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Authigenic Carbonate and the History
of the Global Carbon Cycle

Daniel P. Schrag,**t John. A. Higgins,?* Francis A. Macdonald," David T. Johnston®

We present a framework for interpreting the carbon isotopic composition of sedimentary

rocks, which in turn requires a fundamental reinterpretation of the carbon cycle and redox
budgets over Earth’s history. We propose that authigenic carbonate, produced in sediment

pore fluids during early diagenesis, has played a major role in the carbon cycle in the past.
This sink constitutes a minor component of the carbon isotope mass balance under the modern,
high levels of atmospheric oxygen but was much larger in times of low atmospheric O, or
widespread marine anoxia. Waxing and waning of a global authigenic carbonate sink helps to
explain extreme carbon isotope variations in the Proterozoic, Paleozoic, and Triassic.

tion of carbon during photosynthesis more

than 60 years ago (/), the contrast in the
isotopic composition of organic carbon and cal-
cium carbonate has been used to reconstruct the
history of the global carbon cycle and its con-
nection to the oxidation state of the planet, includ-
ing the rise of atmospheric oxygen (2). The input
of carbon to Earth’s surface reservoirs (5'°Cy,) (3)
is balanced by the burial of carbon either as or-
ganic carbon 6" Corg), Which is depleted in B¢
relative to dissolved inorganic carbon in seawater
(DIC), or as calcium carbonate (5'°Cyy), which
has a similar isotopic composition to DIC. Changes
in the isotopic composition of marine carbonate
in the geologic record have thus been interpreted
as changes in the fractional burial of organic car-
bon relative to carbonate carbon (fre), as described
by the simple equation (4)

613Cin = 513C0rgﬁ)rg + 613Cca:b(l _ﬁ!rg) (1)

S ince the observation of isotopic fractiona-

For much of Earth history, 8'>C, has fluctuated
around a value of 0 per mil (%o), with 513 Corg and
513C;, values at roughly —25 and —5%o respec-
tively, implying that 20% of total carbon burial
has been as organic matter (3).

The isotopic mass balance requires a funda-
mental linkage between the carbon cycle and the
oxidation state of Earth’s surface as manifest by
the amount of oxygen in the atmosphere. An in-
crease in 8'°Ceyy, implies the burial of a higher
fraction of organic carbon, or alternatively a de-
crease in the oxidation of organic matter relative
to the weathering of carbonate rocks. In either case,
this would increase the amount of oxygen in the
atmosphere unless other redox-sensitive elements
such as sulfur or iron serve as alternative electron
donors.
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This basic framework has been used to inter-
pret 813C o variations throughout Earth histo-
ry. For example, observations of 8'>C.,, above
+5%o for more than 10 million years during the
Neoproterozoic have been explained in terms of
sustained periods of high fractional organic car-
bon burial (5). Similarly, high 8'*Ce,y, values in
the late Paleozoic have been attributed to high
organic carbon burial after the proliferation of land
plants (2). These interpretations directly inform
models of atmospheric oxygen levels over the
Phanerozoic (6), leading to suggestions of pulses
of oxygen production and consumption through-
out the geologic record (7, 8). Thus, a correct read-
ing of carbon isotope mass balance is critical to
our understanding of the accumulation of oxidiz-
ing capacity (atmospheric O, and seawater sul-
fate) at the Earth’s surface through geologic time.

Certain aspects of the 8'3Cup record are
challenging to explain in the simple framework
described above. First, sustained high 3"Ceart
values (>+5%o), such as what is observed through-
out the Neoproterozoic (9, /0) and in the early
Paleoproterozoic (7), imply very high rates of or-
ganic burial and hence accumulation of atmo-
spheric oxygen to levels tens to hundreds times
that of the present (4, 7). This is inconsistent
with geological evidence for lower oxygen levels
during these times (/7). Second, large negative
isotopic excursions of —10 to —15%o in the Neo-
proterozoic are very difficult to explain either by
oxidation of large amounts of organic matter (7, 12)
or methane (/3, /4) because both require a very
large change in atmospheric oxygen as well as a
very large increase in atmospheric carbon dioxide,
neither of which is supported by independent geo-
logical evidence. Surveying the 8'*C,, record in
its entirety, one is forced to conclude that our basic
framework is lacking some fundamental pro-
cess and that it provides a misleading basis for
understanding Earth history. We suggest that au-
thigenic carbonate, produced in sediments during
early diagenetic reactions primarily associated with
sulfate and iron reduction, has played a major role
in the carbon isotope mass balance over Earth

history, although it represents a minor component
of the modem isotope mass balance because of
high levels of atmospheric oxygen in the modern
world. If correct, this requires a reinterpretation of
the §'°Cy, record.

