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Chemical weathering, as well as physical erosion, changes the com-
position and shapes the surface of the continental crust. However,
the amount of continental material that has been lost over Earth'’s
history due to chemical weathering is poorly constrained. Using a
mass balance model for lithium inputs and outputs from the con-
tinental crust, we find that the mass of continental crust that has
been lost due to chemical weathering is at least 15% of the original
mass of the juvenile continental crust, and may be as high as 60%,
with a best estimate of approximately 45%. Our results suggest
that chemical weathering and subsequent subduction of soluble
elements have major impacts on both the mass and the composi-
tional evolution of the continental crust.

arc basalts | lithium isotopes | mass balance modeling |
crust composition | chemical weathering rate

t is well established that the average composition of the conti-

nental crust is intermediate or “andesitic,” if described in terms
of an igneous rock type (SiO, = 57 ~ 64 wt. %) (1 and references
therein). However, the magmas that generate the present-day
continental crust are dominantly basalt (2 and references there-
in). This discrepancy has been referred to as the “crust composi-
tion paradox” (3). Various hypotheses have been proposed to
solve this paradox, including stripping of Mg through chemical
weathering (4-6), removal of mafic/ultramafic lower crust
through foundering/delamination (7-9), subduction of continen-
tal crust followed by “relamination” of buoyant, felsic crust (10),
or direct addition of tonalites to the crust through slab melting in
a hotter Archean Earth (e.g., 2, 3, 11).

During chemical weathering of the continents, soluble ele-
ments (e.g., Na, Ca, Mg, and Li) are dissolved and transported
to the oceans via rivers and/or groundwater, while insoluble
elements, such as Si and Al, remain in the continental regolith.
Ultimately, these soluble components may be recycled into the
mantle by subduction (e.g., Mg and Ca, 5) or may reenter con-
tinental crust via arc magmatism (e.g., Na). Therefore, chemical
weathering may be an important process that controls the mass,
the composition and the evolution of the continental crust. How-
ever, only one attempt has previously been made to quantify the
influence of chemical weathering on the mass and composition of
the continental crust (6).

Using a mass balance model coupled with the correlation ob-
served between lithium and magnesium in modern river waters
and assumptions regarding the mass lost from the continental
crust due to lower crustal recycling, Lee et al. (6) argued that ap-
proximately 20% of the juvenile continental crustal mass has
been lost from the continental crust due to chemical weathering.
However, the Li concentration they used for primitive island arc
basalts (15 ppm) is about a factor of two higher than average com-
positions of arc basalts or other oceanic basalts [e.g., mid-ocean
ridge basalts (MORB) or ocean island basalts (OIB) see below].
When using a more accurate concentration (7 ppm), the Mg/Li
mass balance becomes untenable, as the proportion of bulk con-
tinental crust exceeds one, implying mass addition due to chemi-
cal weathering. A fundamental problem is that Li is a moderately
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incompatible trace element, whose concentration in crustal rocks
varies by several orders of magnitude, while Mg, a major element,
may vary in concentration by only a factor of two to three. Thus,
the Li/Mg ratio is sensitive to the more variable Li concentration.
In addition, Li is a trace element whose partitioning may not al-
ways follow Mg, and, with newer data (see Dataset S1), it is clear
that the Mg/Li ratio in river waters is quite variable, reflecting the
influence of factors such as watershed lithology, that influence
riverine Mg/Li, in addition to continental weathering.

Here, we explore the utility of using a single soluble element,
Li, and its isotopes (°Li and ’Li), to constrain the mass of con-
tinental crust lost to weathering, employing a mass balance ap-
proach similar to that of Lee et al. (6). While there are a
number of assumptions that go into this calculation, giving rise
to a family of outcomes, our aim here is not so much to provide
the answer regarding the mass of continental crust lost to chemi-
cal weathering, but rather, to place limits on this mass.

Lithium Isotopes

Lithium has two stable isotopes with the following relative abun-
dances: SLi ~ 7.5% and "Li ~ 92.5%. Because the mass difference
between these two isotopes is relatively large (approximately
16%), they show significant mass dependent fractionation in nat-
ure (>50%0) (12), expressed in &’Li notation: 8"Li(%o) =
(["Li/®Li]gample / ['Li/*Lilgtandara — 1) X 1000, where the standard
used is a synthetic Li carbonate, L-SVEC (13). During chemical
weathering, secondary minerals, such as clays, take °Li preferen-
tially into their structure, resulting in heavier Li isotopic compo-
sition in rivers and lighter isotopic composition in the regolith
(14-22). The lithium concentration and isotopic composition
of the continental crust, as well as river waters, are well documen-
ted by various authors (17, 19-26). In addition, Li concentration
and isotopic composition of potential building blocks of the
continental crust, namely, basaltic arc lavas (28-32) and Archean
tonalites, trondhjemites, and granodiorites (TTG, 17, 33) are
known. Collectively, these studies demonstrate that the §'Li of
present-day bulk continental crust is 2-3%o lower than that of
its potential building blocks (i.e., mantle-derived basalts), which
likely reflects the influence of chemical weathering on the bulk
crust composition (17, 24). Therefore, Li and its isotopes may
be useful in quantifying the amount of continental crust lost
through chemical weathering.

