for Permian biogenic low-magnesium calcite reported in
numerous studies as summarized by Veizer et al. (1999), and the recent
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Fic. 5.—Stable-isotope data plot of glendonite calcite and related materials. S
brach = brachiopods from Sydney Basin strata containing glendonites; S
bulk = Sydney Basin bulk glendonite calcite; T bulk = Tasmania Basin bulk
glendonite calcite; S amber = Sydney Basin glendonite amber-brown calcite
handpicked separate; T amber = Tasmania Basin glendonite amber-brown calcite
handpicked separate; S clear = Sydney Basin glendonite clear-white calcite
handpicked separate; T clear = Tasmania Basin glendonite clear-white calcite
handpicked separate; S spar = Sydney Basin hydrothermal calcite; Bowen =
Bowen Basin glendonite data from Huggett et al. (2005).

study of brachiopods by Korte et al. (2005). The modest spread of the
data may suggest some recrystallization or replacement of portions of the
shell by later diagenetic cement. These data, however, serve as a useful
reference for other Permian carbonate phases examined and suggest that
the seawater in the Sydney Basin during brachiopod shell growth was
near normal marine in terms of 6'%0.

The calcite spar samples have very disparate isotopic compositions
(Table 1; Fig. 5), with one exhibiting the most negative 6'%0 signature
(—24.2%0) of all the samples utilized in the present study, suggesting an
elevated temperature of precipitation, or precipitation from isotopically
light meteoric waters, or both. The former interpretation is preferred, given
that this sample was collected from ~ 5 m below a Permian basalt flow
and is likely related to the hydrothermal convective cell associated with the
emplacement of this flow (Carr et al. 1999). The other spar sample is less
negative in 8'*0 and more typical of carbonate precipitated from meteoric
waters. The two coalified wood samples analyzed in the current study have
0"3C values of ~ —22%o and, if these are representative of Permian organic
material in the early diagenetic system, carbonate ion derived from this
material by direct oxidation to CO, and subsequent hydrolysis to produce
carbonate would have 6'°C values of ~ —10%o.

The various Permian glendonite bulk samples, particularly those from
the Sydney Basin, form a broad array in terms of their 6'°C and 6'%0
values (Fig. 5). All of the Tasmania Basin samples have 6'%0 values near
—7%, but the 6"*C data define two groups with values near 0% and
—10%o, with the former group possibly indicating a physical mixture with
biogenic calcite or the presence of early marine cements with heavier 6"°C.

The separated amber and clear calcite are presumed to represent the
primary calcite formed during the early conversion of ikaite to calcite (cf.
Greinert and Derkachev 2004), and later infilling of pores respectively.
Contrary to expectation, the clear and amber calcite separates do not
form end members for simple mixing to produce the bulk glendonite in
the three samples where all three components have been analyzed
(Table 1; samples KP-7b, WH-4, and WH-7). Bulk glendonite and clear
and amber calcite from the Sydney Basin show complete overlap in terms
of their stable-isotope compositions suggesting that the scale of in-
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Fic. 6.— Stable-isotope data plot of glendonite calcite and ikaite (see Table 2
for sources of published data from localities noted). Other Holocene marine
includes data from Bransfield Strait, Nankai Trough, Zaire Fan, Sea of Okhotsk;
Neogene lacustrine includes data from Mono Lake, Pyramid Lake, Alkali Lake;
Neogene coastal includes data from River Tyne, Hokkaido Island, Arctic Canada,
Kola Peninsula; other Cenozoic marine includes data from Spitzbergen, Olympic
Peninsula, Astoria, and Denmark; Permian includes data from Sydney, Tasmania,
and Bowen basins.

tergrowth of primary calcite and later spar is much finer than the
millimeter-scale fragments that were separated by hand-picking.

All of the glendonite material, hand-picked separates and bulk, are
lighter in 6'%0 than the brachiopod samples, suggesting physical mixing
of an isotopically lighter phase analogous to the late spar cement.
Alternatively, the absence of any glendonite 4'%0 values heavier than
—5% may indicate initial precipitation from relatively lighter, mixed
meteoric seawater sources during the ikaite phase.

The stable-isotope values of the additional samples of glendonite and
related materials are presented in Table 1. The bivalve shell attached to
the concretionary portion of one Kola Peninsula sample (MG-2a) has an
isotopic signature consistent with precipitation of coeval, biogenic calcite.
The shell has a heavier 6"°C signature than the associated glendonite
samples, suggesting that methane-derived carbonate was involved in
ikaite precipitation at that locality. While these glendonite samples
apparently contain very little secondary calcite cement, minor amounts
precipitated after transformation could also contribute to the isotopic
signature.

The two nonmarine samples analyzed (Pyramid Lake and Alkali Lake;
Table 1; Fig. 6) show no evidence of contribution of carbonate from
methane, and the 6'30 signatures are controlled by the composition of the
local meteoric waters. In addition, recrystallization of ikaite to calcite
probably involved some additional precipitation of calcite cement crusts
(tufas) with the 0'®0 signature becoming heavier due to input from
evaporated meteoric waters (cf. Benson 1994).

