
such a double-gyroid phase from the rigid and
symmetric giant tetrahedron 3a reflects the ubiq-
uity of the gyroid structure, implying the subtle
influence of the slightly different volume frac-
tions and interactions on the selective assembly
of these giant tetrahedra (Fig. 4G).
Giant tetrahedra 4a to 4c failed to crystallize

in similar solvent evaporation processes because
of the low volume fraction of BPOSS cages that
does not favor the formation of continuous 2D
flat crystals (fig. S8). At such a volume fraction,
an inverse spherical phase such as bcc or A15 was
expected. However, after thermal annealing at
130°C, only ordered hexagonal cylinder phases
were observed in 4a to 4c, as revealed by the q
value ratio of 1:

ffiffiffi

3
p

:
ffiffiffi

4
p

in their SAXS patterns
(fig. S8B, Fig. 4C, and fig. S8C for 4a, 4b, and 4c,
respectively) and the honeycomb-like hexagonal
structure observed in BF TEM images (Fig. 4F).
In the proposed schematic packing model of 4a
to 4c (Fig. 4H), BPOSS cages are wrapped into
centers of the columns while hydrophilic POSS
cages with strong collective hydrogen bonding
form the continuous matrix. In sharp contrast to
the packing of 2a to 2c at higher temperatures,
4a to 4c tend to maximize the contacts of hy-
drophilic POSS cages (and thus the extent of
collective hydrogen-bonding formation), which
substantiallyminimizes the overall free energy of
the system.
Symmetry breaking on accurately controlled

positional interactions of nanosized giant tetrahe-
dra has been used to construct the Frank-Kasper
A15 phase and other ordered supramolecular
lattices. The diverse self-assembly behaviors of
these giant tetrahedra reveal that rigid, single-
component soft-matter systems offer potential
for building supramolecular “metal alloy analogs.”
The subtle competition between the persistent
molecular geometry and the deformability driven
by interaction terms dictates the selective assem-
bly of the giant tetrahedra. Because of the “click”
synthesis, this system is highly tunable in terms
of core structure, nanoparticle functionality, and
feature size. The concepts and formation mecha-
nisms of these supramolecular structures could
be extended to other giant-polyhedra molecules
withdifferent topologies andchemical compositions.
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METHANE CYCLING

Nonequilibrium clumped isotope
signals in microbial methane
David T. Wang,1,2 Danielle S. Gruen,1,2 Barbara Sherwood Lollar,3 Kai-Uwe Hinrichs,4

Lucy C. Stewart,5 James F. Holden,5 Alexander N. Hristov,6 John W. Pohlman,7

Penny L. Morrill,8 Martin Könneke,4 Kyle B. Delwiche,9 Eoghan P. Reeves,1

Chelsea N. Sutcliffe,3 Daniel J. Ritter,10 Jeffrey S. Seewald,2 Jennifer C. McIntosh,10

Harold F. Hemond,9 Michael D. Kubo,11 Dawn Cardace,12
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Methane is a key component in the global carbon cycle, with a wide range of anthropogenic
and natural sources. Although isotopic compositions of methane have traditionally aided
source identification, the abundance of its multiply substituted “clumped” isotopologues
(for example, 13CH3D) has recently emerged as a proxy for determining methane-formation
temperatures. However, the effect of biological processes on methane’s clumped
isotopologue signature is poorly constrained. We show that methanogenesis proceeding
at relatively high rates in cattle, surface environments, and laboratory cultures exerts kinetic
control on 13CH3D abundances and results in anomalously elevated formation-temperature
estimates.We demonstrate quantitatively that H2 availability accounts for this effect. Clumped
methane thermometry can therefore provide constraints on the generation of methane in
diverse settings, including continental serpentinization sites and ancient, deep groundwaters.

C
arbon (13C/12C) and hydrogen (D/H) iso-
tope ratios of methane are widely applied
for distinguishing microbial from thermo-
genicmethane in the environment (1–7), as
well as for apportioning pathways of mi-

crobial methane production (8–10). This bulk
isotope approach, however, is largely based on
empirical observations, and different origins of
methane often yield overlapping characteristic
isotope signals (3, 7, 11–13). Beyond conventional
bulk isotope ratios, it has become possible to pre-
cisely measure the abundance of multiply sub-
stituted “clumped” isotopologues (e.g., 13CH3D)
(14, 15). In particular, the abundance of clumped
isotopes makes it possible to obtain information

about the temperature at which C–H bonds were
formed or last equilibrated (14) (fig. S1). Formation
temperatures of both thermogenic and microbial
methane in natural gas reservoirs can be estimated
on the basis of clumped isotopologues (16). The
mechanisms bywhich isotopologues attain distri-
butions consistent with thermodynamic equi-
librium, however, remain unclear because bulk
methane isotopes (d13C and dD) often reflect
kinetic isotope fractionations (13, 17), and H
isotope exchange between methane and water
is sluggish (18).
To test whether clumped methane thermom-

etry can be widely applied for methane sources
beyond natural gas reservoirs, we examined
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methane samples from diverse systems, includ-
ing lakes, wetlands, cow rumen, laboratory cul-
tures of methanogenic microbes, and geological
settings that may support abiogenic methane
production. We used a recently developed tu-
nable laser spectroscopy technique (14, 19) to
measure the relative abundances of four meth-
ane isotopologues (12CH4,