Mass Balance Model

The conceptual model of continental crust recycling is illustrated
in Fig. 1, where juvenile arc basalts or felsic slab melts form the
input to the crust, and there are three outputs: recycled lower
crust (lower crust that is lost from the continents by foundering,
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Fig. 1. Cartoon illustrating the mass balance approach used for solving the
weathering flux from the continents (DIS). Juvenile crust is created via a JCC
magmatic flux from the mantle that produces either a basalt (JCC-1) or felsic
slab melts (e.g., in a hotter, Archean Earth) (JCC-2). There are three outputs
fluxes from this juvenile crust: recycled lower crust (RLC), soluble components
dissolved during weathering (DIS), which wash into the ocean and may be
removed by uptake in sea floor sediments and altered basalt, and sediments
derived from the continents and removed via subduction (TER). The net result
of these input and outputs to the continental crust is the present-day bulk
continental crust (BCC).

subduction, or other processes), subducted terrigenous sediments
(net output from the continent to the ocean in solid form, trans-
ported as the suspended sediments and bed load of rivers), and
the crust dissolved and removed from the continents by weath-
ering. The net effect of these processes is a change of the com-
position of the continental crust, leading to the current bulk
continental crust composition.

The following assumptions and definitions are applied (all
variables used in this model are defined in Table 1):

1. The continental crust is ultimately derived from juvenile con-
tinental crust (JCC), X; is the mass fraction of each reservoir,
BCC s the present-day bulk continental crust, RLC is recycled
lower crust, DIS is the mass of crust dissolved during weath-
ering and removed via rivers, TER is terrigenous sediments
removed via subduction, and the sum of the mass fraction
of each reservoir is one (Xpcc +Xrrc +Xpis + X1ER = 1)-

2. The °Li and "Li removed from the continents due to chemical
weathering is approximated by their concentration ratios in
modern rivers; that is fi, g = &y, (f is defined below).

The mass balance model is:

Cice = XpecCiee + XrucCric + XpisChis + X1erCrpr (1]

where, for an isotope i, the concentration of i in JCC, BCC, RLC,
DIS, and TER are C, Chc, Ciy s Chypgs and Chpr. And Xpcc,
Xgric Xpris, and Xtgr are the mass fractions of BCC, RLC, DIS,
and TER relative to JCC, respectively. The fraction of i lost by

dissolution is fiq, where fi g = Xpis % For example, we have
71 TLi 61 OLi . . .
DLIIS = Xpis % and fDLIIS = Xpis % for 7Li and ®Li, respectively.
JCcC Jjcc

Similar definitions are applied for the fraction of i in the present-
day bulk continental crust (BCC), recycled lower crust (RLC),
and terrigenous sediments removed via subduction (TER). Thus,
Eq. 1 becomes

Fce +Fric +Fors + e = 1 [2]

Rearranging Egs. 1 and 2, and substituting "Li and ®Li for i we
have

ILi 7Li 7Li
f7Li = Xpee CBCC + RRLC/BCCCRLC + RTER/BCCCTER
DIS — ’Li
Cice
SLi SLi °Li
fu_gx Cyec + Rric/pecCric + Rrer/secCrer 3]
DIS — BCC CGLi
jcc

where RRLC/BCC = Xrrc/Xpcc and RTER/BCC = Xrer/XBcc-
Lithium concentrations and isotopic compositions in different
reservoirs, such as those in JCC, BCC, RLC, and TER can be
estimated, along with uncertainties, from published data. There-
fore, the concentration of ’Li and °Li in JCC, BCC, RLC, and
TER can be calculated based on Li concentration and §'Li
(correction is made for the difference in molecular weight of
7Li and SLi). Inputs to the mass balance model are discussed
in detail below and summarized in Table 2.

Lithium concentration and isotopic composition in JCC
(juvenile continental crust) are discussed in terms of two end-
member scenarios: (i) the JCC has the same Li concentration
and isotopic composition as present-day arc basalts; (i) JCC is
a 70:30 mixture of arc basalts and Archean TTG, which have
been suggested to result from melting of subducted slabs (27).

