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Carbonate rocks deconstructed 
Michael A. Arthur

The ratios of stable isotopes, especially isotopes of carbon and oxygen, 
have tales to tell about Earth’s history. Post-depositional alteration of the 
carbonate rocks being studied may radically alter the story. 

entire HIV-1 RNA genome, which contains a 
dazzling 9,173 nucleotides. 

The structured regions of the HIV-1 genome 
are concentrated in about 21 large domains1. 
Most of the functionally important structured 
RNA motifs that have been characterized so far 
reside in the untranslated (non-protein cod-
ing) region near the ends of the viral genome, 
which regulates viral replication and packaging 
of viral particles. Watts and colleagues1 detect 
these previously characterized RNA motifs, 
sometimes as components of larger motifs, but 
they also identify structured RNA elements in 
protein-coding regions of the genome.

Many HIV-1 proteins are translated into 
polyprotein precursors by the ribosome as the 
viral RNA passes through it. The proteins are 
joined like beads on a string by linker peptides: 
these are later cleaved to release the individual 
proteins. There are also unstructured linker 
peptides between domains that make up the 
individual HIV proteins. Intriguingly, many 
of the newly identified structured RNA ele-
ments are located in regions that code for these 
flexible linkers. The authors propose that the 
structured RNAs slow down protein transla-
tion because these regions must be unfolded 
prior to entry into the ribosome. Because HIV 
proteins might be folded during translation — 
a process referred to as co-translational protein 
folding — this ribosomal pausing may provide 
additional time for proteins to adopt their 
correct three-dimensional structures.

This fascinating relationship between RNA 
and protein structure is not without prec-
edent. The correlation between the secondary 
structure of messenger RNA and protein 
translation was recognized as early as three 
decades ago, and there are several studies 
showing that mRNA secondary structure can 
promote ribosomal pausing and modulate 
other aspects of translation and protein fold-
ing5. Watts and colleagues1 go on to identify 
several other pause sites that seem to buy time 
at strategic moments during translation. For 
instance, unwinding folded RNA may allow 
binding of the signal-recognition particle to 
the elongating peptide chain. This protein–
RNA particle guides the ribosome–peptide-
chain complex to the endoplasmic reticulum 
for further processing. Ribosomal pausing may 
also provide time for frameshifting — whereby 
the ribosome stalls and skips over nucleotides 
without translating them, changing the reading 
frame — which allows translation of alternative 
HIV proteins from the same RNA. 

On the other hand, highly unstructured 
regions are observed in hypervariable regions 
of the HIV-1 genome, which have important 
roles in viral host evasion. These unstructured 
regions are bordered by conserved and stable 
RNA structures that may help to prevent their 
interaction with the less variable neighbouring 
regions. 

Whenever possible, Watts et al.1 interpreted 
the details of the SHAPE model in relation to 
other biochemical and structural data, and 

In a paper reminiscent of a scene from 
the movie Total Recall, in which Arnold 
Schwarzenegger rapidly terraforms Mars, 
Knauth and Kennedy (page 728 of this issue)1 
suggest that the ‘greening’ of Earth started 
about 850 million years ago in coastal regions. 
Their thinking is that the spread of photosyn-
thetic life to the land then altered the chemi-
cal breakdown of rocks on Earth’s surface2, 
increasing the nutrient flux from land to 
ocean, and resulting in greater sequestration of 
organic matter in soils and marine sediments. 
A consequence of that, a hypothesized increase 
in atmospheric oxygen3, would have set the 
stage for a subsequent and prolific increase in 
animal diversity. 

These are intriguing ideas. Not least, Knauth 
and Kennedy provide a plausible explanation 
for the popular notion that oxygen levels 
increased substantially in the Neoproterozoic3, 
the era that runs roughly from 1,000 million 
to 570 million years ago. But their conclusions 
will be controversial for at least two reasons. 

