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Lithium Isotope History of Cenozoic
Seawater: Changes in Silicate
Weathering and Reverse Weathering

Sambuddha Misra**t and Philip N. Froelich?

Weathering of uplifted continental rocks consumes carbon dioxide and transports cations to

the oceans, thereby playing a critical role in controlling both seawater chemistry and climate.
However, there are few archives of seawater chemical change that reveal shifts in global tectonic
forces connecting Earth ocean-climate processes. We present a 68-million-year record of lithium
isotopes in seawater (87Lisy) reconstructed from planktonic foraminifera. From the Paleocene
(60 million years ago) to the present, & Ligy rase by 9 per mil (%), requiring large changes in
continental weathering and seafloor reverse weathering that are consistent with increased tectonic
uplift, more rapid continental denudation, increasingly incongruent continental weathering (lower
chemical weathering intensity), and more rapid CO, drawdown. A 5% drop in &’Ligy across the
Cretaceous-Paleogene boundary cannot be produced by an impactor or by Deccan trap volcanism,

suggesting large-scale continental denudation.

ithium, the lightest of the alkali elements,
is a conservative cation in seawater. The
residence time of Li in seawater (~1.2 mil-
lion years) is much shorter than for the other
major alkalis (Na* and K") but is much longer
than the oceanic mixing time (~1000 years), so
that Li in seawater is well mixed and homoge-
neous vertically and laterally in both concentra-
tion (ratio to salt) and in isotopic composition

([Lilsw = 26 uM; 8Ligw = 31%0) (/) (fig. SI).
Lithium is a trace component in continental and
seafloor rocks, and unlike other recorders of oce-
anic chemistry changes (namely Sr and Os), it
is hosted almost exclusively in silicate miner-
als. Because of the large relative mass differ-
ence between its two stable isotopes (°Li and
"Li), low-temperature Li isotope fractionation
exhibits a very large range, making Li a power-

ful tracer of low-temperature geochemical pro-
cesses. Among continental granites, mid-ocean
ridge basalt (MORB), marine authigenic alumino-
silicate clays (MAACs), dissolved Li sources and
sinks to and from the sea, and seawater itself,
the spread in 8’Li values is more than 31%o—an
enormous isotopic range.

The Li isotopic composition of seawater re-
flects a balance between input and removal fluxes
and their isotopic compositions. The two dom-
inant sources of dissolved Li to seawater are
rivers (low-temperature chemical weathering of
continental silicate rocks) and hydrothermal (HT)
fluxes from mid-ocean ridge spreading centers
(high-temperature weathering of oceanic silicate
rocks) (2-6). The removal of Li from seawater
is entirely by incorporation into marine sediments
and low-temperature altered oceanic crust (AOC)
via formation of Li-, Mg-, and Fe-bearing MAACs
(“reverse weathering”) (7-/3) (Fig. 1 and Table 1).
The "Li enrichment of seawater (much heavier
than all sources) requires the existence of marine
reverse weathering that produces secondary clays
bearing Li that is isotopically much lighter than

1Geochemistry Group, National High Magnetic Field Lab-
oratory, and Department of Earth, Ocean and Atmospheric
Sciences, Florida State University, Tallahassee, FL 32310,
USA. %Froelich Education Services, 3402 Cameron Chase
Drive, Tallahassee, FL 32309, USA.

*Present address: Department of Earth Sciences, University
of Cambridge, Cambridge CB2 3EQ, UK.

1To whom correspondence should be addressed. E-mail:
sm929@cam.ac.uk

A
Lithium in Seawater - Present

River Water
&L guer = 23%0
[Li] giver =265 nM
&7Li yce = 1.7%eo, [Li] yec =24 ppm

At Steady State; Lilnput = LiOutput

ASW-S!—ZD = 6Seawater = 6Seclimenl =16%o

Subduction Refluxed
Lithium
8L peqe = 15%0
&Li Refix = L cediment

Seawater
[Li]=26 puM
&Li g =31%0
T=1.2Ma

6x10°
moles/yr

B Lithium in Seawater — 60 Ma

River Water
67“ River — "3%()
[Li] giver =265 NM (?)
&Li yee = 1.7%o, [Li] ycc =24 ppm

At Steady State; Lilnput =LiQutput

ASW—SED > 6Seawmer 3 8Sediment = 16%o

Subduction Refluxed
Lithium
O7Li o =6%0
&L gex = 7L sodiment

Seawater
[Li]=26 uM(?)
&L o = 22%0
T~1.2Ma(?)