Results of Previous Studies

As shown in Figure 6, the stable-isotope signatures of modern
glendonite and transformed ikaite (i.e., samples of ikaite that recrystal-
lized to calcite during or after sampling. See references for details.)
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illustrate distinctive trends, depending on the facies and mode of
formation. Carbonate that crystallized displacively within the marine
sediment pile in the Sea of Okhotsk, Zaire Fan, Nankai Trough, and
Bransfield Strait has a narrow range of 0'°0 values (mean +2.92%;
o = 0.62%0; n = 49), suggesting precipitation from normal marine
waters at temperatures consistent with the stability field of ikaite. The
broader range of 6'°C values (mean —25.36%0; ¢ = 4.13%0; n = 49) is
consistent with mixing of lighter carbonate from methane oxidation with
heavier seawater carbonate.

Published 6'®0 data for nonmarine transformed ikaite from Mono
Lake are very similar to the values determined in the current study for
samples from Pyramid Lake and Alkali Lake (Fig. 6). Ikaite formed
during evaporation of the Hokkaido terrestrial spring has a 0'0
signature similar to that of samples from these three lakes, but the e
signature for the spring is lighter. All of these terrestrial samples lack
evidence for contribution of carbonate from methane, and the §'°0
signatures are controlled by the composition of the local meteoric waters.

Samples of transformed ikaite from Ikka Fjord have §'30 values
ranging from —8.78 to —12.25% resulting from precipitation from waters
formed by mixing of meteoric, submarine spring water with seawater
(Buchardt et al. 2001). The restricted and relatively heavy 6'°C signature
(mean = 6.29%0; 0 = 0.32%0; n = 19) suggests less significant contri-
bution of carbonate ion from oxidized methane. Glendonite samples from
the Neogene Hoh Formation subduction complex, Olympic Peninsula,
Washington, have a very restricted range of isotopic values that overlap
the lighter end of the spectrum for Ikka Fjord transformed ikaite (Fig. 6)
and either have a meteoric input or a recrystallization event that
homogenized their isotopic signature. The four analyzed glendonites from
the marine, Miocene Astoria (Oregon) sequences show considerable
scatter reflecting the variable input from meteoric water and recrystal-
lization (Boggs 1972).

The Cretaceous Eromanga Basin (Australia) samples have 0'%0 values
similar to those of samples from the Kola Peninsula, Denmark, and the
River Tyne (Fig. 6), and all are lighter in '%0 than the modern,
displacively grown glendonite and transformed ikaite materials. These
Eromanga Basin materials were carefully studied using cathodolumines-
cence to assure that minimal non-glendonite material was included in the
analyzed sample (De Lurio and Frakes 1999). If these materials represent
pure, primary calcite from ikaite transformation, the isotopic data thus
would suggest precipitation from Cretaceous seawater significantly lighter
in 0'%0 than modern seawater. We would expect that global seawater in
the Cretaceous would have been lighter in 6'30 compared to the modern,
due to absence of major continental glaciers. However, this is difficult to
assess on the basis of the Cretaceous Eromanga Basin glendonite data,
given the absence of data for biogenic carbonate from the same strata that
host the glendonites. Biogenic calcite from elsewhere in the Eromanga
Basin has 0'%0 of 0.0 to +1.0%, suggesting that locally the isotopic
composition of waters was near modern seawater §'0 (De Lurio and
Frakes 1999). The lighter 6'0 signatures of glendonites from the
Cretaceous Eromanga Basin could also be due to precipitation from
waters with some meteoric contribution, like Ikka Fjord. Alternatively,
the lighter '30 signature could signal admixture of minor, undetected
diagenetic calcite cement. The light 6'°C signatures of the Denmark and
River Tyne samples imply mixing between carbonate from methane
oxidation and seawater carbonate.

Published isotope data for the Tertiary Spitzbergen and Recent Arctic
Canada glendonites define fields intermediate between those for modern,
marine, displacively grown ikaite and ikaite produced by mixing spring
and seawater. The moderate scatter probably reflects recrystallization
(Fig. 6). Stable-isotope data for three glendonite samples from the Late
Permian Black Alley Shale of the Bowen Basin, eastern Australia
(Huggett et al. 2005), all plot within the field defined by glendonites from
the contiguous Sydney Basin and the coeval Tasmania Basin (Fig. 6).
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DISCUSSION

Glendonites in the Sydney Basin are commonly associated with facies
containing unequivocal evidence for ice rafting and episodically cold
climate systems (Thomas et al. 2005). This, together with the stability of
ikaite, indicates that glendonites are undoubtedly proxies for cold water
conditions (< 4°C). The occurrence of ikaite in the Zaire Fan indicates,
however, that their recognition cannot be taken as evidence for high
palaeolatitudes unless they come from recognized continental shelf or
non-marine deposits that show no evidence of upwelling.

