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Strontium from carbonate weathering. Since the discovery of submarine hydrothermal vents this record has generally been
Seawater viewed as a mixture of multiple components of which radiogenic continental runoff and unradiogenic submarine

River hydrothermal fluids are the most significant. A critical review of sources of Sr to seawater indicates that the Sr

Isotope budget of the modern ocean requires ~1.4 X 10'°mol yr~* of submarine hydrothermal Sr to balance the pre-

Paleoceanography sent-day ®Sr/%°Sr of freshwater inputs. This flux is about twice what observations of ocean crust alteration and

Bedrock geology hydrothermal inputs seem to support. The globally averaged, bias-corrected, and Sr flux-weighted 87Sr/%°Sr of
rivers and submarine groundwater discharge is 0.7103-0.7108, and thus significantly less radiogenic than the
average 7Sr/%Sr of the upper continental crust (> 0.72). Global analyses of runoff from large-scale drainage
regions as well as 76 individual river basins with large dissolved Sr fluxes to the ocean reveal positive corre-
lations between the dissolved riverine 87Sr/%°Sr and the average bedrock age of drainage regions and individual
river basins. The current flux of continental Sr to the ocean is biased towards contributions from younger
bedrock (331 Myr) compared to the average bedrock age of the exorheic land area (445 Myr). This correlation
supports the notion that variations in the marine 8”Sr/%°Sr are influenced by variations in the composition and
age structure of exorheic continental bedrock. Quantitative evaluation of the average age of exorheic bedrock,
weighted according to the dissolved Sr flux, indicates that the temporal variations of this parameter that are
required to account for the observed temporal variations in the #’Sr/®°Sr of seawater depend primarily on the
slope of the correlations between dissolved 87Sr/%°Sr and bedrock age. The required variations in average ex-
orheic bedrock age are consistent with changes predicted by the paleogeologic reconstructions of the
Phanerozoic and appear to be geologically sensible. The data imply that improvements in our understanding of
the driving forces of changes in 8”Sr/%°Sr and other radiogenic isotope records of seawater critically depend on
improved reconstructions of paleogeology, paleogeography and paleohydrology.

1. Introduction

Strontium plays an outsized role in geochemistry. As a moderately
incompatible trace element during melting of the Earth's mantle, it is
enriched > 10-fold in the continental crust and by a factor of six in mid-
ocean ridge basalts relative to Earth's primitive mantle. Its isotope 8’Sr
is produced by radioactive f~-decay of ’Rb with a half-life of almost
50 billion years (Steiger and Jager, 1977; Rotenberg et al., 2012). Ru-
bidium, owing to its highly incompatible behavior during mantle
melting, is even more strongly enriched than Sr in the continental crust,
but less so in mid-ocean ridge basalts, relative to the primitive mantle
(Hofmann, 1988). The resulting time-integrated accumulation of 3”Sr in
the continental crust has created a large contrast in 8”Sr/%°Sr between
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the radiogenic continental crust and the unradiogenic depleted mantle.
The good solubility and conservative behavior of strontium in natural
waters influence the flux balance between sources and sinks that pro-
duces an isotopically well mixed seawater reservoir (Faure et al., 1965;
Hamilton, 1966; Murthy and Beiser, 1968; Mokadem et al., 2015) with
only minor depletions in the surface ocean, a globally averaged con-
centration of 87.4uM at 35%o salinity, and a global inventory of
11.6 x 10'®mol (de Villiers, 1999; Charette and Smith, 1999). The
seawater Sr reservoir responds to changes in its mass balance with a
characteristic response time of 1-2 million years. The 3”Sr/%°Sr of sea-
water therefore reflects a globally integrated balance of processes that
affect the delivery and removal of strontium. For this reason temporal
variations in the 87Sr/%°Sr of seawater have been the focus of numerous
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Fig. 1. The record of seawater 8 Sr/%¢Sr during the
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studies aimed at extracting from this record information on processes of
global importance that affect the mass balance of strontium in seawater.