First, Knauth and Kennedy present no direct 
evidence for the existence of a widespread 
terrestrial flora in the Neoproterozoic. Rather, 
in a creative step, they indirectly infer the 
occurrence of land colonization by photosyn-
thetic organisms from changing geochemical 
patterns, as seen in stable isotopes of carbon, 
in Neoproterozoic shallow-marine carbon-
ate rocks. Second, the authors argue that such 
rocks have nearly all experienced significant 

post-depositional alteration. In doing so, they 
cast doubt on the many studies that have aimed 
to reconstruct environmental conditions from 
the geochemical signals thought to have been 
locked in at the time that these carbonates were 
deposited. Their study even brings into ques-
tion elements of the popular ‘snowball Earth’ 
hypothesis4, which depends, in part, on the evi-
dence for extreme variations in stable carbon 
isotopes from some of these same rocks.

So what exactly have Knauth and Kennedy 
done? Working from published sources, they 
have generated crossplots of the values of 
δ13C (a measure of the ratio of 13C to 12C) and 
δ18O (a measure of the ratio of 18O to 16O) in 
shallow-water limestones. They suggest that 
there is little difference between the distribu-
tion of values for much of the Neoproterozoic 
and the ensuing Phanerozoic, the interval that 
runs from 570 million years ago to the present. 
Thus, they argue, the post-depositional altera-
tion (diagenesis) pathways and conditions 
for modern, Phanerozoic and most Neopro-
terozoic shallow-marine carbonates were 
the same. 

Knauth and Kennedy1 point out that, because 
of periodic falls in sea level, most recent 
and Phanerozoic shallow-marine carbonate 
rocks experienced extensive alteration through 
the action of fresh water. Fresh water perco-
lates through such limestones, either in the 
near-surface unsaturated zone, or as ground-
water ‘lenses’ that mix with sea water at their 

information about evolutionary conservation 
of the pairing possibility of nucleotide regions. 
But there are still potential sources of error, 
particularly for an RNA structure of this 
size. Many regions probably do not exist as a 
single secondary structure, instead alternat-
ing between different conformations. The 
SHAPE-directed folding algorithm also fails 
to recognize some RNA structures, such as 
pseudo knots, or base pairs that form only 
as part of higher-order tertiary interactions. 
Atypical RNA structures may also interfere 
with the SHAPE analysis. 

Notwithstanding these limitations, the study 
by Watts et al.1 is a considerable achievement, 
showing the feasibility of obtaining ‘aerial’ 
views of large genomic RNA structures that 
reveal their architecture and possible func-
tions. Structural biologists can now use this 
genomic map to judiciously zoom in on pieces 

of the HIV-1 genome and determine architec-
tural and functional principles at the atomic 
level. Bridging these disparate RNA structure–
function scales as well as moving towards 
movies of the genome in functional motion 
will be challenges for the future. But for now, 
it seems that the quest for a high-resolution 
structure of the entire HIV-1 RNA genome 
has begun in earnest. ■
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periphery. These low-salinity fluids 
drive dissolution of the more-sol-
uble primary carbonates (typically 
aragonite and high-magnesium 
calcite today) and reprecipitation 
of less-soluble, low-magnesium 
calcite as cements and/or replace-
ment minerals. These secondary 
calcites are lower in δ18O because 
fresh water is depleted in 18O rela-
tive to sea water. They are also 
lower in δ13C because of the addi-
tion of soil-derived carbon dioxide, 
resulting from degradation (oxi-
dation) of plant-derived organic 
matter that is highly depleted in 
13C, to the diagenetic fluids. With 
increasing addition of secondary 
cements, the bulk-rock, stable-
isotope values decrease along a 
‘lithification’ trend.

The authors1 hypothesize that 
the paucity of δ13C values lower 
than 0 parts per thousand (‰) in 
samples older than 850 million 
years, and the strong similarity 
between δ13C distributions for 
carbonate rocks after this time 
in both the Neoproterozoic and 
Phanerozoic, indicate that a ter-
restrial biosphere was established 
by about 850 million years ago. In 
other words, the lower δ13C values 
of late Neoproterozoic carbonate 
rocks, which are similar to those 
in the Phanerozoic, constitute evi-
dence that there was a widespread 
photosynthetic biota, in coastal 
regions at least. 