In scenario one, we assume that present-day arc basalts are
representative of JCC through time. The lithium concentration
and isotopic composition in JCC are compiled from literature
data for arc basalts (SiO, = 45 ~ 55% wt.) (28-32, 34) and the
GEOROC database (35). Overall, 552 Li concentrations and
75 &'Li values are available, worldwide. Data are compiled in

Table 1. Variables used and their definitions

Variable Definition

Xgce mass fraction of the present-day bulk continental crust relative to JCC

Xric mass fraction of the recycled lower crust relative to JCC

Xbis mass fraction of the crust dissolved during chemical weathering and removed via
rivers and subduction of altered oceanic crust relative to JCC

XTER mass fraction of the terrigenous sediments removed via subduction relative to JCC

i an isotope (either ®Li or “Li in this study)

Cicc concentration of i in JCC

Cgec concentration of j in BCC

Cruc concentration of j in DLC

Cois concentration of j in DIS

Criv concentration of i in rivers

Crer concentration of i in TER

fecc fraction of j in BCC relative to JCC

fric fraction of i in RLC relative to JCC

fors fraction of i in DIS relative to JCC

friv fraction of i in rivers relative to JCC

frer fraction of i in TER relative to JCC

Reic/sec ratio of mass removed by lower crustal recycling (Xg.c) compared to BCC (Xpcc)

Rrer/Bcc ratio of mass of sediments removed by subduction (X7gz) compared to BCC (Xpcc)
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Table 2. Input parameters for mass balance model with sensitivity analysis results for scenarios one and
two, and associated change in the amount of crust lost due to weathering (Xp;s)

Scenario 1: JCC (present-day arc basalt)

[Li], ppm Range* SIt Xpisrange, % 67Li, %o Range* SI'  Xpis range, %
Jcc 6.9 45-10.6 0.48 38-74 3.6 2.4-4.8 0.08 57-62
BCC® 18 11-20 0.20 50-62 1.2 0-4 0.07 57-61
RLC" 3.5 1.5-8 0.10 58-64 3.6 -7.5-11.5 0.06 58-62
TER! 48 32-73 0.20 53-67 3 -1.6-5 0.08 58-63
DIS/RIV** 1.5%x 1073 - - - 234 14-28 0.04 59-62
Best estimate Range* SI* Xpis range, %
Rric/sec 1 1.5-45  0.57 23-53
Rrer/sec 0.3 0.2-1.1 027 53-72
Scenario 2: JCC (Archean TTG and present-day arc basalt)
[Li], ppm Range* SI'  Xpg range, %  &’Li, %o Range* SI"  Xpis range, %
jcc 10.2 8-14 0.60 22-56 4 3.4-45 0.07 42-45
BCC® 18 11-20 0.34 31-47 1.2 0-4 0.12 40-45
RLC" 5.1 1.5-8 0.19 38-47 3.6 -7.5-11.5 0.14 41-47
TER! 48 32-73 0.35 35-53 3 -1.6-5 0.15 41-48
DIS/RIV** 1.5%x1073 - - - 234 14-28 0.10 43-47
Best estimate Range* SIf Xpis range, %
Rruc/sec 1 1.1-3.1  0.67 14-42
Rrer/Bcc 0.3 0.2-1.1 0.43 34-60

*All ranges are discussed in text, compilation of [Li] and §’Li in JCC for scenario one are shown in Fig. 2A and 2B; and [Li]
and &7Li in JCC for scenario two were calculated based on weighted distribution of Archean TTG (Fig. 2C and 2D) and

mean of arc basalts.

Sensitivity analyses are performed to evaluate the uncertainty on the mass balance model. Sensitivity index, defined as
Sl = [Xmax — Xmin)/Xmax. Was calculated for each parameter (50).
*From the compilation of current arc basalt and Archean TTG data (see Fig. 2).

SFrom Teng et al. (24) and references therein.

"The optimal value of [Li] is assumed to be half that of the original crust (JCC), with the same &’Li.
IFrom Dataset S1 and Chan et al. (43) and references therein.

**World river average from Huh et al. (23).

Dataset S2 and histograms of Li concentration and &’Li are
plotted in Figs. 24 and 2B. Lithium concentrations in arc basalts
follow a log-normal distribution, having a mean of 6.9 ppm, with a
one sigma lower and upper limit of 4.5 ppm and 10.6 ppm,
respectively. The §’Li of arc basalts follow a normal distribution,
with a mean &’Li of +3.6%o and a standard deviation of 1.2.
Because arc basalts may contain enhanced Li from subducted
terrigeneous sediments or altered oceanic crust, and this Li ulti-
mately derives from weathering of continental crust (e.g., 32), al-
ternative juvenile basaltic additions to the crust that lack such
potential crustal input (e.g., MORB and OIB, rather than island
arc basalt), and the resulting influence on the mass balance out-
come, are discussed below.