Over that past six decades the 37Sr/%6Sr record of seawater has
become one of the best-reconstructed marine isotope records with many
thousands of high-quality data covering the Phanerozoic and
Neoproterozoic (Gast, 1955; Peterman et al., 1970; Veizer and
Compston, 1974; Veizer et al., 1999; Shields and Veizer, 2002; for a
recent review see McArthur et al., 2012, references therein, and Fig. 1).
Temporal variations have been correlated with periods of glaciations
(Armstrong, 1971; Palmer and Elderfield, 1985; Blum and Erel, 1995;
Vance et al., 2009), mountain building (Raymo et al., 1988; Edmond,
1992; Richter et al., 1992; Krishnaswami et al., 1992), major volcanic
eruptions (Kent and Muttoni, 2008) or periods of enhanced submarine
hydrothermal activity (Palmer and Elderfield, 1985; Korte et al., 2006),
as well as changes in submarine groundwater discharge (termed
“runout” by Chaudhuri and Clauer, 1986; Allégre et al., 2010; see also
Beck et al., 2013; Trezzi et al., 2016), ocean crust alteration (Spooner,
1976; Davis et al., 2003; Coogan and Dosso, 2015), and total land area
(Spooner, 1976). Regionally, variations in climate and sea level can
influence the ®Sr/®6Sr record of marginal seas such as the Mediterra-
nean (Schildgen et al., 2014), and continental freshwater inputs can
locally modify the 87Sr/®6Sr of coastal waters (Ingram and Sloan, 1992;
Huang et al., 2011; see also Fig. 8 in Korte et al., 2003).

Despite the impressive seawater record and seven decades of re-
search (e.g. Wickman, 1948; Peterman et al., 1970; Dasch and Biscaye,
1971; Burke et al., 1982; Veizer et al., 1999; McArthur et al., 2012),
assessments of the present-day mass balance of strontium in seawater
fundamentally disagree. Many studies, represented for instance by
Vance et al. (2009) and Pearce et al. (2015), argue that seawater Sr is
currently not at steady state. According to this assessment, the flux of
radiogenic strontium from the continents is currently elevated because
of the unusually large release of radiogenic strontium from recently
glaciated terrains that are characterized by large reactive mineral sur-
face areas. According to this view, present continental runoff cannot be
a valid proxy for average conditions of the recent past. Significant
differences in the stable Sr isotope composition (¥3Sr/%°Sr) between
sources and sinks of strontium in seawater support this interpretation
(Krabbenhoft et al., 2010; Pearce et al., 2015).

The non-steady-state view has been challenged by Allegre et al.

(2010), who argue that most previous estimates of continental Sr flux
and 87Sr/%°Sr to seawater are biased, because they do not properly take
into account the flux of unradiogenic Sr from ocean islands and island
arcs, and in particular neglected continental Sr entering the ocean
below sea-level. According to Allegre et al. (2010) the properly
weighted global flux of Sr from the continents to seawater has an iso-
tope composition of 0.7101 and represents a longer-term (Pleistocene)
global average. This 87Sr/%6Sr value represents the combined con-
tributions from “continental rivers” (44 = 15ng g_1 Sr, 0.7136), sur-
face runoff from island arcs and ocean islands (35 + 10ngg~* Sr,
0.7035) that are significantly less radiogenic than average “continental
rivers”, as well as unradiogenic submarine Sr from island arcs and
ocean islands (450 + 150ngg~' Sr, 0.7035). Together, these con-
tinental contributions balance marine contributions to the marine Sr
isotope budget. According to this interpretation of the data, present-day
conditions do serve as a proxy for the recent past. Interestingly and
coincidentally, these continental %7Sr/%°Sr estimate and steady-state
conclusion are identical to those Goldstein and Jacobsen (1987)
reached based on data for 23% of the riverine flux (without data for the
radiogenic Ganges and Brahmaputra rivers) and without considering
continental Sr entering the ocean below sea level. However, we note
that the proportions of volcanic rock surface area on “ocean islands”
such as Papua New Guinea (35%), Japan (60%), Philippines (70%) and
Taiwan (60%) as estimated by Allegre et al. (2010) far exceed pro-
portions determined using digital geologic maps (9.1%, 28%, 14% and
0.7%, respectively, Peucker-Ehrenbrink and Miller, 2004). This, and the
assumption that runoff from such rocks has a 8Sr/%Sr of 0.7035, re-
sults in a very unradiogenic flux from these land areas and help balance
the Sr budget of seawater.

