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Dating of Pore Waters with '*°I:
Relevance for the Origin of
Marine Gas Hydrates

Udo Fehn,' Glen Snyder,? Per K. Egeberg?

Pore waters associated with gas hydrates at Blake Ridge in the Atlantic Ocean
were dated by measuring their iodine-129/iodine ratios. Samples collected from
sediments with ages between 1.8 and 6 million years ago consistently yield ages
around 55 million years ago. These ages, together with the strong iodine
enrichment observed in the pore waters, suggest that the origin of iodine is
related to organic material of early Tertiary age, which probably is also the
source of the methane in the gas hydrates at this location.

Gas hydrates are a potentially large source of
energy and of greenhouse gases (/). Recent
surveys suggest that they are ubiquitous fea-
tures of continental slopes and that the energy
equivalent of the methane in hydrates could
potentially surpass that of all the known res-
ervoirs of crude oil and natural gas combined.
Marine gas hydrates commonly consist of
methane trapped in a lattice of water ice (2)
and are found in a specific depth range in
marine sediments, typically between 200 and
500 m below the seafloor (mbsf). On seismic
profiles, the bottom of the gas hydrate zone is
indicated by a strong reflector, the bottom-
simulating reflector (BSR). Below the BSR,
free methane gas is common; its concentra-
tion is, however, considerably lower than the
methane bound as gas hydrates.

The origin and formation of gas hydrates
have been the focus of a growing number of
studies (/-3). Although it is generally as-
sumed that gas hydrates are related to the
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deposition and subsequent diagenesis of or-
ganic matter in marine sediments, no consen-
sus exists on whether the methane in the
hydrates formed at their present location or
migrated from different source areas. To ad-
dress this question, we used the 2°T system to
date the origin of these hydrocarbons.

The cosmogenic radioisotope '*°T (half-
life of 15.7 million years) is produced by the
spallation of Xe isotopes in the atmosphere
and by spontaneous fission of >**U in the
crust. Both of these mechanisms contribute
similar amounts of natural '?°I to surface
reservoirs (4). Iodine moves quickly through
most surface reservoirs and is considered iso-
topically homogeneous at the surface of
Earth, including the oceans and shallow sed-
iments. The isotopic equilibrium of I in sur-
face reservoirs has been disturbed recently by
releases from weapons tests and reprocessing
plants, which have increased the concentra-
tions of !?°I in fresh waters, soils, surface
ocean water, and shallow sediments by sev-
eral orders of magnitude (5-§).

Iodine has one stable isotope, '*71, and its
isotopic composition is reported as '*°I/l.
Recent sediments without anthropogenic I
have '2°I/ of 1.5 X 107 '2 (5, 9). This ratio,
which is used as a starting value for '*°1-
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based age calculations, is more than two or-
ders of magnitude above the detection limit
of accelerator mass spectrometry (AMS), the
method of choice for the detection of cosmo-
genic radioisotopes. Although the generally
low concentrations of iodine in many envi-
ronments often make it difficult to collect
enough sample material, the very high con-
centrations of iodide found in the pore waters
at Blake Ridge (10) allowed the preparation
of an AMS sample from the 3 to'5 ml col-
lected from the sediment cores. The half-life
of 2], together with the observed input ra-
tios and the detection limit for 2°I/I, allows
applications of this dating method within a
range of about 80 million years ago (Ma).
The biophilic nature of iodine suggests that
this isotopic system is particularly useful for
the dating and tracing of organic material
(11-15).

The samples used in this study were col-
lected during Leg 164 of the Ocean Drilling
Program (ODP) from Site 997 on Blake
Ridge. Blake Ridge is a large drift deposit

Fig. 1. Location map
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that extends about 400 km in a southeast
direction from the continental rise of the pas-
sive margin of the southeastern United States.
The top of the ridge is at depths of 2500 to
3000 m (Fig. 1). The sedimentary package in
this area is up to 10 km thick, consisting of
sediments deposited continuously from the
Jurassic to the present (/6). The presence of
gas hydrates at Blake Ridge is identified by
an essentially continuous BSR at depths of
450 to 500 mbsf. The upper boundary of the
hydrate layer is not as well defined, with
estimates varying between 240 mbsf (/7) and
24 mbsf (10, 18). Free methane is found
below the BSR, with dissociation of gas hy-
drates occurring above the gas hydrate layer.
Core recovery from this site was excellent,
and pore waters were collected from 0 to 750
mbsf, covering the full range of gas hydrate
occurrence.