In scenario two, we assume that 30% of the JCC is composed
of Archean tonalite-trondhjemite-granodiorite (TTG), which
may have formed as slab melts, and the remaining 70% is pre-
sent-day arc basalts (assuming Archean basalts have the same
Li compositions as present-day arc basalts). This proportion of
TTG derives from estimates of Taylor and McLennan (36),
who suggest that 60% of the continental crust formed in the
Archean and that this Archean crust is half basalt and half
TTG, yielding 30% total TTG in the bulk crust, with the remain-
der assumed to be arc basalts. This proportion of continental
crust formed in the Archean is in agreement with crust preserva-
tion curves based on detrital zircon Hf model ages [see (37) and
references therein]. Limits on the proportion of TTG in JCC, and
its influence on the mass balance outcome, are discussed in the
following section.

There are two sources of Li isotopic data for TTG (17, 33).
Teng et al. (24) report lithium data for composite Archean
TTG from the North China Craton. Qiu (33) reports Li concen-
tration and isotopic compositions for a variety of Archean TTG,
which range from inferred juvenile melts (e.g., the “Sanukatoids”
of the Superior Craton, 38) to melts of thickened basaltic crust
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(e.g., TTG of Barberton Mountain Land, South Africa, 39).
Because granulite-facies TTG of the Scourian Complex have
unusually low Li concentration (3.0 to 12.5 ppm) and highly vari-
able §7Li (+0.2%o0 to +11.7%o), suggesting that Li was lost and
possibly fractionated by deep crustal processes (33), we confine
our compilation to TTG that have experienced amphibolite-
facies or lower grades of metamorphism. These data are com-
piled in the Dataset S2, and histograms of Li concentration
and §’Li of these Archean TTGs are plotted in Figs. 2C and
2D. Li concentrations of juvenile Archean TTGs follow a log-nor-
mal distribution, having a mean of 18 ppm, with an upper limit of
30 ppm and a lower limit of 11 ppm. The §’Li of the Archean
TTGs are fit to a normal distribution with a mean of +4.3%o
and a standard derivation of 1.0. Using the average Li concentra-
tion of 18 ppm, along with its upper and lower limits, we calculate
the average Li concentration in the JCC for scenario two is
10 ppm, with a lower and upper limit of 8 ppm and 14 ppm, re-
spectively. Since ’Li in Archean TTG show mantle-like values of
+4.3%0 £ 1.0 (10) (24, 33), we calculate a weighted average 6’ Li
of +4.0 for scenario two JCC, with a lower limit of +3.4%0 and an
upper limit of +4.5%o.

Li concentration and isotopic composition of the current bulk
continental crust (BCC) is 18 ppm and +1.2%eo, respectively (24).
Because Li is a moderately incompatible element, recycled lower
crust, which forms as cumulates or residues, should have a lower
concentration than its juvenile parent (JCC). Thus, we assume a
Li concentration of either 3.5 ppm or 5.1 ppm for RLC, which is
half that of the juvenile continental crust value for scenario one
and two, respectively. Such concentrations are similar to or lower
than the average Li concentration of the present lower continen-
tal crust [8 ppm; (24, 40)]. It is assumed that the Li isotopic com-
position of RLC is the same as that of JCC, since there is no
significant isotopic fractionation during basalt differentiation
(41). Li concentration and isotopic composition in TER can
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Fig. 2. Histogram of lithium concentrations and isotopic compositions in
basaltic arc lavas and Archean TTGs. p, 6, and N represent mean, standard
deviation, and number of the sample population. (A) In arc basalts, Li con-
centration follows a log-normal (natural log) distribution with a mean of
6.9 ppm and upper and lower limits of 10.6 ppm and 4.5 ppm, respectively.
(B) &’ Li in arc basalts is fit by a normal distribution curve, with a mean of +3.6
and a standard deviation of 1.2. (C) In Archean TTGs, Li concentration follows
alog-normal (natural log) distribution with a mean of 18 ppm and upper and
lower limits of 30 ppm and 11 ppm, respectively. (D) 8’ Li in Archean TTGs is fit
by a normal distribution curve, with a mean of +4.3 and a standard deviation
of 1.0.

be approximated from the average [Li] and &’Li of terrigenous
sediments of 48 ppm and +3 %o, respectively (Dataset S1 and 43).