6x10°
moles/yr

Silicate Reverse Weathering
Low Temperature Basalt Alteration and
Sediment Diagenesis

L Sediment — =15%0
8L sediment = 871 semater ~ Asw-sen

Hydrothermal Fluid
&7Li 7 = 8.3%o0
[Li] jr =840 pM
0L yors =3.7%s, [Li] yors =6 ppm

Silicate Reverse Weathering
Low Temperature Basalt Alteration and
Sediment Diagenesis

L Sediment = 6%

L0 — &L
B7Li susiment = 7L soawater * Dsw-sen

Hydrothermal Fluid
7L yir = 8.3%o
[Li] 7 =840 pM

8L yors = 3.7%x, [Li] yors_=6 PPM

Fig. 1. (A) Box model of Li cycle in modern ocean (Table 1). At steady state,
the input and output fluxes and isotopic compositions balance each other. The
total input flux of Li to the ocean (Finpy) is the sum of riverine (Fgy,), hydro-
thermal (Fyyy), and subduction reflux (Fgq,). The outgoing flux (Fsiy) is the sum
of Li removal via MAAC and AOC formation during reverse weathering. The
mass balance is numerically expressed as F.,,pu, = Friy + Fur + Freiix = Fsinte The
isotopic composition of the mput flux (57 Liinpue) is a flux-weighted average of
the composmons of rivers (87Ligs,), hydrothermalflmds (87Liyy), and refluxed
Li (87 llnem) The composition of the output flux (5”Lis;,) is dependent on the
seawater 5 Lisw value and has a constant offset from seawater (Aspawater—sink =
8" Lisy — & Liginx = 16%o). Steady-state isotope balance is expressed as Fiypyt %
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8 Liinput = Fsink X (8”Lisw — Asw_sini)- (B) One possible steady-s‘tate isotope
mass balance for the Paleocene-Eocene (P-E) Ocean (60 Ma) when &' Ligy was
22%eo, 9%o lighter than today. Fg;, is set at modern values and 8 Ligiy is then
constrained to lie near §’Liycc, reflecting congruent weathering of the pene-
plained transport-limited continents (29, 30) plus perhaps dissolution of the
basaltic Deccan Traps and North Atlantic Igneous Provinces. This P-E scenario
is an end-member paradigm. Variants of this scenario in which river and
hydrothermal fluxes are allowed to vary are explored in text 54 and fig. S10.
These alternative scenarios demonstrate that the river condition is constrained
to remain between 2%. and 6% regardless of changes in river Li fluxes,
hydrothermal fluxes, or seawater Li concentrations.
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very large aspect ratio and have a uniform, open-
ended hollow space that is 14 nm wide. The oxi-
dized nanotube across a 180-nm-gap electrode
displays an electrical conductivity of 2.5 meg-
ohms at 285 K (45). From a suspension of long
nanotubes, it is possible to obtain a macroscopic
fiber a few centimeters in length consisting of
unidirectionally oriented nanotubes. Because of
this alignment, the doped macroscopic fiber dis-
plays a clear anisotropy in electrical conductivity
(46). Graphite-like supramolecular nanotubes with
a variety of surface functional groups in their
TEG termini can be fabricated through this strat-
egy (for example, chemically reactive groups,
metal-binding functions, and chromophores) (47).
When an asymmetric center is incorporated into
the ether side chains, nanotubes (48) and even
nanocoils with one-handed helical chirality are
formed. Didraga et al. reported the formation of a
supramolecular nanotube with a bilayer wall
based on a J-aggregated amphiphilic cyanine dye
(49). By means of polarization-resolved near-
field scanning optical microscopy, such a red-
shifted exciton emission can be detected directly
from a single piece of the supramolecular nano-
tube (50).

Photoconductive nanowires and device appli-
cations. One of the interesting functions for or-
dered electronically active supramolecular polymers
would be photovoltaic activity. Although exam-
ples of such functional systems are still limited,
work reported so far is creating a foundation and
vision for this field (Fig. 4A). The nanowire poly-
mers required must contain electron-donating (D)
and accepting (A) components, either properly
located in a single 1D object or in different ones
within a suitable electron-transfer distance for ex-
citon splitting after light absorption. The D and A
components must assemble into individual p- and
n-type semiconducting arrays ( p/n-heterojunction)
in such a way that the photogenerated holes and
electrons can efficiently move toward opposite
electrodes. Ordered supramolecular polymers
would offer the possibility to more precisely de-
sign the heterojunctions in contrast to the com-
mon approach that relies on phase separation.
One of the challenges is to avoid unfavorable
charge-transfer D/A interactions at distances on
the scale of molecular dimensions. In pioneering
work, a D-A-D supramolecular triad, consisting
of oligo( p-phenylenevinylene) (D) and perylene
bisimide (A), was found to self-assemble into
nanofibers that presumably consist of segregated
D and A arrays (51, 52). Although radical an-
ions and cations could be generated photochem-
ically in the nanofiber, they recombined within
60 ps (51).

Recently, a design strategy for photoconduc-
tive nanotubes with a coaxial p/n-heterojunction
based on HBC units was successfully elaborated
(53). In this supramolecular structure, a molecu-
lar layer of the electron acceptor trinitrofluorenone
laminates a graphite-like tubular wall of HBC
units that are electron donors (Fig. 4B). This co-
axial p/n-heterojunction structure enables photo-
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cumrent genemtion with a large on/off ratio greater
than 10° (Fig. 4C). It is interesting to note that at