The disagreement between interpretations of essentially the same
data arises from the uncertainties associated with the fluxes and iso-
topic compositions of strontium in rivers and submarine discharge of
continental groundwaters. Here, we first review the sources of the
disagreement with a focus on the continental flux of Sr to seawater,
because “river inputs appear to dominate the Nd and Sr isotopic sig-
nature of the modern ocean” (Goldstein and Jacobsen, 1987, p. 270).
We extend earlier attempts to use spatial geologic data to scrutinize
riverine 8 Sr/%6Sr data for spatial biases (Wadleigh et al., 1985; Veizer,
1989; Palmer and Edmond, 1989; Peucker-Ehrenbrink et al., 2010;
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Bataille et al., 2014) by employing geographic information systems
(GIS, ArcGIS) and digital geologic maps of various spatial and temporal
resolution. We argue that such biases exist and attempt to correct for
them given our current understanding of the global distributions of
bedrock geology and discharge. We then use global correlations to
argue that the temporal variations in the 87Sr/%°Sr of seawater is not
primarily caused by variations in the balance between radiogenic
continental and unradiogenic submarine hydrothermal sources of Sr to
the oceans. Instead we argue that temporal variations primarily reflect
the changing composition of continental runoff that is determined by
the changing spatial distributions of continental bedrock, climate and
drainage patterns through geologic time (e.g. Brass, 1976; Palmer and
Elderfield, 1985; Kump, 1989; Peucker-Ehrenbrink et al., 2010). We
conclude this review with a quantitative assessment of a parameter that
captures the essential variables at the scale of individual river basins
and large-scale drainage regions: the Sr-flux-weighted average bedrock
age of the exorheic portion of the land surface (Tpexs:).- Sparse
1435Nd/1**Nd data for globally integrated seawater through the Pha-
nerozoic, ***Nd/***Nd data for continental erosion products, and re-
constructions of Phanerozoic paleogeology support this interpretation
of temporal variations in the 8Sr/%6Sr of seawater.

Our perspective of the seawater 87Sr/%®Sr record resembles models
proposed before submarine hydrothermal sources of unradiogenic Sr
were discovered in 1977 (Corliss et al., 1979). Before this discovery,
temporal variations in the marine Sr isotope record were thought to be
caused by the changing balance between inputs from young, mantle-
derived rocks exposed on the continents that constitute the un-
radiogenic source, and old continental rocks that release radiogenic
strontium, buffered by the weathering of carbonate rocks with an iso-
tope composition similar to seawater (Faure et al., 1965; Veizer and
Compston, 1974; Brass, 1976). Initially, the recognition that the
87Sr/86Sr of submarine basalts can be altered by interaction with more
radiogenic seawater did not mean that this alteration was viewed as an
exchange process that could also significantly alter the 3Sr/%Sr of
seawater (Dasch et al., 1973). However, since the discovery of sub-
marine hydrothermal sources the marine Sr isotope budget has gen-
erally, but not exclusively (Palmer and Elderfield, 1985; Kump, 1989),
been interpreted as a multi-component mixture of unradiogenic sub-
marine hydrothermal vents near ocean ridges and radiogenic con-
tinental sources, with some models making allowance for additional
minor end-members as well as temporarily variable compositions and
fluxes of end-members (e.g. Albaréde et al., 1980, 1981; Goldstein and
Jacobsen, 1987; Veizer, 1989; Palmer and Edmond, 1989, 1992; Hodell
et al., 1990; Blum and Erel, 1995; Farrell et al., 1995; Butterfield et al.,
2001; Davis et al., 2003; Vance et al., 2009). Given our understanding
of the importance of submarine hydrothermal circulation, the per-
spective presented here may appear counterintuitive. We therefore
emphasize that our perspective does not negate that hydrothermal Sr
fluxes to seawater have varied in the geologic past. In fact, some var-
iations in the 8Sr/5°Sr of seawater appear to coincide with changes in
ocean spreading rate (Fig. 2), a common but imperfect measure of
chemical fluxes from the oceanic crust into seawater. However, our
current inability to independently quantify submarine hydrothermal
fluxes of strontium through time compels us to emphasize a terrestrial
end-member model that will need to be adjusted once submarine hy-
drothermal Sr fluxes can be properly and independently quantified.