Adopting the above values leaves four unknowns in Eq. 3: f{ ¢,
RRLC/BCC’ RTER/BCC and XBCC' In addition, we have

TLi TLi TLi

f Li DIS C7Li C7Li Cﬁu
DIS _ JcC __ ZJCC _ TRV [4]

ST i C6Li C6Li C7Li

pis X DIS RIV jcc

DIS "6y; CGU C6Li

jcc icc jcc

Equation 3 can now be expressed in terms of both 7Li and °Li
and, according to assumption two, the ratio of these two equa-
tions should be related to the lithium isotopic composition of
modern rivers (RIV), so we have

Li TLi TLi 7Li
Criv 1-X CicctRric/BecCyy e HR1ER/BocCrER
i BCC C7 Li

RIV __ jcc

T SLi SLi SLi [5]
Cicc 1-X ChcctRric/BecCrpeHR1ER/BCCCrpR
CﬁLi — A BCC OLi

jcc Cice

We use the world river data compilation of Huh et al. (23), who
report that the discharge-weighted average Li concentration is
1.5 ppb and 8’Li is +23.4%o. These values are adopted for
the soluble component that is removed from the continents dur-
ing chemical weathering (DIS) over the course of Earth history.
Then the only remaining unknown, Xpcc, can be solved using
data from Table 2, providing that the ratio by mass of recycled
lower crust compared to the mass of BCC (Rrrc/pcc) and the
ratio by mass of terrigenous sediment removed by subduction
compared to the mass of BCC (Rygr/pcc) are assumed.
Based on studies from the Sierra Nevada Batholith, which repre-
sents a Cretaceous continental arc in California, USA (44, 45),
RRLC/BCC :XRLC/XBCC =1. RTER/BCC can be calculated from
the average modern subducted sediment flux. Global subducted

20876 | www.pnas.org/cgi/doi/10.1073/pnas.1115671108

sediment flux has been estimated by various methods, including
O and Nd isotopes, and sedimentary records from deep sea
drilling projects (41, 46-50), and varies from 1.1x10'2 to
4.4 x 10" kg/y, assuming the average density of the subducted
sediments is 2.65 g/cm® (46). Thus, Rrgr/pcc = 0.33, assuming
that the average subducted sediment flux is constant through time
at 2.1 x 102 kg/y and continental crust formed since 3.5 Ga, ap-
proximately the start of the geologic record (see (37), and refer-
ences therein). Below, we evaluate how changing the input
parameters affects the outcome of the model.

Results and Uncertainties
Using the above assumptions and inputs for scenario one, the cal-
culated Xpcc is 0.17. Therefore, the mass fraction of BCC and
RLC are both 17%, and the mass fraction lost to chemical weath-
ering (Xpys) is 60%. For scenario two, the mass fraction of BCC
and RLC are both 24%, and the mass fraction lost to chemical
weathering (Xpys) is 43%. Both results are displayed in Fig. 3.

We performed sensitivity analyses to evaluate which of the in-
put parameters have the greatest influence on the results and
whether it is possible for Xpg to equal zero. The simplest form
of sensitivity analysis is the one-at-a-time measure (51), which re-
peatedly varies one parameter at a time while keeping others con-
stant. A simple way to quantitatively determine the sensitivity of
different parameters is to calculate the relative difference of out-
put between maximum and minimum values of the varying para-
meters (51). The sensitivity index, defined as SI = %, was
calculated for each series of the input parameters. The results are
provided in Table 2 (see Dataset S3 for details) and are dis-
cussed below.

For the crustal input, C¥,. for scenario one was allowed to vary
from 4.5 to 10.6 ppm and §’Li values from +2.4%o to +4.8%o

Scenario 1

TER
6%

BCC
17%

RLC
17%

®BCC
uDIS

“RLC
60% UTER

Scenario 2

TER
9%

E BCC
= DIS

u RLC
= TER

Fig. 3. Pie diagrams of the optimal model results for two end-member
scenarios, illustrating different portions of crustal types that must be added
together to equal the juvenile continental crust.
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(the one sigma seen in arc basalts) during the parameter sensi-
tivity analysis. For scenario two, JCC concentration was allowed
to vary from 8 to 14 ppm and 8" Li values from +3.4%o to +4.5%o
(see above discussion); a discussion of the constraints on the pro-
portion of primary TTG in the continental crust, which strongly
influences the Li concentration in scenario two, is provided in the
next section, along with consideration of the influence of using
other types of primary basalt for the basaltic component of
JCC. For BCC, Li concentration was allowed to range from 11
to 20 ppm, based on the range of published values (1 and refer-
ences therein). The optimal §’Li of the BCC (+1.2%o0) was cal-
culated based on weighted 8'Li of the upper, middle, and
lower crust, with their corresponding weight proportions of
0.32:0.29:0.39 (1, 52). However, there are uncertainties asso-
ciated with Li concentrations and §’Li of each crustal layer.
Keeping the optimal Li concentration estimates for each crustal
layer from Teng et al. (17, 24) and using their estimated §'Li
uncertainty, we can propagate the uncertainty for §’Li in each
layer and calculate the weighted 6’Li of the BCC, which is
+1.2%o0 + 5 (16). However, the §’Li of BCC is unlikely to be low-
er than that of the upper continental crust (UCC) or higher than
that of the mantle. Therefore, we allowed 67Li of the BCC to vary
from 0%o (UCC average) (17) to +4%o (mantle average) (53, 54,
and references therein).