high concentrations of the building blocks, the

anticipated charge-transfer interactions prevail,
and only ill-defined microfibers form that hardly
display a photocurrent (53). When a fullerene is
used in these structures as the acceptor, the re-
sultant carbon-rich coaxial nanotube shows, upon
light illumination, an ambipolar charge-carrier
transport profile, where the intratubular mobility
is as large as the intersheet mobility in graphite.
Furthermore, the nanotube shows a photovoltaic
response (54), although the overall device per-
formance is not satisfactory for practical use. More
recently, this assembling strategy was extended
to the formation of a graphite-like nanotube with
a linear D/A heterojunction using a surface—cross-
linked HBC nanotube as the seed and a fluori-
nated HBC as the monomer (55). Matile and
co-workers proposed a zipper-type supramolec-
ular copolymerization of positively and negative-
ly charged D-A dyads from initiating groups
immobilized on a gold substrate (56, 57). This
approach has the potential to yield aligned sys-
tems on electrode surfaces with many tunable prop-
erties. Generally speaking, a key issue to consider
is the essential difficulty in aligning ordered su-
pramolecular polymers unidirectionally over mac-
roscopic length scales to create devices, and here
is where approaches to hierarchical supramolec-
ular structures described in the previous section
could become useful.

Future Outlook

Functional supramolecular polymers offer a great
platform for materials that integrate order and
dynamics to achieve functions such as high re-
sponsivity to stimuli, environmental adaptation, and
self-repair capacity. It is also clear that an important
direction in this platform is to explore fimctionality
in hybrid systems with nanoscale structures of
both supramolecular and covalent polymers. Sim-
ilarly, materials that couple supramolecular and
inorganic structures remain largely unknown but
have potential, as evidenced by a recent report on
semiconducting systems (38). Finally, the platform
for supramolecular polymers could also transition
into 2D and even 3D complex systems (34, 59)
to craft novel functions of interest in sustain-
ability, electronics, and health.
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the seawater from which their Li is derived.
Secular variations in 8’Ligw must thus reflect
imbalances between the sources and sinks of Li
to and from the ocean, driven by perturbations
in the global silicate weathering and reverse-
weathering cycles (14, 15).

Seawater lithium budget. The fluxes of river
Li and HT Li to the sea are comparable in
magnitude but isotopically very distinct. High-
temperature HT vent fluids (>350°C) are highly
enriched in Li above seawater ([Lilir = 840 uM)
but are only slightly fractionated from their source
rocks (8"Ligr = 8.3%o; 8 Limors = 3.7%o). The
~4%o enrichment of HT Li above MORB is prob-
ably because of ®Li sequestration in HT Mg-rich
greenstone alteration minerals (asbestos) during
various stages of hydrothermal recirculation at mid-
ocean ridges. In contrast, riverine Li (3"Lig;y
23%o) is ~21%o heavier than continental source
rocks (upper continental crust; 8”Liycc = 1.7%0)
(3, 4, 16, 17) (figs. S2 to S5 and text S1).

Modem-day riverine dissolved Li displays a
large spread in concentration and isotopes. Only
about one-fifth of continentally weathered Li is
carried in the dissolved load. The remainder is
carried as Li in secondary clays (2, 6) (fig. S3).
The large isotopic offset (21%o) observed between
8"Ligiy and 8’Liycc is a function of chemical
weathering intensity (/8, 79). The preferential
uptake of °Li into secondary aluminosilicate clay
minerals and oxides formed during weathering
and transport drives 8"Lig;, much heavier than
the average continental crust. The partitioning of
riverine Li into dissolved and secondary phases
as a function of weathering intensity and weath-
ering regimes determines both dissolved Li flux
(Friv.L) and 8'Lig; Peneplained terrains, espe-
cially those in the tropics with transport-limited
regimes, exhibit congruent weathering, little or
no secondary dioctahedral clay formation to en-
trap and transport cations, and hence dissolved
Li isotope ratios that reflect their source silicate

Table 1. Best estimates of dissolved Li input and output fluxes and their compositions from

published results (text S1).

Lithium flux Average
Inputioutput (10° moles/year) 87Li (%) References
Inputs
Rivers, Fgiy 10 23 2, 5, 6)
Hydrothermal vents, Fip 13 83 3, 9
Subduction reflux, Fregy 6 15 (10, 26, 27)
Total input, Fiaput 29 15
Outputs
Basalt alteration (AQC), Fagc 8 15 (7, 8, 17, 26)
Sediment uptake (MAAC), Fuaac 20 15 9, 10, 14, 26, 27)
Aseawater—sediment (57|-isw - 87|~isink) 16 (10, 11)
Total reverse weathering, Fsiny 29 15
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bedrocks. High-relief terrains (uplified mountains
and downcutting high plateaus) with weathering-
limited regimes exhibit high physical and chemi-
cal weathering and denudation rates with extreme
incongruent weathering, large rates of secondary
clay formation that carry most of the weathered
Li down rivers, and hence dissolved Li isotopes
ratios that are "Li-enriched relative to their source
rocks (3, 20, 21) (text S1).

At steady state, marine Li removal processes
must balance the fluvial and hydrothermal in-
puts. We group the Li removal processes together
and term them “reverse weathering” (/3). Pref-
erential removal of SLi into marine clays, similar
to that on continents, leads to a large removal-
induced fractionation. This reverse weathering—
driven fractionation, representing “light” fraction-
ation from the seawater Li source of about 16%o
(Asw-sink ® 16%o), drives seawater isotopically
heavy (11, 12) (text S1). Without this removal-
induced Li isotope fractionation, seawater would
simply reflect the flux-weighted isotope ratio of
its sources (3"Liups = 15%0). For a steady-state
ocean, this removal-driven fractionation puts a
boundary condition on composition of the input
fluxes because 8 Lisy must remain about 16%o
heavier than 8”Lifpys. This characteristic of Li
isotopes in seawater with its large isotopic sepa-
ration is unique.