Authigenic carbonate refers to any carbonate
mineral precipitated inorganically in situ, wheth-
er at the sediment-water interface or within sed-
iment pore waters. In the modern ocean, most
authigenic carbonate is formed in sediments when
alkalinity is produced from diagenetic reactions—
usually those that reduce sulfate or ferric iron—
resulting in supersaturation of carbonate minerals,
including calcite, dolomite, or siderite. Precipita-
tion of pyrite can also be an important source of
alkalinity that enhances the precipitation of au-
thigenic carbonate phases. Because most reduc-
tion of iron and sulfate occurs through oxidation of
methane (anaerobic methane oxidation) or organic
carbon, the DIC from which authigenic carbonate
forms is generally depleted in *C, although en-
richment is possible if carbonate precipitation
occurs deeper in the sediment column, where
methanogenesis drives the §'>C of DIC to higher
values. Authigenic carbonates composed of cal-
cite, aragonite, and dolomite occur in continental
margin sediments in North and South America
and Eurasia; they are characterized by 3Ceas
values ranging from —60 to +26%o, with most val-
ues <<0%o (15). Authigenic carbonates (8" Ceay =
—18 to —55%o) are found over the entire depth range
of the Gulf of Mexico slope (/6); in Peru Margin
sediments, the 8'C of dolomite varies between
—36.1 and +11.5%o, although the majority of mea-
surements lie between —9 and —12%o (7). This
carbonate sink is also common in sediments in
anoxic basins and fjords (18, 19), as well as del-
taic environments. In the mobile mudbelts of the
Amazon shelf, for example, authigenic carbonate
forms primarily as siderite and mixed Ca-, Mg-,
Fe-, and Mn-carbonates associated with iron re-
duction and pyrite burial, rather than with sulfate
reduction through anaerobic methane oxidation,
with mass-weighted 8'>C,, between —15 and
—19%o (20). Approximately 30% of the total
carbon burial in the Amazon fan occurs as au-
thigenic carbonate (27). This phenomenon is not
limited to modern examples; similar 8'3C o, val-
ues have been observed in Cenozoic sediments
from the Arctic Ocean and the Norwegian-
Greenland Sea (22).

Despite its widespread occurrence, authigenic
carbonate does not appear to represent a substan-
tial component (by mass) in the modern global
carbon cycle. One reason is that the formation of
authigenic carbonate is inhibited by the amount
of O, in seawater because both oxic respiration
and oxidation of reduced compounds [such as
Fe(Il) and H,S] lowers the saturation of carbo-
nate phases. A recent study explored a model for
the global alkalinity and carbonate cycles, pro-
posing that changes in organic carbon cycling,
electron acceptor [Fe(III), SO,*, and O,] con-
centrations, and the concentration of DIC would
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lead to a greater importance of authigenic car-
bonates in marine sediments during times of low
0,, such as the Proterozoic or times of widespread
anoxia in the Phanerozoic (23). More generally,
environmental conditions that minimize aerobic
respiration in the water column and in sediments
(because this essentially acidifies the pore fluid)
and maximize the production of alkalinity per unit
of organic carbon respired will favor a large sink
of carbon as authigenic carbonate (23).

Is there evidence for high burial rates of iso-
topically depleted authigenic carbonate in the ge-
ologic past? A challenge is that 8'°C,, records
before the Jurassic are heavily biased toward
shallow-water carbonate platforms because slope
and deep-basin sections are typically consumed
or highly deformed during subduction. One ex-
pects authigenic carbonate to be dominant in slope
settings with more anaerobic respiration, rather
than in shallow water carbonate platforms with
low organic burial and greater oxygen availabil-
ity. In addition, many studies of 813C., have been
motivated by stratigraphy by using the isotope
variations to correlate across regions and even
continents (10); it is possible that sections with
authigenic carbonate may have been excluded
from records of 8'*Cqyy, variations if they were
considered artifacts of postdepositional processes
(7). For stratigraphic studies, such exclusions may
be appropriate because the 8'°C of authigenic
carbonate does not necessarily capture a global
change in the 3"3C of DIC. From the perspective
of the global carbon cycle, however, such car-
bonate deposition cannot be ignored because it
may represent a substantial carbon sink.