13CH4,
12CH3D, and

13CH3D).
Our measurements for dominantly thermo-

genic gases from the Marcellus and Utica shales
(1, 20) yielded D13CH3D-based temperatures of
147þ25

−22 °C and 160þ29
−25 °C, respectively. The clumped

isotope temperature for theMarcellus Shale sam-
ple is comparable to, although slightly lower than,
estimates by Stolper et al. (16) of 179° to 207°C
(Fig. 1). In addition, microbial methane in pore
waters and gas hydrates from northern Cascadia
margin sediments (3) and from wells producing
from coal seams in the Powder River Basin (2, 21)
yieldedD13CH3D temperatures of 12° to 42°C and
35° to 52°C, respectively. These are consistent
with their expected low formation temperatures.
Furthermore, thermogenicmethane sampled from
a hydrothermal vent in the Guaymas Basin, Gulf
of California (6), yielded a D13CH3D temperature
of 326þ170

−95 °C, within error of the measured vent
temperature (299°C) (22). Therefore, our data
provide independent support of the hypothesis
that 13CH3D abundance reflects the temperature
at whichmethane is generated in these sedimen-
tary basins (16).
In contrast, we found that methane sampled

from lakes, a swamp, and the rumen of a cow
carries 13CH3D signals that correspond to anom-
alously highD13CH3D temperatures (139° to 775°C)
(Fig. 1A) that are well above the environmental
temperatures (<40°C). Such signals are clearly not
controlled by equilibrium. Notably, a positive cor-
relation between D13CH3D and the extent of D/H
fractionation betweenmethane and environmen-
tal water [emethane/water (23) (Fig. 2)] suggests a
strong link between isotopologue (i.e., 13CH3D)
and isotope (D/H) disequilibria. In contrast, the
above-mentioned methane samples from sedi-
mentary basins appear to have attained hydro-
gen isotope equilibrium with associated waters

at or near the temperatures indicated by the
D13CH3D data (Fig. 2).
To confirm these observations from the nat-

ural environment, we demonstrated that strong
disequilibrium 13CH3D signals are also produced
by cultures of methanogenic archaea in the lab-
oratory (Fig. 3). Thermophilic methanogens cul-
tured at 40° to 85°C produced methane with
D13CH3D values from +0.5 to +2.3 per mil (‰)
(corresponding to D13CH3D temperatures of 216°
to 620°C), andmesophilicmethanogens cultured
at ambient temperature produced methane with
conspicuously “anticlumped” signatures (i.e., val-
ues of D13CH3D <0‰, for which no apparent
temperature can be expressed) as low as –1.3‰
(Fig. 3). Methane from cultures is also charac-
terized by large kinetic D/H fractionation with
respect to water (17, 24). Because laboratory cul-

tures are grown under optimal conditions (high
H2 and high CO2), these anticlumped D13CH3D
and low emethane/water values are primarily ex-
pressions of kinetic isotope effects. Consequently,
the distribution of samples with D13CH3D and
emethane/water values in Fig. 2 can be explained
bymicrobialmethanogenesis operating on a spec-
trumbetween fully kinetic (low D13CH3D and low
emethane/water) and equilibrium (high D13CH3D
and high emethane/water) end members.
We constructed a mathematical framework to

describe the controls on the correlationofD13CH3D
and emethane/water signals from hydrogenotrophic
methanogenesis. Themodel largely follows those
developed formicrobial sulfate reduction (25, 26)
and predicts the isotopologue compositions of
product methane as a result of a series of en-
zymatic reactions (fig. S4) (19). Using isotope
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fractionation factors estimated from theory,
experiments, and observations as input parame-
ters (table S3) (19), our model reproduces the
observed correlation between D13CH3D and
emethane/water of natural samples (Fig. 2). The
isotopologue compositions of product methane
reflect the degree of metabolic reversibility. Fully
reversible reactions yield equilibrium end mem-
bers (27), whereas irreversible reactions result in
kinetic (disequilibrium) end-member signals. In
thismodel, the reversibility is linked to available
free energy (26, 27), in this case expressed as H2

concentration ([H2]). Themodel can explain the
relationship among [H2], emethane/water (28), and
D13CH3D viaMichaelis-Menten kinetics and can
predict the observed patterns in diverse set-
tings, ranging from marine sediments (low
[H2], high D13CH3D and emethane/water) to
bovine rumen (high [H2], low D13CH3D and
emethane/water) (Fig. 4). We note that mixing of
methane sources with different d13C and dD
values or oxidation of methane could also alter
the relationships over the primary signal of mi-
crobialmethanogenesis (19). Likewise, inheritance
of clumping signals from precursor organic sub-
strates (e.g., via acetoclastic or methylotrophic
methanogenesis) cannot be ruled out entirely and
awaits experimental validation.
We showed above that the combination of