For this study, we selected seven samples
from the collection of pore water samples
from ODP Site 997 (Table 1) (19). The pore
water samples had between 3 and 5 ml of

80°'W 72'W

of Blake Ridge with
ODP Site 997 and the
USGS line 32. Shaded
area indicates the oc-
currence of gas hy-
drates, based on the
presence of a BSR.
Water depth at Site
997 was 2770 m; the
BSR was penetrated at
451 mbsf.

28°N

-,
>,

32°N

28°'N

72'W

Table 1. Concentrations, isotope ratios, and ages of pore waters. Concentrations have 1o uncertainties
of 3.3% (Cl7), 2.3% (Br~), and 0.48% (I~). Sed. age, depositional age of sediments containing hydrates;
fluid age, sediment age corrected for expulsion of pore waters because of compaction; min. age, age based
on decay of initial ratio of '2°I/ = 1500 X 10~5; corr. age, age corrected for in situ buildup of 2°I in

deep sediments.

Sed. Fluid . Corr.

Depth  Cl™ Br~ - u 129)/| Min. age
Sample _q5 age  age age
(mbsf) (mM) (mM) (mM) (ppm) (X 1077%) (Ma) (Ma) (Ma) (Ma)
997A35X 275.2 471 259 119 27 22060 1.8 465 43673 48.8
997A46X 367.15 500 2091 149 344 15520 26 598 51.6+*33 58.2
997A52X 41125 491 297 153 331 18132 295 6.58 48146 533
997B14X 49356 515 323 172 269 12754 363 768 56.1+128 63.3
997B24X 57225 519 313 170 267 125+19 435 976 56.5=*x39 63.8
997B33X 642.72 516 305 163 215 142*+29 501 968 536=*54 60.1
997B39X 68765 514 304 166 243 214£32 546 103 443+ 38 48.0

www.sciencemag.org

SCIENCE VOL 289 29 SEPTEMBER 2000

fluid with iodide concentrations between 1.19
and 1.72 mM. The lowest concentration was
found in the top sample, whereas concentra-
tions in the other six samples fell into a quite
narrow range between 1.5 and 1.72 mM. The
pore waters show a marked increase in iodide
concentrations from levels below 0.001 mM
close to the sediment-water interface to val-
ues up to 1.5 mM at depths below 100 mbsf.
This strong increase in iodide levels is ac-
companied by a parallel increase in bromide
concentrations and is in contrast to the behav-
ior of chloride concentrations, which de-
crease from a surface value of 560 mM to
values close to 520 mM throughout the inter-
val with some variations in the area occupied
by gas hydrates (Fig. 2). These values can be
compared with seawater concentrations of
533 mM for chloride, 0.839 mM for bromide,
and 0.00045 mM for total dissolved iodine
(20). Although chloride concentrations in
these sediments are close to seawater concen-
trations, iodide in these pore waters is en-
riched by more than three orders of magni-
tude and bromide by a factor of 4. Compar-
ison with seawater concentrations indicates
that the main source of chloride is probably
connate seawater but that iodide (and bro-
mide to a lesser degree) must have an addi-
tional source in order to explain the observed
strong enrichment. Given the biophilic char-
acter of iodine, it is likely that the enrichment
reflects the release of iodide from the decom-
position of organic matter in marine sedi-
ments (2]) and is thus directly related to the
origin of the gas hydrates. Bromide enrich-
ment is also commonly related to the release
from organic sources. A good correlation ex-
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Fig. 2. Concentration profiles for chloride (dia-
monds), bromide (squares), and iodide (trian-

gles) at Site 997. Solid symbols indicate the
samples used for the '29|/| determinations.
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ists between Cl~ concentrations and I~ and
Br~ concentrations (Fig. 3). The concentra-
tions of Br~ and 1™ in these pore waters are
much higher than in seawater, in contrast to
the C1~ values, which essentially reflect sea-
water concentrations, diluted perhaps by low-
chlorinity water advected from below (/8) or
by the dissociation of gas hydrates.