Li concentration of RLC was allowed to vary between the con-
centration of the mantle (1.5 ppm, 55) and the lower continental
crust (8 ppm) (24, 40). 8'Li of RLC was estimated from analyses
of eight granulite xenoliths reported in Teng et al. (24), with a
concentration-weighted average value of +2.5%o0 and a simple
average of +1.6%o & 8.9 (16). Although §'Li values vary from
—14%o0 to +14.3%o0 in granulite xenoliths, the isotopic heteroge-
neity of many of these samples was interpreted by Teng et al.
(2008) to reflect the combined effects of isotopic fractionation
during prograde metamorphism and kinetic Li isotopic fractiona-
tion associated with basaltic intrusions. Recent results for gran-
ulite-facies metapelites and metabasites from the Ivrea-Verbano
Zone, Italy, suggest a concentration-weighted average §’Li of the
lower crust in this region of 1.0%o (40). Nonetheless, the average
&Livalue of RLC is allowed to vary from —7.5%o to +11.5%o for
the sensitivity analysis, based on the one-sigma variation in 6’Li
from the eight granulite xenoliths studied by Teng et al. (24)
(i.e., +2.5%0 £9).

A new estimate of global subducting sediment (GLOSS-II) re-
ports Li concentration of 4543 ppm (42); §’Li of terrigenous
turbidities and pelagic clays vary from —1.6%o0 to +5%o0 (43).
However, GLOSS includes chemical and biogenic sediments,
such as porcellanite, chert, ooze, radiolarite, and chalk, and it
may therefore not reflect pure terrigenous Li values. Compiled
Li concentrations of terrigenous sediments using recent ICP-MS
data yield an average Li concentration of 48 ppm in TER, with
lower and upper limits of 32 ppm and 73 ppm (1o), respectively
(Dataset S1). Therefore, we adopt values for TER ranging from
32to 73 ppm and —1.6%eo to +5%o in the sensitivity analysis. The
§’Li values for individual rivers range from +6.0%o0 (23) to
+43.7%o0 (21). Our compilation of Li isotopic compositions in
rivers (Dataset S1) shows an average 6'Li of +21%o0 +7 (10).
Thus, 8’Li values varying from +14%o to +28%o were used for
the parameter sensitivity analysis.

Of all the input parameters tested, X pg is most sensitive to the
Li concentration adopted for JCC and BCC. For example, in sce-
nario two, allowing Li concentration in JCC to vary within the
one-sigma limits results in the largest range in Xpyg, from 22%
to 56%. Similarly, allowing the Li concentration in BCC to vary
within different authors’ estimates (see 1, and references there-
in), results in a relatively large range in Xpyg, from 31% to 47%
(see Table 2 and Dataset S3 for details).

Only one mass fraction ratio of RLC to BCC (Rric/pcc = 1) is
considered in the mass balance model. In the limiting case of no
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lower crustal recycling, Ry c/scc = 0, we obtain Xpg = 75% and
63%, for scenarios one and two, respectively. However, we con-
sider this case to be unlikely, based on evidence from a variety of
Phanerozoic settings for such recycling (see summary in 56).
Furthermore, according to Plank (57), 25-60% of the JCC
(XrLc = 25-60%) is lost due to foundering of mafic cumulates
and restites, which corresponds to a range of Rgyc/pcc from 1
to 4 and Xpig of 23 to 53% and 14 to 43% for scenarios one
and two, respectively. The latter provides the minimum estimate
of Xpis for any of the various outcomes (Table 2).

Proportion of Tonalite-Trondhjemite-Granodiorite in
Juvenile Continental Crust

The above exercise evaluates the uncertainties in the mass
balance calculation and identifies the most important parameters
(i.e., Li concentration in JCC and BCC) that control the calcu-
lated continental crustal mass loss due to weathering, assuming
that <30% of JCC comprises Archean TTG. Here we evaluate
the bounds that can be placed on the proportion of TTG in
JCC and how these bounds influence the weathering outcome.
Since the mass lost due to weathering decreases with increasing
proportion of TTG in juvenile crust, it is important to obtain a
robust estimate of the maximum proportion of juvenile TTG in
the crust in order to determine the minimum mass lost due to
weathering.