2. Quantitative bedrock geology of watersheds
2.1. Methods to quantify bedrock geology

It has long been recognized that the geologic composition and
bedrock age of watersheds strongly influence the inorganic composition
of rivers and streams. Reeder et al. (1972) found that three factors that
are related to bedrock mineralogy explain > 95% of the variance of the
dissolved chemical composition of the Mackenzie River and its
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Fig. 2. The #”Sr/5°Sr record of seawater of the past 180 Myr (solid blue line)
compared to two estimated seawater ”Sr/%Sr (red and pink lines) records that
assume constant continental, but variable hydrothermal Sr fluxes. Variations in
the hydrothermal input have been parameterized assuming the Sr flux is line-
arly correlated with ocean crust production (Rowley, 2002). The continental
flux was held constant at the modern value, whereas average %7Sr/%°Sr of
continental runoff was assumed to be the best current estimate (0.7105, solid
red line) or slightly more radiogenic (0.7120, pink line). Note the inflection to
less radiogenic values in both records at ~55-60Ma, ~112Ma, and
~155-170 Ma. Gray vertical bars indicate emplacement of LIPs (same identi-
fiers as in Fig. 1).

tributaries. Meybeck (1986, 2005) of small watersheds with uniform
geology confirm what Reeder et al. (1972) found in a large drainage
basin, and led to the definition of endmember chemical compositions of
natural waters. Goldstein and Jacobsen (1987, p. 246) conclude that the
“isotopic composition of Nd and Sr in a river may be controlled pri-
marily by the average age of the rocks in its drainage basin.”

The earliest quantitative methods employed to investigate the li-
thologic composition of drainage basins involved planimetric mea-
surements of topographic and geologic maps (Reeder et al., 1972).
These agree very well with modern data (Table 3 in Peucker-Ehrenbrink
et al., 2010). Modern data analysis use geographic information systems
(GIS) and digital geologic maps (e.g. Peucker-Ehrenbrink and Miller,
2002, 2003, 2004, 2007a, 2007b; Peucker-Ehrenbrink, 2009; Peucker-
Ehrenbrink et al., 2010; Bataille and Bowen, 2012; Bataille et al., 2014),
the same approach used in this review.

2.2. New data for exorheic watersheds

Average bedrock ages of individual watersheds range span more
than two orders of magnitude from as young as 22 Myr (Fly River,
Papua New Guinea) to as old as 2524 Myr (Cauvery River, India).
“Bedrock ages” refer to depositional ages of sedimentary rocks, erup-
tion ages of volcanic rocks, high-temperature cooling ages of intrusive
rocks, and at least medium-grade metamorphic conditions for meta-
morphic rocks. Sedimentary rocks include siliciclastic and carbonate
lithologies, but do not quantify the proportion of the latter that strongly
affects dissolved Sr in rivers. We also emphasize that depositional ages
of siliciclastic rocks are generally much younger than model ages that
reflect the crustal residence times of their precursors. Table 1 sum-
marizes important statistical measures of the bedrock analysis. For
watersheds with old average bedrock ages the issue of overestimating
ages by using rectangular age distributions for individual bedrock units
has to be addressed, as the extent of bias depends on the resolution of
the geologic bedrock maps used. Coarse-scale maps with few
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stratigraphic sub-divisions suffer the most from the assumption of rec-
tangular distributions of likely average ages between upper and lower
age boundaries. The bias is particularly large for river basins with large
areas of undifferentiated Precambrian or Archean bedrock units whose
average ages are also strongly affected by the assumption of the oldest
age of rocks occurring in such basins. For example, setting the lower age
boundary of Archean units in the Cauvery River basin (India) to the
canonical 4000 million years (Plumb, 1991; Van Kranendonk, 2012),
the average bedrock age of the Cauvery drainage basin is
2775 + 352 million years. If, however, this age is adjusted to the oldest
geochronologically-dated units in the Cauvery river basin, the Gorur
TTG gneisses and associated rocks (3340 million years) of the Dharwar
craton (Jayananda et al., 2015), the average bedrock age of this basin
decreases by 250 million years to 2524 + 220 million years. Average
bedrock ages correlate well ? > 0.7) with the spatial abundance of
igneous and metamorphic bedrock in watersheds, are anti-correlated
(r? > 0.8) with the abundance of sedimentary bedrock in watersheds,
and show no correlation with the abundance of volcanic bedrock in
watersheds (not shown). While the latter finding is somewhat sur-
prising given the lower survival probability of rocks emplaced at or
near the surface (Wilkinson et al., 2009), the low spatial abundance of
volcanic bedrock in general likely obscures clear age relationships at
the watershed scale. These systematics confirm well known bedrock age
relationships for these broadly defined lithologic units (e.g. Peucker-
Ehrenbrink and Miller, 2007b and references therein; Wilkinson et al.,
2009).