Iodine extracted from the pore water sam-
ples was used to prepare samples for the
determination of '2°I/I ratios by AMS (22).
All the '2°I/1 values are considerably below
the value for recent marine sediments (1.5 X
107 !2), indicating that old iodine is indeed
present in these samples. With the use of this
ratio as the input ratio for marine iodine, ages
can be calculated on the basis of the decay
constant of '2°T (4.4 X 1078 year™!). Except
for the deepest and most shallow samples, all
the ages are close to 50 Ma; the other two
ages are lower by about 5 Ma.

The ages found for the pore waters need to
be put into the context of the depositional
environment. Figure 4 compares the iodine
ages with the ages determined for the depo-
sition of the sediments in Site 997, which
cover a range between 1.8 and 5.5 Ma. Dur-
ing the deposition of sediments and subse-
quent compaction, waters are squeezed out
and forced into the new, additional layers on
top. Therefore, pore waters are considered to
be older than the age of the associated sedi-
ments. The difference between these ages has
been modeled by assuming constant rate of
deposition and no migration of pore waters
(23). Even considering this correction (Fig.
4), iodine ages indicate that iodine was not
deposited together with these sediments and
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Fig. 3. Br (squares) and | (triangles) concentra-
tions increase linearly with Cl concentration.
Pore fluids have Cl concentrations close to but
slightly lower than seawater [solid square, ma-
rine Br; solid triangle, marine |, plotted at Cl
seawater concentrations (20)] but are enriched
in Br by a factor of 4 and in | by a factor of
4000. Although the degree of enrichment is
very different, the close correlation between Br
and | concentrations in the pore fluids suggests
a common diagenetic source as cause for the
enrichment.
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had to have migrated into the sediments
sometime after their deposition.

Two potential corrections for the iodine ages
need to be considered, correction for the addi-
tion of in situ—produced '*I and for the intro-
duction of anthropogenic '?°I. Because both of
these processes would have added '*°1 to the
pore waters, the calculated iodine ages are min-
imum values. The element distribution found for
the pore water samples makes contamination by
surface components highly unlikely, so that cor-
rection for anthropogenic '*° does not seem
necessary here. The addition of in situ—produced
12 could have occurred either in the source
formations or in the sediments where it was
found, the reservoir formations. Time-depen-
dent in situ addition is mainly a function of the
concentration of uranium and the escape prob-
ability of the fissiogenic %I (24).

If it came from the reservoir formations, the
amount of 12°I added can be calculated with the
observed uranium concentrations, porosities,
and the ages of the formations. If we assume
that all the '*°I produced by the spontaneous
fission of 238U in the reservoir sediments has
found its way into the pore waters, an upper
limit for this correction results. Uranium con-
centrations in these sediments are between 2
and 3 parts per million (ppm), with porosities
around 50%. Given these figures, we can cal-
culate additions both for sediment ages (be-
tween 1.8 and 5.5 Ma) and pore water ages
(between 4.6 and 10.3 Ma). The maximum
correction based on these assumptions is a low-
ering by 12 X 10715 of the ratio for the deepest
sample. Because this change in ratio corre-
sponds to an increase in age of only slightly
more than 1 Ma, it is well within the error limits
of the determinations and therefore will be ig-
nored in further discussion.

A larger correction could be made on the
basis of the residence time of the pore waters
in deeper layers. Because these fluids must
have resided somewhere in the sediment pile

200 "

700 -

L P n NS
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Fig. 4. Age-depth profile for sediments (trian-
gles), sediment pore fluids after correction for
compaction (circles), minimum iodine ages (di-
amonds), and iodine ages corrected for in situ
production of '2°| from uranium (squares).

for the time determined before, it is quite
likely that fissiogenic '?°I has been added
during that time. Although the specific loca-
tion of residence for these waters is not
known, uranium concentrations and porosity
values probably were not markedly different
from the values found in the shallow sedi-
ments. As a first approximation, we can
therefore apply the same approach as before,
using, however, 3 ppm of uranium and the
ages determined by the '2°I/I ratios. Because
longer times are involved in this calculation,
the corrections are more substantial than
those determined for the shallow sediments.
The average age of the pore waters increases
from 50.5 to 56.5 Ma; individual corrected
ages are also listed in Table 1. Because in all
these cases we assumed that all of the fissio-
genic !2°I escaped from the sediments into
the pore waters, the results of these calcula-
tions are probably too high. Although correc-
tions for in situ production can be substantial,
they do not change the overall range of re-
sults, nor do they seem to influence the dif-
ferences between the individual results.