Indeed, it has long been appre-
ciated that many shallow-water 
carbonate sediments experience 
changes that produce pronounced decreases 
in both the carbon and oxygen isotope values 
of the bulk rock5,6. Likewise, in reconstructing 
diagenetic history, carbonate sedimentologists 
have commonly used δ13C–δ18O crossplots in 
studies of ancient carbonate rocks7,8 , includ-
ing strata from the Proterozoic (which began 
2,500 million years ago)9. Many such studies 
have used more than just stable isotopes to 
track diagenesis, and hint at complications. 
For example, the presence of concentrations 
of trace elements such as strontium, man-
ganese and iron, as well as cathodolumines-
cence microscopy, have been used to eliminate 
heavily altered samples from consideration 
in interpreting primary seawater chemistry. 
Manganese and iron substitute into secondary 
carbonates because of the reducing conditions 
that characterize many subsurface diagenetic 
fluids. However, their incorporation in pri-
mary precipitates may also have occurred 
during the Proterozoic because of widespread 
deeper anoxic conditions and low sulphate 
concentrations3. Thus, the normal signals 
for carbonate diagenesis may not be entirely 

applicable to these older rocks. 
Knauth and Kennedy1, however, make cer-

tain assumptions about the primary values of 
δ18O in all Neoproterozoic (and Phanerozoic) 
carbonates. In particular, they tacitly assume 
that the temperature and δ18O of sea water 
in tropical to subtropical environments has 
not varied significantly through time. Thus, 
they expect that primary precipitates should 
have ‘modern’ values of δ18O (actually, quite 
18O-enriched) (Fig. 1). This allows them to 
posit that the lack of Neoproterozoic samples 
that fall in their ‘forbidden zone’ (high δ18O 
and low δ13C values) indicates that the carbon-
ate δ13C values as low as −10‰, which some 
workers interpret as major perturbations of the 
δ13C of seawater-dissolved inorganic carbon, 
possibly reflect a high degree of alteration. 

Moving the ‘modern’ marine-lithification 
trend towards lower δ18O values (Fig. 1), how-
ever, could change that interpretation. For 
example, if seawater δ18O was somewhat lower 
or low-latitude temperatures warmer, primary 
carbonate δ18O values in the warmest environ-
ments could have been in the −5 to −8‰ range. 

There are cogent arguments for10 
and against11 significant varia-
tions through time in seawater 
δ18O, but there is little consensus in 
that regard. 

Interpretation of stable isotopic 
values for late Neoproterozoic 
carbonate rocks is certainly a chal-
lenge. But there are other plausible 
models to account for the extreme 
carbon and oxygen isotope values 
that are seen in some strata, and 
that seem to represent global pat-
terns4. For example, one proposed 
explanation for extreme negative 
carbon-isotope perturbations in 
the Neoproterozoic, representing a 
significant decrease in the carbon-
isotopic difference between car-
bonate carbon and organic carbon, 
is carbon transfer from a massive 
pool of dissolved organic carbon 
from anoxic deep waters to the 
dissolved inorganic carbon pool of 
the oceans12. Another hypothesis 
to account for some of the same 
data is that enhanced oxidation 
of exposed organic-carbon-rich 
sediments on land resulted from 
a rise in atmospheric oxygen, with 
this 13C-depleted dissolved inor-
ganic carbon being incorporated 
into diagenetic carbonate cements 
in shallow-water limestones13. 

Knauth and Kennedy’s work1 
will prompt much discussion, 
and it will be some time before it 
becomes evident how valid their 
ideas are. Meanwhile, there is a 
message for researchers studying 
carbonate rocks from the Protero-
zoic: they may do well to view the 