A series of studies of 8°Cuy, focused on
global geochemical surveys rather than stratigra-
phy provides some support for the widespread
occurrence of authigenic carbonates in the past

(24). Bulk carbonates from Proterozoic and
Early Paleozoic continental margins from around
the world record §'3C.yp, values that range
from +18 to —20%o (Fig. 1) (24). The lowest val-
ues (<—5%o)—and perhaps some of the highest
values—are most easily explained with an au-
thigenic component, formed during early diagen-
esis rather than in the water column. Additional
support comes from more detailed studies of
Ediacaran (late Neoproterozoic) stratigraphy in
China, where deeper water sections have 8'°C s,
values as low as —16%o, compared with —2%o for
the shallowest onshore sections (25, 26). These
data were originally interpreted as representing a
very large 8'°C gradient in DIC over hundreds
of meters in the water column, which is difficult
to reconcile with rates of ocean mixing; we suggest
instead that these micritic carbonates in slope set-
tings with low 8"3C, values are largely com-
posed of authigenic carbonate, formed in a similar
fashion to imperfect modern analogs in the Amazon
Fan, the Santa Barbara basin, or the Peru margin
(17, 18, 21). Overall, observations of authigenic
carbon in modern and ancient settings, as well as
theoretical arguments (27), suggest a major role
for authigenic carbonate in the global carbon cy-
cle, particularly at times of lower atmospheric O,.

If authigenic carbonate is a substantial sink
for carbon burial at times in the geologic past, the
isotopic mass balance described in Eq. 1 must be
broadened to make explicit the fraction of car-
bonate burial that is authigenic ( f;.), as well as the
different isotopic fractionation factors for organ-
ic carbon, authigenic carbonate, and normal ma-
rine carbonate (€, €, and €y, respectively). We
choose to write the isotopic fractionation between
seawater and authigenic carbonate in the same
manner used for the fractionation associated with
photosynthesis (g,,); like the photosynthetic frac-
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Fig. 1. 3C_,, measurements on Early Paleozoic and Proterozoic calcites (open circles) and dolomites
(triangles) from the compilation of Prokoph et al. (24).

www.sciencemag.org SCIENCE VOL 339

RESEARCH ARTICLES

tionation, it depends on the isotopic composition

of a separate pool of water (pore fluid or intracel-

lular fluid), which in turn depends on the relative

rates of chemical reaction (oxidation or fixation of

organic carbon) and chemical transport (diffusion

in the pore fluid or across the cell membrane).
Thus,

613C{n - (813CDIC - 81))forg +

(1 _/(;rg)[(alchlC - Sac)fe.\c +
(8" Cpic — eme)(1 ~ fic)]  (2)

or simplifying and solving for 8*Cpyc (27)

513CDIC = 513Cin +f0rg [gp ~ E€me
fac(sac - Smc)} +
f:;c (sac - 8mc)

(3)

Unfortunately, there is no easy way to empirically
reconstruct f,. through geologic time because the
authigenic component may be broadly distributed
across large volumes of sediment with relatively
low carbonate content. For example, an authigen-
ic carbonate sink of 2.5 x 10" g/year—roughly
one third of the modern sink related to silicate
weathering—would require the addition of less
than 2 weight percent carbonate to the annual
flux of terrigenous sediment of 1.7 x 10'® g/year.
Moreover, it is difficult to estimate even total
carbonate accumulation through Earth’s history
given the incompleteness of the geologic record.
However, there is an expectation that f,. will be
higher when there is less oxygen in bottom waters
along the shelf and slope environments and when
alternative electron acceptors, particularly iron, are
more abundant or are more focused in the same
locations where organic carbon is buried (23).
The average isotopic offset between authi-
genic carbonate and DIC (g,.) is determined by
the balance between diffusive transport of DIC
through pore fluids in the sediment column and
the anaerobic oxidation of methane or organic
matter, which leads simultaneously to the creation
of alkalinity. Higher values of €,. are expected
when the reductant is CH, (8'C =-50 to ~90%o)
as compared with organic carbon (8'°C =-22 to
—26%o). In modern sediments in which anaerobic
methane oxidation is dominant, the maximum
alkalinity occurs at the same depth as the de-
pletion of sulfate and a minimum in the 8'°C of
DIC (28). In the geologic past, €,. would also be
affected by changes in the amount of DIC in
seawater, in addition to the rate of anaerobic res-
piration in the sediment column. If DIC were
substantially higher because of elevated atmo-
spheric partial pressure of CO, (Pco,), a lower
seawater Ca®" concentration relative to alkalinity,
or some combination of the two, then the §'>C
of DIC in pore fluids would be less affected by
oxidation of reduced carbon, resulting in a smaller
value for €,.. In contrast, increasing oxidant avail-
ability [such as SO, or Fe(Ill)] would be expected
to increase both €, and f,.. It is also possible to
form authigenic carbonate much later in the burial
history when the porosity and permeability of the
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sediments are lower and the distance from the
sediment-water interface is large; in this case, dif-
fusive exchange with seawater is less important in
determining €,..