3. Bias and bias corrections
3.1. The flux and 87Sr/%6Sr of continental strontium to seawater

The average Sr concentration and ®7Sr/%°Sr of continental runoff
have been assessed in slightly different ways. The most basic approach
of determining average values is to multiply Sr concentration with
water flux and isotope composition to estimate a flux-weighted Sr iso-
tope composition that can be scaled to the global river discharge (e.g.
Goldstein and Jacobsen, 1987). Using this approach for all analyzed
rivers that collectively deliver one quarter of the global runoff, the

Chemical Geology 510 (2019) 140-165

0.71 = 0.06uM and 0.7101 = 0.0005 (Goldstein and Jacobsen,
1987). The fundamental problem with this approach is that more data
is available for large rivers that, when scaled up, exert a dispropor-
tionate influence on the global mass balance — a problem known as the
“Amazon effect” (Meybeck, 1988, p. 253). This problem can be avoided
by using regional averages that take into account certain characteristics
of the global drainage. Regions can be defined based on geomorphic,
climatic, regional or lithologic characteristics, or combinations thereof
(e.g., Palmer and Edmond, 1989). Using a variant of this approach,
Peucker-Ehrenbrink et al. (2010) investigated large-scale drainage re-
gions according to boundaries delineated by Graham et al. (1999,
2000). The data for rivers in each drainage region can be extrapolated
to the total discharge from each region based on the most compre-
hensive dataset of rivers available (Land2Sea database, Peucker-
Ehrenbrink, 2009, 2018, supplemented by data in Milliman and
Farnsworth, 2011, Fig. 3). It is worth noting that most rivers have not
been analyzed in time-series fashion and literature data for individual
rivers may therefore be biased. Applied to half of the global runoff, this
approach yields an average Sr concentration of 1.2uM
(4.7 x 10"°molyr~1) and %7Sr/%6Sr of 0.7111. While this 87Sr/%Sr
value is similar to previous estimates (0.7114: Palmer and Edmond,
1989; 0.7116: Davis et al., 2003; 0.71144: Vance et al., 2009), the Sr
concentration is significantly higher than previous estimates
(0.71-0.92 uM, Goldstein and Jacobsen, 1987; Palmer and Edmond,
1989).

The above approach largely avoids the “Amazon effect”. However, it
does not eliminate all biases, as regional averages are still biased to-
wards larger river systems that often have different characteristics than
smaller systems (e.g. Milliman and Syvitski, 1992). In addition, many
rivers have only been sampled once or twice (e.g. Gaillardet et al.,
1999), and it is unclear how representative these values are. Temporal
biases can be significant in systems with very dynamic hydrographs.
This can be demonstrated for the Fraser River in British Columbia
(Fig. 4) where previous near-mouth sampling yielded two %"Sr/%6Sr
values for the river in late spring (May: Wadleigh et al., 1985, exact
sampling date could not be reconstructed) and summer (July: Cameron
and Hattori, 1997, exact sampling date could not be reconstructed).
Time-series data from the Fraser River Observatory on the lower Fraser
River (Voss et al., 2014) illustrate how the isotopic composition of the
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discharge at Hope, B.C., Canada, is shown as blue line for 2009-2011. For details, including modeling riverine dissolved 878r/%08r, see Voss et al., 2014.
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Fig. 5. Strontium concentration as a function of discharge
for the Mississippi (red circles, annual averages as white
circles), Fraser (blue crosses, shallowest linear trend),
Salween (green diamonds), Irrawaddy (black triangles),
Kolyma (blue triangles), Lena (buff-colored squares),
Mackenzie (brown squares), Ob (gray squares), Yenisey
(brown small rectangles, steepest linear trend) and Yukon
(yellow squares) rivers. The theoretical dilution trend
(black stippled line with negative slope) indicates the in-
ability to mobilize any additional Sr as discharge increases.
The theoretical case of no kinetic limitation to mobilizing
Sr to keep concentrations constant as discharge increases
(chemostat) corresponds to horizontal trends in the data.
Data for glacial discharge in Greenland (not shown) plots
in a cluster more than one order of magnitude in con-
centration below the low-discharge end of the Kolyma
trend. Numbers in parenthesis for the Fraser and Yenisei
rivers indicate exponents of the power law relationship.
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river responds to the cyclic changes in the basin's hydrology, and allows
to place previously published data in proper hydrologic context. Ex-
isting time series data for Sr concentrations show that they vary with
discharge (Fig. 5). For instance, time-series data for the Amazon (Seyler
and Boaventura, 2003; Seyler, 2017, pers. comm.), Mississippi (USGS,
St. Francisville), Fraser (Voss et al., 2014), Salween and Irrawaddy
rivers (Chapman et al., 2015), Brahmaputra (Rai and Singh, 2007),
Yangtze (Luo et al.,, 2014), and the large Arctic rivers (www.
arcticgreatrivers.org/data.html, downloaded 11-23-2016) illustrate ki-
netic limitations (Godsey et al., 2009) to the mobilization of dissolved
Sr as discharge increases. Power law exponents of the log-log correla-
tions vary from —0.079 (r? = 0.37) for the Fraser River to —0.546
(r* = 0.86) for the Yenisei River, indicating that doubling discharge
causes a decrease in Sr concentration by as little as 5% (Fraser) to as
much as 32% (Yenisei).