diagenetic history of such rocks in light of the 
principles applied to carbonate rocks from the 
Phanerozoic. ■ 
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Figure 1 | Crossplot fields of δ13C and δ18O for shallow-marine carbonate 
rocks, and the ‘forbidden zone’. Dark green, crossplot fields for young — 
modern — and many Phanerozoic rocks that have undergone alteration by 
‘freshwater’ diagenesis soon after deposition. Light green, postulated field 
for ancient — some Phanerozoic and most Neoproterozoic — rocks that 
have experienced ‘freshwater’ diagenesis but were deposited with initially 
lower δ18O values relative to modern rocks. The blue shaded zone delimits 
the crossplot area in which the original isotope values in the rock are 
thought to have become diagenetically altered (overprinted) during burial. 
Knauth and Kennedy1 suggest that ancient carbonate rocks with extremely 
low carbon isotope values, which might indicate lack of overprinting 
alteration, should fall in a ‘forbidden zone’ (dark red). Few samples of 
ancient carbonate rocks fall in this zone, as defined by modern seawater 
conditions. But a challenge to the authors’ assumption arises from the case 
that, in the past, combinations of lower average oxygen isotope values in sea 
water, and warmer temperatures, might plausibly have produced a δ18O that 
was shifted 5‰ lower (light red). Many values for ancient carbonate rocks 
would then fall in this revised forbidden zone. Thus, they could represent 
relatively unaltered samples indicative of the carbon isotopic values for 
ancient sea water at the time.
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LETTERS

The late Precambrian greening of the Earth
L. Paul Knauth1 & Martin J. Kennedy2

Many aspects of the carbon cycle can be assessed from temporal
changes in the 13C/12C ratio of oceanic bicarbonate. 13C/12C can
temporarily rise when large amounts of 13C-depleted photosyn-
thetic organic matter are buried at enhanced rates1, and can
decrease if phytomass is rapidly oxidized2 or if low 13C is rapidly
released from methane clathrates3. Assuming that variations of
the marine 13C/12C ratio are directly recorded in carbonate rocks,
thousands of carbon isotope analyses of late Precambrian examples
have been published to correlate these otherwise undatable strata
and to document perturbations to the carbon cycle just before
the great expansion of metazoan life. Low 13C/12C in some
Neoproterozoic carbonates is considered evidence of carbon cycle
perturbations unique to the Precambrian. These include complete
oxidation of all organic matter in the ocean2 and complete produc-
tivity collapse such that low-13C/12C hydrothermal CO2 becomes
the main input of carbon4. Here we compile all published oxygen
and carbon isotope data for Neoproterozoic marine carbonates,
and consider them in terms of processes known to alter the isotopic
composition during transformation of the initial precipitate into
limestone/dolostone. We show that the combined oxygen and
carbon isotope systematics are identical to those of well-
understood Phanerozoic examples that lithified in coastal pore
fluids, receiving a large groundwater influx of photosynthetic
carbon from terrestrial phytomass. Rather than being perturba-
tions to the carbon cycle, widely reported decreases in 13C/12C in
Neoproterozoic carbonates are more easily interpreted in the same
way as is done for Phanerozoic examples. This influx of terrestrial
carbon is not apparent in carbonates older than 850 Myr, so we
infer an explosion of photosynthesizing communities on late
Precambrian land surfaces. As a result, biotically enhanced
weathering generated carbon-bearing soils on a large scale and
their detrital sedimentation sequestered carbon5. This facilitated
a rise in O2 necessary for the expansion of multicellular life.

Carbonate is initially precipitated in the ocean as metastable calcite
and/or aragonite, and is subsequently transformed into stable inter-
locking crystals of low-Mg calcite and/or dolomite. In this ‘lithifica-
tion’ process, the originally precipitated phases undergo dissolution,
reprecipitation, and isotopic re-equilibration with ambient pore
fluids6. With the exception of rare, relatively well-preserved
Phanerozoic shells, this happens to all carbonates. Precambrian
carbonates are limestone or dolostone rocks; there are no preserved
initial Precambrian marine precipitates.

On the basis of studies of Cenozoic deposits, lithification is most
rapid in sediments in coastal areas where meteoric ground waters mix
with marine pore fluids6. The process yields a roughly co-variant
relationship between d13C and d18O in which d13C decreases as
d18O decreases7–9 (Fig. 1a). The trend documents phases that formed
in mixed meteoric/marine pore fluids. Meteoric waters are depleted in
18O relative to ocean water, so d18O decreases with increasing propor-
tions of meteoric water. Photosynthesizing communities living in
coastal recharge areas preferentially fix 12C, such that the biomass is

typically over 20% depleted in 13C relative to the marine inorganic C
reservoir. This 13C-depleted C is incorporated into the meteoric water