The inclusion of authigenic carbonate in the
global carbon isotope mass balance adds an ad-
ditional degree of freedom in explaining 8'*C
variations in the geologic record and complicates
the connection between carbon isotopes and the
redox budget of the Earth’s surface. In Fig. 2, the
8'3C of DIC is shown as a function of Jorg and

fac for global average values of €,. of 15 and

20%o, assuming that the carbon cycle is in steady
state and neglecting imbalances in other inputs
(such as weathering of organic carbon and car-
bonate). Prolonged periods of high §'2C, in the
Neoproterozoic can now be explained without in-
voking sustained high organic carbon burial or
low organic carbon weathering fluxes (which im-
plies the accumulation of massive amounts of at-
mospheric oxygen), but simply from the persistent
burial of larger amounts of isotopically depleted
authigenic carbonate. As an end member exam-
ple, to maintain 813C ca, at +5%o without a shift
from modern fq,, values ( forg = 0.2) requires that
authigenic carbonate make up 29 to 37% of the
global carbonate sink for global average €, val-
ues of 20 and 15%e, respectively (Fig. 2). €, is not
entirely independent of €, because the average
photosynthetic fractionation is ultimately the rea-
son for a fractionation between authigenic car-
bonate formed in sediments and DIC.

Applying this new framework to large, neg-
ative isotopic excursions, such as those observed
in the Neoproterozoic, is more complicated be-
cause the carbon cycle during such events need
not be at steady state, especially when the ex-
cursion lasts less than a few hundred thousand
years. We describe two major categories of neg-
ative isotopic excursions that have fundamentally
different explanations. First, some excursions can
be explained through a decline in the global flux
of authigenic carbonate that is due to a variety of
possible factors, including the location or focus-
ing of organic carbon burial, the carbonate sat-
uration state of seawater, or an increase in the
oxygen content of the ocean (and atmosphere). A
rapid decline in authigenic carbonate deposition
would drop the steady-state 5'°C value of DIC
and could be amplified by additional carbon feed-
backs, including oxidative weathering of organic
carbon. Although we expect some modest connec-
tion between 8'>C_,y, variations and the oxidation
state of the Earth surface (through iron reduction,
pyrite burial, or intermediate water oxygen con-
tent), 8'*Cyy, excursions created in this way need
not be accompanied by a large rise in Pco, nor a
large drop in Po,. Because such excursions result
from changes in the 5'3C of DIC, one would ex-
pect to see the excursion in marine organic matter
as well as in marine carbonate. Moreover, one
would not expect to see the §'>C values drop be-
low the global average 8'°C of the inputs (—5%o)
unless there is additional carbon added from oxi-
dation of organic carbon or methane.

A second category of negative isotope excur-
sions results from the addition of authigenic car-
bonate into primary marine carbonate in slope or
shelf sediments. In this case, the change in 8"*C ey,
does not represent a change in seawater DIC but
rather is a local feature—although it may have a
regional or global extent if it is driven, for exam-
ple, by a marine transgression or changes to global
redox budgets (O,, SOy, or Fe); thus, the 5" Corg
would not track the bulk rock 8'3Cyy through
the excursion. One might expect the magnitude
of the apparent excursion to vary across sedimen-
tary environments, such as from shelf to slope
[as is present in Ediacaran successions in China
(25, 26)] or even laterally across a sedimentary
basin, depending on the distribution of authigenic
carbonate production and the degree of depletion
of 8'*C in the pore fluid. The extent of the iso-
topic excursion could theoretically extend far be-
low the 8"2C of carbon inputs, limited only by the
isotopic composition and mass contribution of
local authigenic carbonate. This mechanism pro-
vides an explanation for large negative-isotope
excursions in the carbonate record that are not
observed in 8'°C of organic carbon, which is a
scenario that has invoked much attention and
speculation (29). This scenario does not require
large changes in atmospheric O, and CO,.