D13CH3Dand emethane/water values providesmech-
anistic constraints on whether methane was
formed under kinetic versus near-equilibrium
conditions. Next, we used this framework to place
constraints on the origins of methane at two
sites of present-day serpentinization in Phaner-
ozoic ophiolites [The Cedars (29) and Coast Range
Ophiolite Microbial Observatory (CROMO) (30)]
in northern California, as well as in deep (>2 km
below surface) fracture fluidswith billion-year res-
idence times in theKiddCreekmine, Canada (5, 31).
Methane collected from groundwater springs

associated with serpentinization at The Cedars
yielded anticlumpedD13CH3D signals (–3‰) with
low emethane/water values (Figs. 1A and 2). The data
plot along themicrobial (kinetic) trend defined in
Fig. 2, supporting a previous hypothesis thatmeth-
ane at The Cedars is being produced by active mi-
crobial methanogenesis (29). The exceptionally
high H2 concentration (up to 50% by volume in
bubbles) at The Cedars indicate the massive ex-
cess of electron donors. This, along with severe
inorganic carbon limitation [due to high pH (>11)
and precipitation of carbonateminerals (29)], drives
the formation of methane carrying strong kinetic
imprints, consistentwith the observed anticlumped
D13CH3D signals (Fig. 4).
Despite the similarity in geologic setting, meth-

ane associated with serpentinization at CROMO
(30) revealed very differentD13CH3Dvalues,which
correspond to low apparent temperatures (42° to
76°C) and plot close to the equilibrium line (Fig. 2).
Although the conventional d13C and dD values of
methane from CROMO are nearly identical to
those of theUtica Shale sample (Fig. 1B),methane
at CROMO carries much higher D13CH3D values
(Fig. 1A). The origin of methane at the CROMO
site remains unresolved (30), but the comparably
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Fig. 3. D13CH3D values of methane
produced by hydrogenotrophic
methanogens in batch cultures
reflect kinetic effects. Data and error
bars are from table S2. The green line
represents clumped isotopologue equi-
librium (i.e., samples for which D13CH3D
temperature is equal to growth tem-
perature) (fig. S1).
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high D13CH3D values at CROMO suggest that
methane here could be sourced from amixture of
thermogenic andmicrobialmethane. Alternative-
ly, lower H2 availability at CROMO, compared
withTheCedars (table S4),may supportmicrobial
methanogenesis under near-equilibrium condi-
tions (Fig. 4). Regardless, the different isotopo-
logue signatures inmethane fromCROMOversus
The Cedars demonstrate that distinct processes
contribute to methane formation in these two ser-
pentinization systems.
Deep, ancient fracture fluids in the Kidd Creek

mine in the Canadian Shield (31) contain copious
quantities of both dissolved methane and hydro-
gen (5). The Kidd Creek methane occupies a dis-
tinct region in the diagram of D13CH3D versus
emethane/water (Fig. 2), due to strongD/Hdisequilibria
betweenmethane andwater (4) and low–D13CH3D
temperature signals of 56° to 90°C that are
consistent with other temperature estimates for
these groundwaters (4). Although the specificmecha-
nismsbywhich theproposed abiotic hydrocarbons
at Kidd Creek are generated remain under inves-
tigation (5, 32), the distinct isotopologue signals
provide further support for the hypothesis that
methane here is neithermicrobial nor thermogenic.
Our results demonstrate that measurements

of 13CH3D provide information beyond the sim-
ple formation temperature ofmethane. The com-
bination of methane and water hydrogen-isotope
fractionation and 13CH3D abundance enables the
differentiation of methane that has been formed
at extremely low rates in the subsurface (3, 21, 27)
frommethane formed in cattle and surface envi-
ronments in which methanogenesis proceeds at
comparatively high rates (33, 34).
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ISOTOPE GEOCHEMISTRY

Biological signatures in clumped
isotopes of O2
Laurence Y. Yeung,1,2*† Jeanine L. Ash,1*† Edward D. Young1

The abundances of molecules containing more than one rare isotope have been applied
broadly to determine formation temperatures of natural materials. These applications of
“clumped” isotopes rely on the assumption that isotope-exchange equilibrium is reached,
or at least approached, during the formation of those materials. In a closed-system
terrarium experiment, we demonstrate that biological oxygen (O2) cycling drives the
clumped-isotope composition of O2 away from isotopic equilibrium. Our model of the
system suggests that unique biological signatures are present in clumped isotopes of
O2—and not formation temperatures. Photosynthetic O2 is depleted in 18O18O and 17O18O
relative to a stochastic distribution of isotopes, unlike at equilibrium, where heavy-isotope
pairs are enriched. Similar signatures may be widespread in nature, offering new tracers of
biological and geochemical cycling.

S
tatistical thermodynamics predicts that
heavy isotopes will be bound together in
a molecule more often than predicted by
chance alone, provided the system is at iso-
topic equilibrium (1, 2). This preference for

heavy-isotope pairing and its variation with tem-
perature forms the basis of clumped-isotope ther-
mometry (3–5), a class of approaches based on
precise measurements of molecules containing

more thanone rare isotope.When isotope-exchange
reactions facilitate the equilibration of heavy-
isotope pairs, the resulting isotopic distribution
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