The removal of Li by low-temperature reverse-
weathering reactions includes MAAC formation
in sediments (22) and low-temperature seafloor
basalt alteration (AOC formation) (7, 8, /6), both
of which involve formation of Mg-rich smectites
(9-11), and Fe-rich aluminosilicates in muddy
shallow-water sediments (23). Lithium is prone
to substitute for octahedral Mg in both high-
temperature and low-temperature “clays.” Low-
temperature weathering (<250°C) of ridge flank

ODP 757
Martin et a{, 2004
— 90E Ridge

DSESe shy
Hodell et al, 1991
~ Lord Howe'Rise

Fig. 2. I?SDPIODP drill sites 588, 757, 758, 926, 1262, 1263, 1265, and 1267, with preexisting high-resolution seawater strontium isotope records,
from which the foraminifera samples for this work were collected (25) (text $2 and table S1).
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basalts away from spreading centers acts as a
net sink for Li. In many respects, Li is a crust-
ally recycled cation (4, 8, 9), being sourced to
the ocean from HT circulation at the ridge axis
and then reconsumed into basalts during low-
temperature alteration off axis. In today’s ocean,
MAAC is responsible for ~70% and AOC for
~30% of the total marine lithium removal by
reverse weathering (Table 1).

Seawater lithium isotope record. Our seawater
Li isotope record was constructed by analyzing
chemically cleaned planktonic foraminifera that
incorporate trace quantities of seawater dissolved
Li into their calcium carbonate tests during growth
in the surface ocean ([Li'Jromm = 1 to 2 ppm).
This intrinsic lattice-bound Li isotope ratio is
independent of temperature and Li concentration
(15). The analytical challenges associated with
precise 8'Li determinations from mass-limited
foraminifera samples (<1 mg) without contami-
nation and laboratory fractionation artifacts were
overcome by developing new methods (24, 23).
We have validated the application of foraminifera
as faithful recorders of 8 Ligyw (fig. $6) without
significant diagenetic overprints (text S3). We se-
lected eight Deep Sea Drilling Project (DSDP)-
Ocean Drilling Program (ODP) sites with existing
high-resolution Sr isotope records, minimal dia-
genesis, and good chronologies (Fig. 2). We ana-
lyzed age- and species-overlapping foraminifera
samples (n = 301) at a resolution of 500,000 to
1 million years, which included both individual
species and bulk foraminifera (Fig. 3).

We make six important assumptions for mass
balance calculations that drive the observed changes
in 8"Lisw: (i) In contrast to previous 8 Ligy mass
balance studies (7, 75), we include a Li “sub-
duction reflux” term that recognizes solutions re-
sulting from dewatering and breakdown of
MAAC in the downgoing slab during subduc-
tion and expulsed via the decollement back to
the ocean (26, 27) (Table 1 and text S1). This sub-
duction reflux of Li from the convergent margins
is held constant over time at ~6 x 10° moles of Li
per year (the present-day value), and its isotopic
composition is set at a constant offset from con-
temporaneous seawater (8 Lipenx = 0 Lisw —
8’ Lisz). This estimate of subduction reflux terms
is based on instantancous steady-state balances,
whereas on the real Earth there is a time delay of
50 to 100 million years between sediment depo-
sition and crustal subduction. However, this flux
of Li from MAAC and AOC breakdown has a
minor influence on seawater Li mass and isotope
budgets. (ii) Initially, for simplicity, we take the
fluvial dissolved Fy;y.q; as constant over the Ce-
nozoic (this constraint is later dropped). Never-
theless, from the early Paleogene to the present, the
river-bomne total weathered Li flux (suspended -+
dissolved) has increased by ~300% as a result of
increased orogeny. More important, increasingly
incongruent chemical weathering of the conti-
nents has changed the dominant Li-bearing phase
in rivers from dissolved Li in the Paleocene to
suspended Li (in clays) today. This weathering-

driven redistribution of riverine Li flux has
changed the ratio of dissolved to suspended par-
titioning from 4:1 in Paleocene to 1:4 today. (iii)
8 Liyr is kept at the modern-day value of 8.3%o.
(iv) Fire is kept constant over the Cenozoic
(28). (v) Fractionation of Li upon removal from
seawater during reverse weathering (Agw.sgp =
8"Ligw — 8 Liginc = 16%o) is kept constant because
the processes of Li removal, whether sediment-
hosted or by alteration of oceanic crust, likely has
not changed over the Cenozoic. (vi) The removal