An example of the first type of excursion is
possibly captured by the Tayshir anomaly from
Neoproterozoic sections in Mongolia (30), which
documents a covariation between the 8'°C of
organic carbon and carbonate carbon through
an isotopic anomaly of ~15%.. With minimum
8"3C e, values during the excursion between —5
and —7%o, one can explain this excursion with
nearly a complete shut-off of authigenic carbonate
production (f,. — 0), perhaps with some addi-
tional contribution from net oxidation of reduced
carbon. The shutdown of authigenesis could be
driven by a small change in the oxidation state of
intermediate waters on the continental slope, per-
haps related to higher atmospheric Po,, establish-
ing a stronger lysocline and a carbonate saturation
gradient in the sediment column.

Fig. 2. Contours of **C of DIC as a func-
tion of f,rg and f,. for global average values
of £, of 15 and 20%o., assuming that the
carbon cycle is in steady state, and neglect-
ing imbalances in other inputs, based on
Eq. 2.

ac

The Ediacaran Shuram anomaly is a possible
example of the second category of isotope ex-
cursion. The Shuram anomaly occurs in Ediacaran
sections around the world, including Namibia,
China, and Oman (29). The magnitude of the iso-
topic excursion is variable across different loca-
tions and even within a single basin (25, 26).
Important features include 8'°C,y, values as low
as —12%o during the peak of the excursion and no
parallel variations in 613C0rg across the excursion
(31). We suggest the isotopic anomaly in this
case could be explained in part by the expansion
of the zone of authigenesis onto carbonate plat-
forms during a marine transgression, effectively
adding authigenic carbonate to marine carbonate
precipitated from the water column.

Previous studies have attributed the large neg-
ative excursions in the Neoproterozoic—and the
Shuram anomaly, in particular—to diagenetic
processes (32, 33), specifically basin-scale alter-
ation of carbonate rocks with fluids with low
8'"°C from oxidation of hydrocarbons, or from
meteoric alteration (33). On the other hand, it has
been argued that the low 813C o values through
the Shuram anomaly cannot be explained by
diagenesis because they are expressed in oolitic
and stromatolitic facies without evidence for sec-
ondary cements (29). Moreover, such a diagenet-
ic explanation is difficult to reconcile with the
observation of these negative excursions at pre-
cise stratigraphic intervals in geologic sections
across multiple continents (10, 29). Our explana-
tion may reconcile these views because one would
expect isotopic excursions produced by mixing of
marine carbonate with a depleted authigenic com-
ponent to occur at broadly the same stratigraphic
interval if they were produced by migration of the
zone of authigenesis because of a marine trans-
gression or drop in near-surface O, concentration.
Textures such as ooids could be preserved if au-
thigenesis occurs on both microscales, consuming
organic matter along individual laminations (34),
and on mesoscales filling pore spaces with micrite
on 10-m scales in mixed-carbonate siliciclastic
sequences.

1.0

0.8

0.6

0.4

0.2

1 FEBRUARY 2013 VOL 339 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on February 1, 2013


http://www.sciencemag.org/

A prominent but transient authigenic carbonate
sink may also help explain carbon isotope varia-
tions in the Paleozoic (8, 35) and Early Triassic
(36). In the Triassic, for example, there is evidence
for widespread anoxia in intermediate waters (37),
fluctuating 8'°Cyy, values (-2 to +8%), and gra-
dients in the 8'>C_,1, values with depth, often with
8'3C values on the slope 2 to 3%o lighter than
those on the shelf (38). We view the Early Triassic
as a candidate for a period of sustained, high au-
thigenic carbonate formation, like much of the
Neoproterozoic (23). The fluctuations could be
produced either from a change in the global
amount of authigenic carbonate (category 1) or
by migration in the zone of authigenic carbon-
ate (category 2). In the Early Cambrian, similar
fluctuations in the authigenic carbonate sink might
have resulted from more modest variations in sur-
face redox or evolutionary leaps such as the bio-
logical irrigation of sediments.

The recognition of authigenic carbonate in the
sedimentary record presents a challenge for car-
bon isotope stratigraphy because it allows for
local variations in 8'*Cey, produced by the ad-
dition of a substantial authigenic component after
burial. Until there is a clear way to quantify the
amount of marine carbonate precipitated in the
water column relative to authigenic carbonate pre-
cipitated in sediments, questions about the fidelity
of chronostratigraphic correlations will remain.
Authigenic events are likely to be broadly cor-
relative owing to global changes in surface redox
conditions, surface saturation state, and/or eustatic
sea level, all of which might drive a migration of
the zone of authigenesis or a change in the amount
of authigenic precipitation, but detailed correla-
tions at finer scales may prove less reliable.