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287-1404, USA. 2Department of Earth Science, University of California, Riverside, Riverside,
California 92557, USA.
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Figure 1 | Stable isotopes in Phanerozoic carbonates. a, Cenozoic
limestones/dolostones form by way of solution/reprecipitation of primary
marine precipitates. Blue area is dominantly marine pore fluids, red area
contains significant meteoric water component. Both areas define the
‘lithification’ zone. Later deep burial and/or metamorphic alteration yield
data to the left of the lithification domain, as shown by the arrows.
b, Carbonate cements, lenses and beds in dominantly clastic successions.
The lithification domain from a is shown in this and all subsequent figure
panels for reference. c, Phanerozoic carbonates plot in or to the left of the
lithification zone and avoid the forbidden zone. Data for this and all other
figures are available in Supplementary Information.

Vol 460 | 6 August 2009 | doi:10.1038/nature08213

728
 Macmillan Publishers Limited. All rights reserved©2009

www.nature.com/nature
www.nature.com/nature
www.nature.com/doifinder/10.1038/nature08213


pore fluids through decomposition of the constantly renewing bio-
mass and becomes incorporated into limestone/dolostone during
lithification. A co-variation between d18O and d13C arises because
low d18O signifies more meteoric water and thus a greater introduc-
tion of photosynthetically depleted 13C from the subaerial recharge
area. Pervasive intrusion of meteoric waters during sea-level fall is
common on carbonate platforms. Pleistocene examples yield negative
d13C and d18O over stratigraphic thicknesses .100 m (ref. 7). d13C
systematically decreases upward in the stratigraphic succession, like
patterns widely reported for Neoproterozoic strata. The stratigraphic
trend develops during lithification and is unrelated to any change in
the global oceanic d13C.

Carbonate rocks are susceptible to later recrystallization during deep
burial, and can isotopically re-equilibrate with higher-temperature
fluids depending upon the water/rock (W/R) ratios and the isotopic
composition of the fluids. The W/R ratio of metamorphic fluids is
typically high with respect to O and low with respect to C, so carbonate
d18O is driven to lower values through higher-temperature equilib-
ration while d13C undergoes little change10 (Fig. 1a). Ancient carbo-
nates that form in coastal pore fluids and undergo later alteration

therefore display values that plot in, or to the left of, the lithification
domain (Fig. 1a). Whereasd13C values as low as 210% can occur, most
are greater than 25%. Low d18O of an ancient rock may have been set
during the initial lithification event or during a much later meta-
morphic event. For example, a rock sample in the lithification domain
(Fig. 1a) with d18O 5 24%, d13C 5 23% does not represent the value
of the initially precipitated marine sediment but does represent the
initial, ‘unaltered’ value of the limestone or dolostone that formed
during lithification. In Cenozoic rocks, its position in the crossplot
would indicate that meteoric waters rich in coastal photosynthetic
C were a component of the pore fluids during lithification.
Neoproterozoic carbonate rocks should first be evaluated in this
manner, which is well understood for Cenozoic limestone/dolostone
formation.

Many published Neoproterozoic C isotope data are for domi-
nantly clastic sections with relatively thin carbonate beds, cements
and accumulations. Phanerozoic examples of carbonate in domi-
nantly clastic sequences also display wide variations in d18O and
d13C (Fig. 1b). In some successions, the isotopic signal is set during
lithification in isotopically evolving pore fluids, as discussed above.
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d18O and progressively lower d13C depending upon the magnitude of the
negative excursion (domain A). Subsequent alteration shifts the values to
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For example, low d18O in carbonate-cemented shelf sands and silts
results from meteoric waters in phreatic lenses, and low d13C is con-
tributed from the terrestrial phytomass11. More commonly, circulat-
ing deep basinal fluids produce late carbonate cements and lenses
during burial. These have low d18O from equilibration with pore
fluids at elevated temperatures, and d13C typically less than 25%
from thermal decarboxylation of buried organic matter encountered
along the fluid flow path12,13. In all cases, the data plot near or to the
left of the lithification reference domain (Fig. 1b).