The most striking result of these determina-
tions is that all the ages for the pore waters are
consistently and substantially older than the age
of the host sediments. The ages indicate that the
source of iodine in the pore waters is from the
early Tertiary. According to a cross section of
this area [U.S. Geological Survey (USGS) line
32], sediments of this age are present in this
area, generally between 1 and 3 km below the
sea floor (16). Although the ages determined
here reflect strictly only the origin of the iodine
in the pore waters, it seems reasonable to as-
sume that iodine migrated together with the
fluids into their current positions. Given the
geochemical behavior of iodine, the most likely
cause for the observed strong enrichment is the
release of iodine during the diagenesis of or-
ganic material of early Tertiary age. A large
amount of organic material is needed to explain
the enrichment of the waters by factors of more
than 4000 over the typical concentrations in
seawater. This organic material likely was also
the origin of the methane found together with
the pore waters in the form of gas hydrates.
This suggests that the organic parent material of
the gas hydrates is of early Tertiary age and that
gases and waters migrated together to their
current positions from depths between 1 and 3
km below the sea floor.

Iodide concentrations are not routinely mea-
sured in pore waters, so it is not known to what
extent the observed correlation between high
iodide concentrations and hydrate occurrence is
representative. If such a correlation is common,
the '2°I method could be used on a broad scale
to determine the age of the sources of gas
hydrates. The age found for this deposit, close
to 55 Ma, is one in which large depositions of
marine organic material have been observed,
perhaps associated with a large-scale change in
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oceanic circulation (25). Source ages deter-
mined with the 12°I system in the Gulf Coast
region (I2) are also close to those of this study.
If iodine ages determined in pore fluids associ-
ated with other gas hydrate deposits fall into the
same time range, the case would be strength-
ened that the period around 55 Ma was respon-
sible for large-scale deposition of organic mat-
ter and subsequent hydrocarbon generation in
the oceans.
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Polyploidy and the Evolution of

Gender Dimorphism in Plants
J. S. Miller* and D. L. Venable

Gender dimorphism and polyploidy are important evolutionary transitions that
have evolved repeatedly in many plant families. We show that gender dimor-
phism in North American Lycium (Solanaceae) has evolved in polyploid, self-
compatible taxa whose closest relatives are cosexual, self-incompatible dip-
loids. This has occurred independently in South African Lycium. We present
additional evidence for this pathway to gender dimorphism from 12 genera
involving at least 20 independent evolutionary events. We propose that
polyploidy is a trigger of unrecognized importance for the evolution of gender
dimorphism, which operates by disrupting self-incompatibility and leading to
inbreeding depression. Subsequently, male sterile mutants invade and increase

because they are unable to inbreed.

The evolution of sex and sexual systems is a
central issue of evolutionary biology, and the
deployment of sexual function into one or more
morphs is a core concern (1, 2). Gender dimor-
phism (the presence of two sexual morphs in a
population) occurs in only ~10% of angio-
sperm species but has evolved from cosexual
ancestors in nearly half of the angiosperm fam-
ilies, making it an important evolutionary trend
(3). Several pathways for the evolution of gen-
der dimorphism have been advanced (3-5). The
mechanistic explanations for the transition from
cosexuality to gender dimorphism have concen-
trated on overcoming the inherent 50% fitness
loss of single-sexed nuclear gene mutants aris-
ing in cosexual populations (6, 7). These mech-
anisms fall into two broad nonexclusive cate-
gories: elimination of inbreeding depression
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(IBD) by male sterile mutants (i.e., selection for
outcrossing) and compensatory resource reallo-
cation following the loss of one sexual function.
Whereas both factors are thought to be impor-
tant in the evolution of gender dimorphism, the
outcrossing scenarios have more empirical sup-
port and are widely advanced as the principal
mechanism favoring gender dimorphism (8).
Because inbreeding avoidance is not important
for self-incompatible taxa, the prominence ac-
corded the inbreeding avoidance mechanism
has led to a search for a correlation between the
occurrence of separate sexes and an evolution-
ary background of self-compatibility (9, 10).
Polyploidy disrupts self-incompatibility in
many species (11, 12). The tendency for poly-
ploids to express self-compatibility [due to gen-
ic interactions in diploid pollen grains (/3)]
allows for the establishment of otherwise repro-
ductively isolated polyploids (11, 14). Because
polyploids buffer the effects of selfing more
effectively than diploids (11, 15, 16), the result-
ant polyploid plants may be shielded initially
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