flux of Li out of the ocean () has remained
near steady state with the inputs and exhibits first-
order removal kinetics with respect to the Li con-
centration of seawater (Ligw). Our interpretation
of changes in &’ Lisy is based on the weathering
and reverse-weathering processes that have the
largest &'Li fractionation factors and thus the
highest likelihood to be the main drivers not only
of ocean §'Ligw change but also other changes in
oceanic and atmospheric chemistry and climate
driven by silicate weathering (29, 30) (text S4).
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Fig. 3. Late Cretaceous to Holocene Li isotope record (covering 68 million years) and published values
of seawater records for 27Sr/%6Sr and **70s/*®¢0s. Lithium isotope values (57Li), expressed as per mil
(%o) variation from NIST L-SVEC standard (SRM 8545) (25), are plotted on the top left y axis. The error
bars represent 2 uncertainty associated with each quintuplicate measurement. The gray line represents
5-point running mean of & Liream record; the two parallel black lines are the corresponding +2¢
uncertainty based on the average SD of all 8 Licoram Measurements (o = £0.55%o, n = 301). The
individual foraminifera species symbols are listed in fig. S8. Foraminiferal Li and Sr data are color-
coded according to drill sites and are plotted on the same age chronology (33, 50-53). The Cretaceous-
Tertiary (K-Pg) boundary is set at 65.68 Ma (54). The Cenozoic marine Os isotope record (**’0s/*%¢0s) is
plotted on the bottom left y axis (34, 35) (text S2). Because of osmium's short residence time in the
ocean and its isotopic sensitivity to impacts and mantle sources (LIPs), the **0s/***Os record reflects
large abrupt shifts that are not discernable in either the ®Sr/*Sr or 7LifLi records.
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Our seawater Li isotope record is consist-
ent with previous Neogene reconstructions
from chemically cleaned planktonic foraminif-
era (15, 31) (fig. S7). Also, our two paleo-
67Li5w records from individual species and
from bulk foraminifera are indistinguishable
from one another (fig. S8). This similarity im-
plies an absence of biogenic fractionation (vital
effects) in 8’Ligw recorded by different species
of foraminifera (both extant and extinct), despite
strong discrimination against Li by foraminifera
[Illhlu.lﬂ distribution coefficient KD Li(Calcite-Seawater) —
(LVCa)cateit (LVCa)scawer = 4.2 % 10> mol/mol]
and large variations in observed (Li/Ca)poram
(fig. S6). Also, fossil foraminifera from different
drill sites at different paleolatitudes and paleo-
depths and under markedly different calcite
preservation states display no offset or memory
effects or diagenetic resetting (text S3 and fig.
S9). The absence of any systematic differences
in foraminifera-based & Lisy, values between sam-
ples for both individual species and bulk foram-
inifera samples of the same age from different
drill sites demonstrates that within the resolution
of the present record, dissolved Li in seawater
was isotopically homogeneous, and cleaned bulk
foraminifera can be used to reconstruct the long-
term evolution of 8 Ligy. Our modem forami-
nifera 8’ Lisw appear to average ~1%o lighter than
seawater (fig. S6).

Results and interpretations. Our paleo-3 Lisy
record exhibits a 9%o rise during the past 60 mil-
lion years, implying a shift in chemical weath-

ering of continental rocks consistent with the
seawater ¥’St/*Sr record (Fig. 3). The isotope
record shows no change over the past 6 million
years; thus, the Li content and 5"Lisw of mod-
emn seawater are presumed to be near steady
state (Fig. 1). Although our Li isotope record is
similar to the seawater Sr isotope history, the
Cenozoic 8 Lisw does not exhibit the monoton-
ically increasing trend of seawater *’St/*°Sr. The
rise in & Ligy during the Cenozoic is nonlinear,
punctuated by transient flat steady states and
quasi-linear rises that may coincide with major
climatic and tectonic events (32). The history of
8'Lisw over the past 60 million years can be di-
vided into periods of stepped rises (Fig. 4).
From 52 to 47 million years ago (Ma), 35 to 31
Ma, and 14 to 6 Ma, the average rate of increase
in 8"Ligw (A8 Ligy / At) is ~ 0.4%o + 0.1%o per
million years (2¢). The net result is a 9%o rise in
8'Lisw during the past 60 million years. We
argue that this increase in & Lisy is caused
primarily by increases in 8'Li, (text S4 and
fig. S10) that drive increases in the isotopic
value entering the sea. Within several residence
times (several million years), the marine reverse-
weathering removal sink must adjust to obtain a
new balance. The mechanism for this clay for-
mation feedback is likely linked to the aluminum
source from the continents (clays) and changes
in the lithium and magnesium concentrations of
seawater (Lisw/Mgsw).

Seawater 8'Sr/*°Sr and '%70s/'%%0s are de-
pendent on differences in isotopic compositions
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(no isotope fractionation) in their continental
(radiogenic) and mantle (nonradiogenic) sources
to the ocean (Fig. 3) (32-35). However, weath-
ering of continental carbonates and redissolution
of marine carbonates (for Sr) and weathering of
organic-rich black shales and the rain of cosmic
dust (for Os) complicate the uplift and conti-
nental runoff connections because these elements
are not hosted solely in silicates, in contrast to Li
(2, 36, 37). Increased silicate weathering during
the Cenozoic has also been suggested from the
records of seawater §***°Ca (38) and Sr/Ca (39),
but both suffer from nonsilicate sources and sinks.
The sulfur isotope history of seawater (40), an
ocean redox record of S burial in marine sedi-
ments, suggests an oceanic anoxic event near the
Paleocene-Eocene Thermal Maximum best ex-
plained as an increase in sediment sulfide burial,
but is mute on changes in tectonics and weath-
ering. Lithium is unique in tagging processes
involving silicates, which is the key to carbon
dioxide consumption during weathering and thus
the connection between uplift tectonics and cli-
mate (15, 29, 41, 42).