We assume that addition of juvenile TTG is primarily confined
to the Archean (e.g., 11), so a first step in placing bounds on the
juvenile TTG component is to estimate the amount of present-
day continental crust that formed in the Archean. Based on global
geological maps, Goodwin (58) estimated that Archean crust
comprises 7% of total crust. Such an estimate is certainly a mini-
mum, as Archean crust is often reworked by later events. A recent
compilation of Lu-Hf model ages in detrital zircon suggests that
Archean crust may constitute up to 60% of the present continen-
tal crust (59, and references therein), an estimate that coincides
with the previous estimate of Taylor and McLennan (36). Given
that Archean cratons are generally regions of low surface heat
flow (60), these data, coupled with heat production for typical
TTG and arc basalt, can be used to estimate the proportion of
Archean crust that is TTG. A 40 km thick crust (61) composed
of average Archean TTG of Condie (62) would produce a surface
heat flow of 44.3 mW/m?, whereas 40 km of average arc basalt
(63) generates a surface heat flow of 12.4 mW /m?. Given that the
average heat flow in Archean crust is 41 mW/m? (64) and the
minimum Moho heat flux is estimated to be 11 mW/m? (60),
the maximum surface heat flux generated in average Archean
crust is 29 mW/m?, which places an upper limit on the propor-
tion of TTG in Archean continental crust of ~55%. Combined
with the limits discussed above, we estimate that the percentage
of TTG in the entire juvenile crust can range from 4% to 33%.
Therefore, even in the extreme case, where 33% of the JCC is
composed of Archean TTG, yielding a Li concentration of
15 ppm for JCC, the weathering mass loss is still ~25% of total
juvenile continental crust. The proportion of Archean TTG
would need to rise to 59% of the mass of the JCC in order for
the weathering mass flux to drop to zero. However, such a large
mass fraction of TTG is unlikely, given geological constraints.

The Juvenile Basaltic Crust

We have chosen average modern arc basalt as the juvenile basaltic
end member. How might the picture change if other types of ba-
salts are considered instead, since subducted terrigenous sedi-
ments may influence the Li composition of arc basalt (42)?
Data for Li in MORB compiled from PetDB (65), supplemented
with data from recent Li isotope studies (54, 66) and Li in OIB
from the GEOROC (35) database, are reported in the Dataset S2
and shown in Fig. 4. Like arc basalts, Li concentrations in both
MORB and OIB follow log-normal distributions, having means of
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Fig. 4. Histogram of lithium concentrations in MORB and OIB. y, 6, and N
represent mean, standard deviation, and number of the sample population.
(A) In MORSB, Li concentration follows a log-normal (natural log) distribution
with a mean of 5.9 ppm and upper and lower limits of 9.1 ppm and 3.9 ppm,
respectively. (B) In OIB, Li concentration follows a log-normal (natural log)
distribution with a mean of 5.6 ppm and upper and lower limits of
8.2 ppm and 3.9 ppm, respectively.

5.9 and 5.6 ppm, respectively, which are slightly lower compared
to the mean of arc basalts, 6.9 ppm. The slight enrichment of Li
seen in arc basalts is likely due to incorporation of Li from sub-
ducted sediments (42). In this sense, Li lost from the continental
crust in TER, partially reenters the crust in arc basalts. Thus,
using arc basalt for the JCC rather than MORB or OIB accounts
for this Li “short circuit.” Perhaps more importantly, during the
sensitivity test discussed above, Li concentration in JCC was
allowed to be as low as 4.5 ppm, which encompasses the mean
Li concentrations of MORB and OIB. Therefore, the choice
of basaltic source does not significantly influence the mass bal-
ance model.

In summary, the global uncertainty (accounting for variations
in all parameters) in the mass balance model is large. However,
even with these uncertainties, we show that a considerable mass
(at least 15%, with a best estimate of approximately 45%) of the
juvenile continental crust was lost via incongruent chemical
weathering, given the best available constraints on the input para-
meters in this first-order mass balance model.

Model Predictions and Discussion
We show that zero mass loss due to chemical weathering is not a
possible outcome, which is consistent with observations from

other stable isotope systems, such as oxygen (47), that the bulk
continental crust is isotopically distinct from the mantle due to
the cumulative effects of chemical weathering over Earth history.
Chemical weathering is one of the mechanisms that preferentially
removes soluble elements, such as magnesium—abundant in ea-
sily weathered mafic minerals (e.g., olivine and pyroxene), and
leaves silicon- and aluminum-rich, weathering-resistant minerals
(e.g., quartz and clays). Therefore, the mass balance model and
its accompanying uncertainty estimates indicate that chemical
weathering plays an important role in shifting the continental
crust composition from basaltic (SiO, = 45 ~ 55 wt. %) to ande-
sitic (SiO, = 57 ~ 64 wt. %). This quantification of the amount of
chemical weathering mass loss (>15%) over geological history is
consistent with the 20% of chemical weathering mass loss sug-
gested by Lee et al. (6), and provides a first-order constraint
for further investigation of the crust composition paradox.