In clastic-dominated sequences, the pore fluid W/R ratio for C is
much larger than in limestone/dolostone sections. Any initial car-
bonate precipitates are therefore more susceptible to alteration of the
C isotope ratio. Modern phreatic lenses over 100 m thick occur today
in clastic sequences out to 100 km offshore14. Submarine ground-
water flux rates through these lenses even exceed river runoff15.
Such lenses migrate as a band across the shelf that tracks sea-level
variation and exposes the vast majority of clastic shelf sediment to
meteoric waters at some point during burial11,16. Shelf sediments
dominate past successions preserved in the stratigraphic record, so
thick clastic sequences with low-18O, low-13C carbonate are expected.

The pattern of lithification followed by possible later metamorphism
results in a forbidden zone, which contains little data, located to the
right of the lithification zone on the isotopic crossplot. Thousands
of published analyses of Phanerozoic carbonates clearly avoid the for-
bidden zone (Fig. 1c). The majority of these data are for carbonate-
dominated systems and thus have d13C . 25%.

Thousands of d13C analyses have now been published for
Neoproterozoic carbonates to possibly correlate strata and explore
for perturbations to the global C cycle. As observed in the
Pleistocene7, thick intervals of negative d13C values occur in the
Neoproterozoic but are considered to record profound perturbations
to the global marine carbon cycle unique to the Neoproterozoic
rather than being considered in terms of normal mixed meteoric/
marine lithification or decarboxylation. In some cases, stratigraphic
relations require these excursions to be sustained for millions of years
at values even below the mantle average of 25%, the minimum value
for a steady state C isotope mass balance in the Phanerozoic ocean17.

The relationship between d13C and d18O provides a useful means
of distinguishing meteoric and burial lithification from marine
excursions. Putative changes in the d13C of the ocean relate only to
the well-mixed dissolved inorganic C reservoir, and show no
relationship to d18O because the d18O of sea water is affected by
totally different processes. A perturbation to the global C cycle that
lowers the d13C of the surface ocean’s dissolved inorganic C reservoir
by claimed values of 5–12% (for example, ref. 2) therefore yields a
negative excursion with values that would plot in the forbidden zone.
Indeed, such excursions would define a vertical band for the preci-
pitated carbonate as the excursion progressed down from the normal
marine carbonate values (Fig. 2a). If the d13C of the precipitate is
inviolate as currently assumed, later alteration drives d18O to lower
values and a ‘box-like’ data array results, bounded to the right by the
vertical excursion trajectory (Fig. 2a, domain A). This array is there-
fore expected, in contrast with that observed for the Phanerozoic.

Five classic examples of successions claiming to represent marine
negative C isotope excursions do not show the expected crossplot for
such excursions (Fig. 2b–f). Instead, they are bounded by the
Cenozoic lithification domain to the right, and stream off to lower
d18O values that are readily attributable to later metamorphic altera-
tion. In all cases, the lower d13C values are associated with lower d18O
values.

These data are incompatible with the excursion scenario unless (1)
carbonates deposited during a negative d13C excursion are more
susceptible to later d18O metamorphic alteration in proportion to
their negative d13C value, or (2) d18O of sea water decreases as d13C of
sea water decreases to produce an array that fortuitously resembles
the Cenozoic lithification domain (Fig. 1a). There is no known geo-
logical mechanism compatible with the first scenario, and the second