Including a third major sink for carbon in sed-
imentary reservoirs does not sever the connection
between 8'°Cyy, and the redox evolution of the
Earth surface, but it does imply a more complex
relationship. Rather than massive changes in at-
mospheric O, and CO,, our framework explains
the large variations in 8'>Ceyy, in terms of changes
in the amount of authigenic carbonate driven per-
haps by small changes in atmospheric O, but po-
tentially also by changes in the other redox budgets
(SO, and Fe), in the strength or even existence of
a lysocline, or in the focusing of organic carbon
burial in different sedimentary environments. With
this new framework, the challenge remains to use
the geologic record to understand the driving forces
and events that have shaped Earth’s surface.
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Variable Clonal Repopulation
Dynamics Influence Chemotherapy
Response in Colorectal Cancer

Antonija Kreso,"?* Catherine A. O'Brien,™>* Peter van Galen," Olga I. Gan,* Faiyaz Notta,*?
Andrew M. K. Brown,* Karen Ng,* Jing Ma,” Erno Wienholds,* Cyrille Dunant,® Aaron Pollett,’
Steven Gallinger,® John McPherson,* Charles G. Mullighan,” Darryl Shibata,’ John E. Dick™?t

Intratumoral heterogeneity arises through the evolution of genetically diverse subclones during tumor
progression. However, it remains unknown whether cells within single genetic clones are functionally
equivalent. By combining DNA copy number alteration (CNA) profiling, sequencing, and lentiviral lineage
tracking, we followed the repopulation dynamics of 150 single lentivirus-marked lineages from 10 human
colorectal cancers through serial xenograft passages in mice. CNA and mutational analysis distinguished
individual clones and showed that clones remained stable upon serial transplantation. Despite this
stability, the proliferation, persistence, and chemotherapy tolerance of lentivirally marked lineages were
variable within each clone. Chemotherapy promoted the dominance of previously minor or dormant
lineages. Thus, apart from genetic diversity, tumor cells display inherent functional variability in tumor
propagation potential, which contributes to both cancer growth and therapy tolerance.

ancer is sustained by production of aberrant
cells that vary in many morphological and
physiological properties. This cellular diver-
sity remains a major challenge to our understanding
of the neoplastic process and therapeutic resistance.
Genetic and nongenetic processes can generate het-
erogeneity; however, the degree of coordination
between these mechanisms and their relative con-
tribution to tumor propagation remains unresolved.

Tumor cell diversity can arise through accrued
genetic changes (/) that result in single tumors
composed of many subclones that develop through
complex evolutionary trajectories (2, 3). As well,
tumors contain genetic subclones that vary with
respect to differential growth in xenograft assays
(4-6), recurrence (7), and metastatic potential
(8, 9). Likewise, resistance to cancer therapies
can arise through genetic mutations (/0, I1).
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tum theory is the ratio #/m, measurement
of which can be thought of as a determi-
nation of @, (scaled by ¢?). In recent years,
h/m experiments have become an important
independent measurement of the fine struc-
ture constant o because //m is the least well-
known quantity in its definition: o0 = (2Roo/c)
(h/m)(m/m,), where m, is the electron mass
and Ro. is the Rydberg constant. Indepen-
dent measurements of o are tests of quantum
electrodynamics, and there has been substan-
tial work on measuring o with atom interfer-
ometers (3-5).

In an atom interferometer, matter waves
are split and recombined by using pulses of
light. Counterpropagating laser beams stim-
ulate the absorption and emission of a pho-
ton, transferring a well-defined momentum
to the atom. For two laser beams with the
same frequency, the momentum transferred
is 2hk, where k is the wave number of the
light (the reciprocal of its wavelength times
21) (6). Thus, the recoil energy of the atom is
given by E = 4h?k*/2m = 4ho,, where o, is the
photon recoil frequency. Because the phase
of the matter wave evolves according to this
energy, the interferometer phase is propor-
tional to w, (3, 7, &), and such a device can
be thought of as a momentum spectrometer,
provided the particle’s mass is known. This
simplified description of an atom-interfero-
metric measurement of the recoil frequency
is nonrelativistic. More importantly, knowl-
edge of the laser wave number allows the
value for 4/m to be extracted from the mea-
sured recoil frequency.