Another more subtle, but nevertheless potentially important bias is

1,000,000

related to sampling locations. Rivers are often sampled far upstream of
the tidal influence, sometimes hundreds of kilometers inland. For in-
stance, the classic gauging station on the Amazon at Obidos is ~800 km
upstream of the coast (Fig. 6) and represents only % of the total drai-
nage basin. Coastal drainages are generally underrepresented in global
river flux studies (Palmer and Edmond, 1989). This can lead to bias if
the makeup (lithology, runoff, specific Sr flux) of coastal areas differs
from the basin average. Data from the Fraser River in western Canada
show the potential magnitude of this bias (Voss et al., 2014). The
gauging station at Hope, B.C., at the eastern end of the lower Fraser
River valley often serves as the most seaward location for chemical data
for the Fraser River. This station is outside of the tidal range that in-
fluences the Fraser at least up to the city of Mission, approximately
150 km east of the delta at Vancouver. Regional sampling of tributaries
that enter the Fraser River downstream of Hope shows that un-
radiogenic runoff from the humid Coast Range, particularly the
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Fig. 6. Amazon River basin (yellow outline) without
the Tocantins River basin in the Southeast. The
sampling location at Obidos is shown as a green
circle with its upstream drainage area shown in light
blue. This upstream drainage area accounts for about
80% of the total Amazon River basin area and ~90%
of the annual precipitation in the basin.
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Harrison River with a Sr/%6Sr of ~0.704, is neglected by using the
Hope station as a representative sampling location for the Fraser River.
About 15% of the total runoff of the Fraser River is neglected by using
data from the Hope station as representative of the Fraser River, and the
missing fraction of the total runoff is dominated by unradiogenic runoff
from the young, volcanically active Coast Range with 87Sr/56Sr values
of 0.704-0.705 (Voss et al., 2014). This bias is also reflected in the
slightly older average bedrock ages of the basin above Hope
(260 = 20Myr, 1s.d.) compared to the entire drainage basin
(235 + 13 Myr, 1s.d.) Such biases are typical for larger river systems,
particularly along active continental margins, where river systems tend
to break through Coast Mountains to drain portions of the adjacent,
often geologically older, continental interior.

It has been shown that the average bedrock geology of individual
river basins and larger drainage regions correlates quasi-linearly with
the dissolved riverine %7Sr/%°Sr (Peucker-Ehrenbrink et al., 2010;
Fig. 7). These correlations can be approximated with straight lines
because the slight curvature resulting from the exponential term of
radioactive decay equation can be linearized by Taylor Series expansion
if the time periods considered are short compared to the ~49.6 bil-
lion year half-life of Rb (Rotenberg et al., 2012). Typical bedrock ages
of hundreds of millions of years meet this criterion. In the following we
expand previous analyses of large drainage regions to the bedrock
geology of 56 river drainage basins with some of the largest Sr fluxes to
the ocean. This analysis neglects the fact that not all bedrock con-
tributes equally to the Sr flux. Such an expanded analysis would require
weighting bedrock according to precipitation and the propensity of
different bedrock lithologies to contribute Sr to the dissolved riverine
load (Tardy et al., 1989; Gibbs et al., 1999). While these additional
factors can be quantified for the present, estimating precipitation and
bedrock lithology at sufficient spatial and temporal resolution for the
geologic past is currently not possible.