would require synchronous changes of .8% in the d18O of sea water
during the time of the putative C isotope excursions. No mechanisms
that synchronously change oceanic d18O are known or have been
proposed. The alternative explanation—that the Neoproterozoic
carbonates underwent the same processes of lithification and meta-
morphism observed in Phanerozoic carbonates—is a simpler
explanation for these data, and does not require extraordinary and
anomalous behaviour of the C cycle specific to the Neoproterozoic.
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Figure 3 | All Neoproterozoic and Phanerozoic carbonates. a, Extreme 13C
depletions associated with oxidation of methane in samples from China and
Siberia. Note expanded vertical scale. b, All published Neoproterozoic data.
Nearly all plot in or to the left of the lithification reference domain. Most of
the few values plotting in the forbidden zone probably represent unusual
examples involving oxidation of methane, as documented for the China and
Siberia forbidden zone samples. c, Comparison of Phanerozoic carbonates
(green points) with Neoproterozoic carbonates. The data are isotopically
indistinguishable.
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Some Neoproterozoic carbonates with d13C as low as 240% do
plot in the forbidden zone (Fig. 3a), but most of these have been
attributed to local oxidation of methane3,18. All unfiltered, published
Neoproterozoic data (over 8,000 samples; references in Supplemen-
tary Information) yield very few samples in the forbidden zone
(Fig. 3b). Several of those that do are thin horizons in otherwise
low-13C intervals, and several are for claimed glaciomarine concre-
tions19. The Neoproterozoic data are essentially indistinguishable
from the Phanerozoic data (Fig. 3c). Similar to their Phanerozoic
counterparts, carbonate sequences have d13C . 25%, whereas
clastic sequences yield d13C as low as 210%. Rather than indicating
C isotope excursions, the Neoproterozoic data seem to represent
normal isotope variations that occur during lithification and meta-
morphism. Apparent correlations of low d13C between widely sepa-
rated sections may relate simply to eustatic sea-level drops where
phreatic lenses intrude simultaneously during lithification.

Consequences of this interpretation include: (1) d18O values of
Neoproterozoic sea water were similar to that of the Cenozoic, con-
sistent with the Muehlenbachs model20; (2) a terrestrial phytomass
existed that was large enough to inject enough photosynthetic C into
coastal ground waters to produce identical C isotope depletions in
marine carbonate to those observed in the Phanerozoic. The nature
of the photosynthesizers is obscured by the absence of preserved
terrestrial surfaces, although molecular and other evidence suggest
the expansion of a primitive land biota starting at least by 1 Gyr
ago5,21–23. It was probably composed of protists, mosses, fungi and
liverworts with evidence of lichen by 600 Myr ago5,24. (3) Marine d13C
may have varied in the Neoproterozoic, but this could only be
deduced following careful consideration of large isotopic changes
that occur during lithification and later alteration. The most positive
d13C in a co-variant data array is the best minimum estimate of the
marine d13C of the local marine depositional environment. This
approach was used in one early study25, and similar analysis is now
warranted for all other Neoproterozoic sections.

If the first expansion of photosynthesizing communities on the land
surface occurred in the Neoproterozoic, then carbonates deposited
before 850 Myr ago should not show significant negative d13C values.
Indeed, they cluster around d13C 5 0 6 2% (Fig. 4). Any earlier
coastal phytomass was apparently not significant enough to produce
strongly negative d13C in carbonates during the stabilization process.

The contrasting isotope data between 850 Myr ago and the
Neoproterozoic suggest that the terrestrial expansion of photosynthe-
sizing communities preceded the significant climate perturbations of

the late Precambrian glaciations, and was followed by a rise of O2

(ref. 26) and a secular change in terrestrial sediment composition5.
The onset of significant biotically enhanced terrestrial weathering
would have increased the flux of lithophile nutrient elements and clay
minerals to continental margins. This would have increased production
and burial preservation of organic C towards modern values5,27,28 and
consequently facilitated the stepwise rise in atmospheric O2 necessary
to support multicellularity. The terrestrial expansion of an extensive,
simple land biota indicated by the isotope data may thus have been a
critical step in the transition from the Precambrian to the Phanerozoic
world.

METHODS SUMMARY

All data plotted in the figures were extracted entirely from the published literature

and online databases. All known Neoproterozoic data published as of 2008 were

compiled without filtering or exclusion. The accompanying Excel file (Sup-

plementary Information) lists all data and references for convenient reconstruc-

tion of the figures.
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Figure 4 | Pre-850 Myr ago marine calcite and dolomite. These data do not
display the 13C depletions associated with lithification as observed for
younger carbonates. Low 13C was not being introduced during lithification,
indicating minimal photosynthesizing communities on land in coastal areas.
Being much older, these have undergone significantly more metamorphism
to lower d18O values. Most of the very low d13C values are for vein-rich
samples or high-grade metamorphic rocks.
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