Alternatively, in a relativistic descrip-
tion, the phase evolution of a matter wave
is proportional to the mass-energy, and the
phase shift of the interferometer is given
by A¢ =2, 7(y"' — 1). Here, T is the time
it takes for the matter wave pulse to move
between the beamsplitter and mirror pulses
of the interferometer, and y' = (1 — v¥/c*)"?
is the inverse Lorentz factor from special
relativity. The recoil velocity imparted to the
atoms, v, is determined by the photon wave
number, k. Although atomic recoil veloci-
ties in experimentally realizable regimes
are on the order of centimeters per second,
well below the speed of light, the relativis-
tic effect of time dilation can be viewed as
the source of the interferometer phase shift.
In the extreme relativistic limit where v —
¢, the interferometer phase develops at the
full Compton frequency, and the relativistic
description elucidates how a measurement
of h/m can be interpreted as a measurement
of ®,. However, such a measurement still
requires an independent determination of
the laser wave number.

www.sciencemag.org SCIENCE

Lan et al. run an experiment configured
similarly to an 4#/m measurement, the differ-
ence being that they have eliminated the laser
frequency as a free variable in their system by
using a frequency comb. A frequency comb
is an optical “ruler” in frequency space that
enables an absolute measurement of opti-
cal frequencies (9). The laser that drives the
recoiling atoms is locked to a chosen comb
line, and the interferometer signal becomes
directly proportional to a defined fraction of
the Compton frequency. A common oscilla-
tor, used to derive all frequencies for the sys-
tem, is then stabilized directly to the interfer-
ometer signal (see the figure).

By defining the ratio of the laser fre-
quency to , via the comb, all quantities in
the interferometer signal are now defined
except for mass. Thus, the system locks the
common oscillator—a clock—to the mass
of an atom. An A/m experiment measures
the energy of a recoiling atom as a function
of its momentum, a quantity that depends
on its mass. This experiment is subtly dif-
ferent from that of Lan et al., which uses

PERSPECTIVES

this measurement to stabilize an oscillator.
This method is a direct analogy to stabiliz-
ing an oscillator by using the spectroscopy
of cesium, in contrast to measuring the spec-
troscopy of cesium. By linking time to the
mass of an atom, the “Compton clock’ has
intriguing prospects for the measurement of
time and definition of the kilogram.
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Carbon Cycle Makeover

Donald E. Canfield' and Lee R. Kump?

Enhanced levels of anaerobic respiration processes may explain oscillations in Earth’s carbon cycle.

engineer Jacques-Joseph Ebelman fig-

ured out why Earth’s atmosphere contains
oxygen (/). Oxygen is produced by plants
during photosynthesis, but almost all of this
oxygen is used again in respiration. Ebelman
reasoned that small amounts of organic mat-
ter remaining in sediments after respiration
leave a residual of oxygen in the atmosphere.
The source of oxygen to the atmosphere
represented by organic matter burial is bal-
anced by oxygen sinks associated with rock
weathering and chemical reaction with vol-
canic gases. This is the long-term carbon and
oxygen geochemical cycle. But Earth is an
old planet, and oxygen levels have changed
through time (2). On page 540 of this issue,
Schrag et al. (3) challenge the most com-
monly used geochemical approach to assess
long-term changes in the coupled oxygen and
carbon cycles.

In 1845, the French chemist and mining
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High on the list of factors controlling
oxygen levels is the burial rate of organic
carbon into sediments through time.
Decades ago, geochemists began to mea-
sure the carbon isotope distributions in plant
organic matter and in carbonate minerals in
modern and ancient marine sediments (4).
They found that the carbon isotope ratios
differed between organic and inorganic car-
bon. To a first approximation, these differ-
ences could be explained by a preferential
incorporation of '?C atoms over *C atoms
into organic matter during photosynthe-
sis. Patterns in the isotopic compositions of
both inorganic and organic carbon species
through geologic time provide clues to the
burial history of organic carbon.

These patterns are normally interpreted
through a very simple mass balance (see the
figure, panel A). Rock-weathering—derived
carbon enters the ocean from rivers in inor-
ganic form, with a 8"C usually taken as the
average for Earth crust. Carbon exits into
sediments in inorganic form as carbonate
minerals and also as organic carbon. The
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organic carbon has a lower 8°C than 5
the inorganic carbon by an amount
depending on the fractionation of
isotopes during photosynthesis.
However, the combined isotopic
composition of the inorganic and
organic carbon leaving the oceans
must equal the isotopic composition
of the inorganic carbon entering it.
Thus, if a large amount of organic
carbon is buried, removing a lot of
carbon with low 8"3C, the 8"3C of
the inorganic carbon removed must
be high. In contrast, if little organic
carbon is buried, the 8"*C in the inor- B
ganic carbon should approach that
of the carbon entering the oceans.
Using this approach, rates of organic
carbon burial, and thus oxygen lib-
eration to the atmosphere, have been
inferred through geologic time.