3.2. Discussion

North America is particularly susceptible to spatial biases, because
its onion-like structure of bedrock ages causes a trend towards younger
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Fig. 7. Correlation between dissolved ®7Sr/®°Sr and average bedrock age for
large-scale drainage regions, updated from Peucker-Ehrenbrink et al. (2010).
Note that the linear least square fit with uncertainties in both coordinates in-
cluding covariance (Reed, 1992, 2010) that yields the relation
y = [2.15 = 0.20]E-5 x + [0.7037 + 0.0006] (95% confidence interval) as-
sumes uncertainties of 20% in average bedrock ages and 0.0006 in dissolved
873r/%0sr.

geologic terrains near the coasts (Wilson, 1949; Gastil, 1960). Con-
tributions from these younger coastal terrains tend to be under-
represented in estimates of discharge and continent-derived chemical
fluxes that are based on data for 48 (67 including the Canadian Arctic
Archipelago [CAA]) rivers that account for about one quarter of the
global data set. The resulting bias can be illustrated by comparing river
drainage basin sizes, dissolved 8”Sr/3¢Sr and specific Sr yields (Fig. 8) of
basins that are part of the large-scale drainage region that is potentially
most significantly biased: the active margin along the North American
West Coast. There, large rivers whose drainage basins reach beyond the
Coast Range (e.g. Yukon, Fraser, Columbia, Colorado rivers, red circles
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Fig. 8. Correlation of dissolved 87Sr/°Sr (a) and the specific Sr yield (b) versus size of the respective drainage basins along western North America. Large rivers
draining the continental interior (red circles) are contrasted with small drainage basins that exclusively drain the western side of the Coast Range and adjacent coastal
plains (red squares; Peucker-Ehrenbrink, 2009; Peucker-Ehrenbrink et al., 2010). The sums of the raw data for both types of river systems are shown in medium-sized
blue and red circles (labeled “X”). Averaging such raw data yield a regional average shown as pink large circle (labeled “raw”). Averaging by correcting for sampling
bias yields a more appropriate regional average that is shown as a green circle (labeled “best”).

in Fig. 8) are more radiogenic than smaller river systems that ex-
clusively drain the Coast Range (blue circles in Fig. 8). These include
many small, mountainous river systems (Milliman and Syvitski, 1992)
along the humid northern part of the Coast Range that have not been
systematically investigated. Existing data for these systems indicate that
they have lower dissolved 8Sr/%°Sr values (0.7069) and slightly lower
Sr concentrations (107 ug L™ 1), but higher specific Sr yields than the
large systems that also drain the drier continental interior (138 ugL™?,
0.7123). This bias can be corrected by subtracting the Sr flux that is
associated with the sampled area of the four large drainage basins
(Yukon, Fraser, Columbia, Colorado) from the area of the North
American West Coast drainage region. Data for some of the smaller
basins can then be extrapolated to the remainder of this drainage region
that includes unsampled coastal areas of the large drainage basins.
Together with the Sr flux for the four large basins this correction yields
an average dissolved Sr concentration of 115 ug L™ with a 87Sr/%Sr of
0.7086 for the entire North American West Coast drainage (large green
circle in Fig. 8). These values differ from those computed by scaling up
from all existing data without taking the above bias into account
(128 pg L', 0.7109; Peucker-Ehrenbrink et al., 2010, large pink circle
in Fig. 8). Such corrections for small coastal drainages address concerns
that regional flux-weighted averages, for example in Alaska (0.7098,
Bataille et al., 2014), can significantly differ from that of large rivers
draining such regions (in Alaska e.g. Yukon River: 0.7126 modeled vs.
0.7137 measured; Bataille et al., 2014).

Several other large-scale drainage regions merit closer inspection
regarding biases, among them East Africa. Data for this region is
dominated by the Zambezi River (146 ug L™1, 0.7239) that drains an
unusually old portion of this region. A more appropriate dissolved Sr
concentration and 87Sr/%Sr for this region can be computed based on
the sum of the Zambezi watershed and the remainder of the region. This
approach yields a revised dissolved Sr concentration of 163 pg L. ™! with
a %78r/%sr of 0.7123 compared to uncorrected values of 148 ug L~ ! and
0.7221. The large drainage area of Arabia, India, and SE Asia that is
dominated by the Indus, Ganges and Brahmaputra rivers can be treated
similarly and yields respective corrected Sr concentrations and
878r/%6Sr of 102 g L~ ! and 0.7152 compared to uncorrected values of
103 ug L ™! and 0.7174. Significant future revisions may be required for
the North American Arctic drainage region despite the addition of a
new average for 19 smaller watersheds that drain the CAA (Brown
et al., submitted). New data for the CAA balance the geochemical in-
fluence of the Mackenzie River that drains large portions of the