Important predictions from this study also include total mass
of dissolved continental crust (ultimately subducted in altered
oceanic crust), total mass of continental crust subducted as ter-
rigneous sediments, and total mass of continental crust formed
over Earth’s history, all of which are shown in Table 3 for scenar-
ios one and two. We calculate the mass ratio of different compo-
nents relative to the BCC. The mass of dissolved continental crust
is four and two times that of the mass of BCC for scenarios one
and two, respectively, while the total mass of the juvenile conti-
nental crust (JCC) is six and four times that of BCC for scenarios
one and two, respectively. Interestingly, both the mass of dis-
solved continental crust and total mass of juvenile continental
crust in scenario two are twice as much as those in scenario
one, although the mass of continental crust (TER) is about
30% of the mass of BCC in both scenarios.

The results from this study can also be used to estimate the
global average chemical weathering rate over Earth history.
The minimum current chemical weathering rate estimated from
dissolved material originating from rock weathering in the 60 lar-
gest rivers on Earth is about 2.1 x 10° t/y (67). This estimate does
not incorporate weathering of basalts in arcs, where the chemical
weathering rate is higher compared to the average continental
silicate weathering rate (e.g., 68, 69); it also does not include
the dissolved continental material lost via groundwater flow into
the oceans, which may be as much as 50% of that contributed by
rivers (70), although the overall flow of groundwater into the
ocean is not likely to be more than 6% of the total continental
runoff (71). Thus, this chemical weathering rate estimate is con-
sidered a minimum estimate. The mass of the current bulk con-
tinental crust, Mpcc, is ~2.2 x 10?2 kg (72). The optimal Xpyg
varies between 43% (Xpcc =24%) and 60% (Xpcc = 17%)
for scenario two and one, respectively; the mass lost during che-
mical weathering, Mpyg, can be estimated from X ps/Xpcc. If we
assume that the continental crust has mainly formed since 3.5 Ga,
then the average global chemical weathering rate (CWR) can be
calculated as approximately 1.1 x 10'° to 2.2 x 10'° t/y, for sce-
narios two and one, respectively. The choice of age of the con-
tinental crust does not significantly influence this outcome. For
example, if we assume crust formed mainly since 4.5 Ga or
2.7 Ga, the average CWR will change to approximately 0.9 x 10'°
and approximately 1.5 x 10'° t/y, respectively, for the optimal va-

Table 3. Predictions from this study

Scenario 1 Scenario 2 Scenario 1 Scenario 2
Mpys, kg 7.8 x 1022 3.9 x 1022 Mpys/Mgcc 4 2
Mg, kg 7.8 x 102! 8.3x 10% Mg/ Mgcc 04 0.4
Micc, kg 1.3x 105 9.2 x 1022 MJCC/MBCC 6 4
CWR, kg/y 2.2x 10" 1.1x 10"

Note: Mgcc = Mgc = 2.2 x 102 kg is used for the above calculations. Mps is total mass of dissolved continental crust,
Mg is total mass of subducted continental crust, M,cc is total mass of continental crust formed over geologic time, and
CWR is predicted average chemical weathering rates over time.
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lues in scenario two. This range is up to an order of magnitude
higher than the estimate of the minimum present-day weathering
rate from Gaillardet et al. (67) and may reflect the greater weath-
ering rate in basaltic arcs, continental dissolved mass transported
by groundwater and/or an increased weathering rate in the past.

Finally, the assumption that the Li isotopic composition of ma-
terial removed from the continent due to chemical weathering
can be represented by modern rivers may not be valid. Li weath-
ering fluxes from rivers may have changed over the Cenozoic,
according to Li isotope studies on forams (73, 74). However,
the influence of §’Lip;q on the model output is relatively small,
and so large changes in the riverine isotopic composition are un-
likely to significantly affect the outcome (e.g., in scenario two, if
8"Lip;s is lower by 9%o, the average river water &’ Liyq decreases
from the present-day average 23%o to 14%o, and Xp;g increases
from 43% to 47%).

Conclusions
Using Li concentration and isotope data in a mass balance model, a
significant percentage (at least 15%, with best estimate of approxi-
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mately 45%) of the juvenile continental crustal mass is found to
be lost from the continents due to chemical weathering. The mass
balance model is particularly sensitive to the composition of pri-
mary crustal additions. The accumulated percentage of mass loss
due to chemical weathering leads to an average global chemical
weathering rate (CWR) of approximately 9 x 10° to approximately
2x 10'° t/y since 3.5 Ga, which is about an order of magnitude
higher than the current (minimum) estimates based on modern
rivers. While we cannot constrain the exact portion of crustal mass
loss via chemical weathering, given the uncertainties of the calcu-
lation, we can demonstrate that the weathering flux is nonzero.
Therefore, chemical weathering must play a role in the evolution
of the composition and mass of the continental crust.
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