The random orientation of long axes, coupled with the partial or complete
enclosure of fossils or pebbles, indicate that the glendonites developed
within the sediment pile rather than at the water—sediment interface.
Sedimentary layers containing abundant rounded dropstones likely record
times of greatest ice influence in the Sydney Basin. The rounded nature of
these erratics indicates that they were derived from sea or river ice, and not
icebergs as suggested by Eyles et al. (1998), because the latter would have
deposited angular erratics. The relative scarcity of dropstones and shelly
fossils in glendonite-bearing beds may represent slow (sediment starved)
deposition in deeper water at a greater distance from the coast during
periods of maximum forced transgression. Early uplift offshore caused by
the passing of the initial subduction bulge may have induced thermocline
stratification within the water column, promoting ikaite deposition. In such
circumstances, sedimentation rates are reduced, detritus grain size is
diminished, and ikaite precipitates from the cold porewater to grow
displacively in the sediment pile. Alternatively, because most of the ikaite-
bearing horizons are overlain by coarser sediment containing many
dropstones, they may be preserved within the finer underlying sediment
during the regressive phases of smaller-scale parasequences when sea level
fell and the climate would have been substantially colder.

Stable-isotope values for Permian samples from the Sydney, Bowen,
and Tasmania basins of eastern Australia, including the separated amber
“primary” calcite and “secondary” white calcite cement, define a broad
range. This suggests that these Permian glendonites do not reliably record
stable-isotope chemistry of the waters in which the ikaite originally
formed, at least at the scale of our sampling and subsampling. The §'0
data for these glendonites are best interpreted as resulting from mixtures
of relatively heavier “primary” calcite from ikaite transformation with
relatively lighter calcite that precipitated at elevated temperatures during
burial diagenesis. Both types of calcite are clearly observed in thin-
section, but hand-picked separation of millimeter-scale fragments was not
sufficient to provide distinctive stable-isotope data.

The 6'%0 data for the Permian glendonites can also be interpreted as
homogenization of the isotope signatures during later burial at elevated
temperatures by recrystallization of the “primary” amber calcite co-
incident with precipitation of the burial cement. Such recrystallization,
however, is expected to result in relatively homogeneous 'O values,
rather than the broad range of values observed. Another possibility that
cannot be discounted is that some of the Permian glendonites were
precipitated from fluids that had a modest contribution of isotopically
lighter meteoric water. Sandy facies underlying some of the glendonite-
bearing units could have served as submarine aquifers that transported
isotopically light water into the shelf strata, where it emerged, as at Ikka
Fjord, as submarine springs. While the stable-isotope signature of
brachiopods from the Sydney Basin strata suggest normal marine waters
during their growth, the meltwater from sea-ice or river-ice contribution
to the ambient seawater could have locally influenced the %0 of
precipitated ikaite. Brachiopods possibly grew during periods of normal
marine salinity whereas ikaite formed later by displacive growth in
sediment whose porewaters were diluted by meltwater.

The 6"3C data for the Permian glendonites show a wide range of values
(~ 0to —20%o) that are best explained as a mixture of depleted carbonate
derived from methane oxidation mixed with heavier, seawater-derived



990 BW. SELLECK ET AL.

carbonate. Brachiopod shells from the Sydney Basin have 6'>C values
consistent with derivation of carbonate from a normal marine, well-mixed
water column. The intermediate 6'°C of the Sydney Basin spar likewise
represents mixing of carbonate from biogenic calcite or aragonite
dissolution and carbonate from an organic source. The ~ —22% 6'°C
of the organic carbon from coalified wood in the Sydney Basin indicates
that carbonate with ~ —10%o 6'*C could be derived by direct oxidation
of this terrestrial organic matter, so that late spar cement need not involve
oxidation of methane to produce the observed isotopic composition.

CONCLUSIONS

Pseudomorphic replacements of ikaite by calcite (glendonites) are
relatively common in the rock record in association with coldwater
sedimentary facies. The distribution of modern ikaite is controlled by
water temperature and pressure, and precipitation is favored by elevated
alkalinity and dissolved phosphate. These conditions are found in a wide
range of environments from deep marine to lacustrine settings.

Glendonites from the Permian Sydney Basin formed in organic-rich
marine shelf sediment. The distribution of glendonites in Sydney Basin
strata is consistent with a cold-water origin.

Stable-isotope data from modern ikaite and Holocene glendonite
suggest that ikaite precipitates in equilibrium with ambient water and that
carbonate is often derived from oxidation of methane.

Stable-isotope data from ancient glendonites, including Sydney Basin
samples, indicate that precipitation of late diagenetic cement and possible
recrystallization of “primary’” glendonite calcite may obscure the original
isotopic signature. Refined microscale sampling may be required to
differentiate early calcite replacement of ikaite from later-burial
diagenetic calcite Ancient glendonites may have value as recorders of
the isotopic character of the waters from which the primary ikaite
precipitated if primary carbonate signatures can be extracted.
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