The Paleocene-Eocene &’Ligy minimum. Iso-
tope and mass balance estimates for the mid-
Paleocene &' Ligy minimum (~22%o), based on
our understanding of the modemn-day oceanic Li
cycle (Fig. 1B), predict an extremely light 8Lig;,
(~2 to 6%o) reflecting near-congruent weathering
of the UCC regardless of secular changes in the
Li river flux (text S4 and fig. S10). The early
Cenozoic hothouse climate—with high sea levels,

A35 i t 1 r—rr— 335 i } t t +
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Fig. 4. (A) The 5-point running mean of all &’ Liryam values from all
foraminiferal Li isotope ratio analyses (red line) plotted according to their
average age with 2c uncertainty (the two parallel gray lines) (Fig. 3). The
vertical green downward arrow marks the rapid drop in &’Li across the
K-Pg boundary. The horizontal and vertical purple arrows reflect the over-
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per million years).
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all 9%. rise in & Ligy during the Cenozoic. (B) The ~9%o rise in &' Liroram
over the last 60 million years has been divided into four distinct periods of
steady state (black horizontal lines, A8’Li/At =~ 0.0%. per million years)
and three periods of rapid increase in &"Ligy (red lines, AS’Li/At = 0.4%o
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swamp continents, and cation-depleted pene-
plained continents dominated by neotropical con-
gruent weathering and high weathering intensity
under hot rainy conditions—is consistent with
this interpretation. Low-latitude rivers during this
period probably carried sparse suspended mate-
rial or secondary clays. Thus, the cations deliv-
ered to the ocean were mostly in the dissolved
load. The implication is that over the Cenozoic
the proportion of dissolved Li flux to the ocean
decreased (while clay Li increased) and its iso-
topic value (8"Ligy) increased as the chemical
weathering regime of the continents became more
weathering limited because of tectonic uplift in
the rain belts (e.g., the Himalayas). The interpre-
tation of the Mg/Ca change in seawater, which
implies a slowdown in HT fluxes with time, is
not inconsistent with the direction of change of
our Li isotope record, but the magnitude of HT
changes required seems unreasonable (text S4).

The 8'Ligw minimum in the early Cenozoic
may have also been influenced by the northward
migration of India carrying the recently erupted
Large Igneous Province (LIP) Deccan Traps across
the equatorial rain belt (43, 44). LIPs probably
have a Li concentration and 8’Li composition
similar to MORB (6 ppm; 3.7%o0). Because ba-
salts are aluminum-deficient relative to granites,
they weather very rapidly (45) and highly con-
gruently (few secondary cation-bearing clays to
fractionate Li isotopes) (/2). Thus rapid chem-
ical dissolution of the Deccan basalts during the
10-million-year equatorial passage in a geological
period of much more intense equatorial rainfall
(46, 47) may have played a part in depressing
8"Ligw during the Oligocene. The subaqueous
extent of the Deccan eruptions is unknown; thus,
its impact on depressing 8'Lisw cannot be quan-
tified. Similarly, eruption of the LIP North Atlan-
tic Igneous Provinces (NAIP) may also have
contributed to subaqueous dissolution of basalts
(45) and had a similar impact on 8"Ligy during
the Oligocene. It is also likely that quiescence
of active mountain building in the rain belts and
absence of uplift into orographic rain-catching
mountains such as the Andes, Himalayas, and
Rockies minimized the early Cenozoic occur-
rences of transport-limited weathering regimes
that are today responsible for formation and
transport of secondary clays to the sea and frac-
tionation of the fluvial dissolved river Li flux
toward heavy values.

During the Cenozoic climate cooling caused
by increased CO, drawdown, higher tectonic
activity in the rain belts shifted the dominant
continental weathering regime from transport-
limited (congruent) to weathering-limited (incon-
gruent), which led to heavier Li dissolved flux
to the oceans and more weathered Li carried in
clays (I4). Thus, the similarity of our 8"Ligy,
record with the global ocean bottom water 3'*0
(temperature and ice volume) record is perhaps
not accidental (fig. S11). This interpretation sug-
gests that the rises in 8’Lisw punctuated with
stable plateaus every 10 million years or so since

the late Eocene might reflect periods of active
uplift and denudation followed by periods of
tectonic inactivity, at least in the low-latitude rain
belts where most continental chemical weather-
ing is expected to occur (Fig. 3). This scenario of
Cenozoic continental silicate weathering is differ-
ent from a monotonically increasing continental
chemical weathering regime after initiation of
the Himalayan uplift as suggested by the sea-
water Sr isotope history (32, 33). Coupled Sr and
Li isotope models may lead to a better under-
standing of secular changes in chemical weath-
ering of continental silicates and carbonates and
the importance of cation-bearing clay fluxes to
the sea in the CO,-consumption term of climate
models (41).