As Schrag et al. highlight, how-
ever, the carbon isotope record is
not always so easy to explain. This
is particularly true in Precambrian
rocks that show large and long-term
enrichments in the 8"C of carbon-
ate minerals. With the traditional
model, these events require massive
amounts of organic carbon burial,
liberating huge amounts of oxygen
to the atmosphere. But what trig-
gered these extreme carbon cycling
events, how were they sustained, and
where is the independent geochemi-
cal evidence that they occurred?

Equally troubling are very
strong depletions in the 8'*C of carbonate
minerals (5, 6). These depletions can extend
to values less than the weathering input and
are thus impossible to explain within the tra-
ditional carbon mass-balance model. Expla-
nations for these isotope deviations have
therefore focused on short-term events, such
as the massive oxidation of '*C-depleted
dissolved organic matter or methane, or
the preferential weathering of *C-depleted
organic material from land. In another set of
explanations, the carbon isotopes could have
been affected by late-stage processes within
Earth with no relation to ocean chemistry.
None of these explanations have gained uni-
versal acceptance (6).

Schrag et al. provide a clever explanation
for both the positive and the negative carbon
isotope excursions. They argue that on an
Earth with much less oxygen than today—
as was likely during the Precambrian—the
decomposition of organic matter in sedi-
ments by anaerobic respiration processes
like sulfate and iron reduction would boost

Organic
carbon

Conventional model
FHC

-25 =5 0

Inorganic carbon in oceans and atmosphere

Weathering Carbonate
input sediments

Schrag et al. model
BC
-20 =5 0 5

Inorganic carbon in oceans and atmosphere

Carbonate
sediments

Weathering
input

Organic Authigenic
carbon carbonate

Carbon burial reconsidered. In the traditional model (A), carbon loss
through organic carbon and carbonate burial balances carbon input from
continental weathering. Arrow sizes approximate the relative sizes of the
input and output fluxes. The more carbon is lost through organic matter
burial, the greater the 8*C of the carbonate output. Schrag et al. now
propose a third output flux through authigenic carbonate formation (B).
This removal pathway is **C-depleted compared to the weathering input,
and changes in its flux can change the 8“C of carbonate sediments with
no change in the organic carbon burial flux.

carbonate alkalinity to the point where car-
bonate minerals (known as authigenic car-
bonates) would readily form. Because this
alkalinity was generated from oxidation of
13C-depleted organic matter or methane, the
carbonate formed would also be *C-depleted
and very different in isotopic composition
than carbonates formed in surface seawa-
ter, from which the carbon isotope record is
mostly constructed.

In this scenario, large increases in the 8"°C
of inorganic carbon, as revealed from surface
seawater carbonates, resulted not from high
organic carbon burial rates but rather from
enhanced burial of BC-depleted authigenic
carbonates (see the figure, panel B). Like-
wise, highly *C-depleted inorganic carbon
values were either caused by a reduced depo-
sition rate of authigenic carbonates or are a
direct record of the *C-depleted authigenic
carbonates themselves.

With this view of the carbon cycle,
the carbon isotope record loses its link to
organic carbon burial and oxygen liberation

to the atmosphere. The implications
are huge.

There are, however, some impor-
tant issues to consider. First, sulfate
reduction and iron reduction domi-
nate organic carbon mineralization
in modern sediments where organic
carbon burial is rapid (7). These sed-
iments generate considerable car-
bonate alkalinity (§), but only small
amounts of authigenic carbonate are
formed on a global scale (3). It is
not clear how these processes would
have produced much more authi-
genic carbonate in the past, par-
ticularly because modern systems
exposed to little oxygen produce
only small amounts of authigenic
carbonate minerals (8).

Second, if the model proposed
by Schrag et al. is correct, authi-
genic carbonate production dur-
ing the large positive §"*C excur-
sions should be widely preserved
in organic-rich sediments. We
should actively search for these. The
large negative 0"3C excursions, if
they record authigenic carbonates,
require that enormous amounts of
organic matter have been converted
to inorganic carbon. However, many
rocks housing these excursions con-
tain very little organic matter (9), not
obviously consistent with the large
amounts of organic matter diagene-
sis required by Schrag et al.’s model.

Finally, the large negative 6'*C excursions
of the late Precambrian provide well-defined
and globally coherent isotope events (6),
yet sediment diagenetic reactions are highly
variable in space and time. It remains to be
shown how a globally coherent pattern can
result from these processes. Nonetheless,
new ideas take time to mature, and Schrag
et al. have brought a fresh new approach to
solving some puzzling problems with our
understanding of the carbon cycle.
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