The Cretaceous-Paleogene boundary (KTB)
8’Lisw event. An abrupt 5%o drop in 8'Lisw
occurs in less than 500,000 years across the
Cretaceous-Paleogene (Tertiary) boundary (K-Pg
or KTB), simultanecus with the seawater irid-
ium and osmium isotope spikes (Fig. 3) (44).
This rapid drop in 8"Lisw must be due to a large
instantaneous delivery of isotopically light Li to
the sea comparable to the Li content of the en-
tire Cretaceous ocean. It is probably not due to
fast addition of Li to seawater from congruent
weathering of freshly erupted Deccan Traps
(8"Ligasa = 3.7%o) (43). Given the inventory of
Li in seawater today (~3.4 x 10'® moles) and
the possibility that this may have been higher
in the Cretaceous, the Li mass of the Chicxulub
bolide (~10 km diameter; ~9 x 10'! moles of
Li) carrying chondritic 8’Li (~2%o) or even the
2060-km impact crater itself (~4.5 x 10" moles
of Li) are insufficient Li (48, 49), even if the
chondrite or the granite/gneiss basement of the
impact crater were presumed to be instantly pul-
verized and dissolved congruently into the ocean.
The cause of this large fast 8"Ligy drop across
the K-Pg boundary remains enigmatic. We are
working on a hypothesis that suggests that this
drop in 8'Lisw exactly at the K-Pg boundary
might be due to massive continental denudation
and acid rain weathering of continental soils that
were partially incinerated and deforested by the
impact aftermath and washed into the sea.

Conclusions. With increased mountain build-
ing and changes in continental silicate chemical
weathering regimes through the Cenozoic, the
isotopic signature of riverine dissolved 8’Li in-

creased from about 3%o to 23%o. The partition- -

ing of river-borne Li shifted from dissolved Li
to clay Li as a result of increasingly incongruent
weathering of silicate rocks and secondary clay
formation. Overall, this scenario requires that
the uplift- and weathering-driven cooling of the
climate shifted the global weathering pattern from
transport-limited to weathering-limited, increas-
ing secondary clay mineral formation during
weathering. As a result of preferential retention
of SLi by secondary clays, the 8’Li of river-
bome Li became progressively heavier, driving
seawater to its present heavy value. An increase in
total Li weathered and delivered to the sea (clay

o=

Li plus dissolved Li), if extended to the weath-
ering intensity of the major igneous cations stored
in the sea (Na, K, and Mg), suggests faster CO,
drawdown due to more rapid weathering rates.
Direct quantification of the influences of forward
chemical weathering of continental silicate rocks
and reverse weathering of marine silicates on
8"Ligw might provide alternative estimates of at-
mospheric CO, consumption by the silicate weath-
ering and reverse-weathering cycles (42).
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Genome-sequencing studies indicate that all humans carry many genetic variants predicted to
cause loss of function (LoF) of protein-coding genes, suggesting unexpected redundancy in the
human genome. Here we apply stringent filters to 2951 putative LoF variants obtained from

185 human genomes to determine their true prevalence and properties. We estimate that human
genomes typically contain ~100 genuine LoF variants with ~20 genes completely inactivated.
We identify rare and likely deleterious LoF alleles, including 26 known and 21 predicted severe
disease—causing variants, as well as common LoF variants in nonessential genes. We describe
functional and evelutionary differences between LoF-tolerant and recessive disease genes and a
method for using these differences to prioritize candidate genes found in clinical sequencing studies.

rupt protein-coding genes, collectively

known as loss-of-function (LoF) variants,
are of considerable scientific and clinical interest.
Traditionally, such variants have been regarded
as rare and having a high probability of being
deleterious, on the basis of their well-established
causal roles in severe Mendelian diseases such as
cystic fibrosis and Duchenne muscular dystro-
phy. However, recent studies examining the com-
plete genomes of apparently healthy subjects have
suggested that such individuals carry at least 200
(4, 2) and perhaps as many as 800 (3) predicted
LoF variants. These numbers imply a previously
unappreciated robustness of the human genome

Genetic variants predicted to severely dis-
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to gene-disrupting mutations and have important
implications for the clinical interpretation of hu-
man genome-sequencing data.

Comparison of reported LoF variants between
published genomes is complicated by differences
in sequencing technology, variant-calling algo-
rithms, and gene annotation sets between studies
(4, 5), and by the expectation that LoF variants
will be highly enriched for false positives. The
basis for this predicted enrichment is that strong
negative natural selection is expected to act against
the majority of variants inactivating protein-
coding genes, thereby reducing the amount of
true variation at these sites relative to the genome
average, whereas sequencing error is expected to
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be approximately uniformly distributed; as a re- ’

sult, highly functionally constrained sites should
show lower levels of observed polymorphism

and substantially higher false-positive rates (4).

To date, no large-scale attempt has been made to
validate the LoF variants reported in published
human genome sequences.

LoF variants found in healthy individuals will
fall into several overlapping categories: severe re-
cessive disease alleles in the heterozygous state;
alleles that are less deleterious but nonetheless
have an impact on phenotype and disease risk;
benign LoF variation in redundant genes; genuine
variants that do not seriously disrupt gene func-
tion; and, finally, a wide variety of sequencing
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and annotation artifacts. Distinguishing between
these categories will be crucial for the com-
plete functional interpretation of human genome
sequences.

Obtaining and filtering candidate LoF var-
iants. We identified 2951 candidate LoF variants
using whole-genome sequencing data from 185
individuals analyzed as part of the pilot phase of
the 1000 Genomes Project (2), as well as detailed
analysis of high-coverage whole-genome sequenc-
ing data from a single anonymous European in-
dividual (6). The individuals represented three
population groups: Yoruba individuals from Ibadan,
Nigeria (YRI); 60 individuals of Northern and
Western European origin from Utah (CEU); and
30 Chinese individuals from Beijing and 30
Japanese individuals from Tokyo who were an-

We adopted a definition for LoF variants
expected to correlate with complete loss of func-
tion of the affected transcripts: stop codon—
introducing (nonsense) or splice site-disrupting
single-nucleotide variants (SN'Vs), insertion/deletion
(indel) variants predicted to disrupt a transcript’s
reading frame, or larger deletions removing either
the first exon or more than 50% of the protein-
coding sequence of the affected transcript. We
further subdivided these variants into “full” LoF
variants predicted to affect all known protein-
coding transcripts of the affected gene and “par-
tial” variants affecting only a fraction of known
coding transcripts. All annotation was performed
against the Gencode v3b annotation (7) with the
algorithm VAT (8).

We then subjected our candidate list to a se-

alyzed jointly (CHB+JPT). ries of stringent informatic and experimental val-
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Fig. 1. (A) Derived allele frequency distribution in the CEU population for raw and high-confidence
LoF variants, compared to missense and synonymous coding variants. (Inset) Distribution of the
proportion of SNVs in each class at low allele counts (1 to 5). (B) False-positive rates (based on
independent array genotyping) for LoF variants filtered for annotation artifacts and frequency-
matched missense and synonymous SNVs. (C) Distribution of frameshift indels along the coding
region of affected genes, before and after filtering.
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idation steps (9). Informatic filtering was based
on local sequence context (such as the presence
of highly repetitive sequence), gene annotation
(such as variants affecting noncanonical splice
sites or located close to the end of the affected
open reading frame), analysis of the effects of
nearby variants (such as neighboring SNVs al-
tering the predicted functional effect of the can-
didate LoF variant), and measures of sequence
read mapping and quality (fig. S1). Where pos-
sible, thresholds for filtering were derived from
the experimental validation experiments below.

We validated all candidate LoF SNVs and
indels that were not excluded by other filters and
for which we could design assays (n = 1877) with
experimental genotyping using three Illumina
genotyping arrays and 819 custom Sequenom
assays run, where possible, on all 185 samples
from the low- and high-coverage 1000 Genomes
pilot projects. Large deletions had previously
been subjected to extensive validation (10). All
LoF variants identified in NA12878 were as-
sessed by comparison with independent 454
sequencing and array-based data from the same
individual, as well as targeted capillary sequenc-
ing of variants in highly repetitive regions. Finally,
786 variants were reexamined by complete man-
ual reannotation of the 689 affected gene models
by experienced curators, using the HAVANA an-
notation pipeline (7), to identify annotation errors
and flag variants unlikely to profoundly affect
gene function. All 589 candidate LoF variants
identified in NA12878 were subjected to inde-
pendent genotype validation and complete gene
model reannotation.

As expected, the proportion of likely sequenc-
ing and annotation errors in the initial candidate
set was high, with overlapping sets 0f 25.0, 26.8,
and 11.1% examined LoF variants being ex-
cluded as representing likely sequencing or map-
ping errors, annotation or reference sequence
errors, and variants unlikely to cause genuine LoF,
respectively. Candidate LoF variants removed by
filtering tended to be more common than high-
confidence variants (Fig. 1A). False-positive rates
due to sequencing errors (Fig. 1B) were higher
for LoF variants than for missense and synonymous
variants in the CHB+JPT and YRI populations

Table 1. Numbers of LoF variants before and after filtering. Total numbers of candidate LoF variants and average number of LoF sites per individual
(homozygous sites in parentheses) are shown for each LoF class. For large deletions, numbers represent total number of genes predicted to be inactivated.

Before filtering

After filtering

Variant 1000G low-coverage 1000G low-coverage

type Total average per individual NA12878 Total average per individual NA12878

CEU CHB+]PT YRI CEU CHB+JPT YRI

Stop 1111 85.7 (21.8) 113.4 (26.7) 109.1(23.7) 115(25) 565 26.2(52) 27.4(69  37.2(63) 23(2)
Splice 658  80.5(29.5)  98.1(35.6)  89.0(30.4)  95(32) 267 11.2(1.9)  13.2(25  13.7(19  12(1)
B "’i’;';:l'"ﬂ 1040 217.8 (112.1) 2255 (121.7) 247.2 (118.7) 348 (159) 337  38.2(9.2) 362 (9.0)  44.0(8.0 38 (11)
La’j‘;eﬁon 142 324 (12.2) 312 (11.8) 31.4 (9.7) 31 (5) 116 283(6.2)  267(59)  26.6 (55  24(4)
Total 2951 416.4 (175.6) 468.2 (195.8) 476.7 (316.0) 654 (286) 1285 103.9 (22.5) 103.5 (24.3) 1215 (21.7) 97 (18)
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