southern part of this drainage region. However, Greenland also con-
tributes to this large-scale drainage region, as it does to the drainage
region of Eastern North America. Greenland is currently only re-
presented in our database by a few small, Sr-poor rivers with very di-
verse 87Sr/%0Sr (0.71 to 0.94; Goldstein and Jacobsen, 1987; Hagedorn
and Hasholt, 2004; Hindshaw et al., 2014; Scribner et al., 2015), de-
spite the fact that Greenland generates ice sheet and tundra runoff
equivalent of the annual discharge of a large Arctic river (429 km®yr ™
Mernild et al., 2009; 416 + 57 km? yr_l: Bamber et al., 2012; see also
Rink, 1863). The geologic complexity, ice cover and scarce data cur-
rently limit our ability to predict Greenland's average dissolved Sr flux
and 87Sr/®6Sr. This lack of data may require future revisions of Sr inputs
to seawater from the two large-scale regions that include parts of
Greenland.

Although the current analysis achieves resolution at the scale of
individual drainage basins and therefore improves prior estimates of
large scale drainage regions (Peucker-Ehrenbrink et al., 2010), sig-
nificant spatial variability in the flux and isotopic composition of Sr
occur within individual drainage basins (e.g. Voss et al., 2014). Al-
though implementing a higher resolution analysis for the global ter-
restrial drainage is beyond the scope of this study, the Nile basin il-
lustrates such biases well, as it shows strong regional gradients in
rainfall (Fig. 9; northern deserts: light blue, wet southern highlands:
dark blue) and bedrock geology (Precambrian Nubian desert in the
Northeast, Quaternary to Neogene volcanic rocks of the Afar Rift system
in the southeast). While the non-weighted average bedrock age of the
Nile drainage basin is 871 + 184 million years, the average bedrock
age weighted according to average annual rainfall is 644 + 199 mil-
lion years. The 227 million years younger weighted bedrock age reflects
higher rainfall in the geologically younger terrains. It is conceivable
that the contrast is even larger if the analysis were extended to include
specific Sr yields that are likely higher in young volcanic terrains than
in Precambrian basement.

With all the corrections discussed above, we compute a best esti-
mate of the globally weighted (by Sr flux) dissolved Sr concentration
and ®7Sr/%°Sr of 1.2 UM (104 ng_l) and 0.71106 for continental
runoff. This estimate includes contributions from small islands of
Oceania (Table 2). Spatial variations of bedrock ages, runoff, suspended
sediment yield, strontium yield, strontium concentration and dissolved
87Sr/56Sr at the scale of large-scale drainage regions are graphically
summarized in Fig. 10 in form of cartograms (Gastner and Newman,
2004).
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Fig. 9. Color-coded map of the Nile drainage basin according to average annual precipitation. The intensity of the blue indicates intensity of average annual rainfall.

Variability in bedrock geology across the basin is not shown.

4. Other continental sources of strontium to seawater
4.1. Submarine groundwater discharge

Continental inputs to seawater are not restricted to river discharge.
Submarine groundwater discharge (SGD) along the coasts and reactions
in estuarine salinity gradients have been well documented, and their
potential impact on the marine 8 Sr/®°Sr record has been discussed
(Chaudhuri and Clauer, 1986; Basu et al., 2001; Allegre et al., 2010; Beck
et al., 2013; Trezzi et al., 2016). Beck et al. (2013) have made the most
comprehensive assessment of Sr inputs from SGD, including an attempt
at a global flux estimate. As the present-day %Sr/®°Sr of this end-member
(0.7089) is only slightly less radiogenic than modern seawater (0.70918),
the overall effect of the SGD Sr flux ([0.7 to 2.8] X 10'®moly 1) on the
marine Sr isotope budget is small. The range of estimated fluxes is similar
to that of Chaudhuri and Clauer (1986: 1.94 x 10'°moly '), but less
radiogenic in its composition (Chaudhuri and Clauer, 1986:
878r/86Sr = 0.711). Reports of significant regional, and by inference
global, impacts of submarine groundwater fluxes from the Ganges-
Brahmaputra delta on the Bay of Bengal (Basu et al., 2001) are very

difficult to reconcile with measured Sr concentrations and isotope ratios
reported from salinity gradients in the Bay of Bengal. The notion of a
high SGD Sr flux from this region has also been criticized because the
permeability of the Bengal Basin sediments and hydrologic head are
apparently too small to sustain such a large flux (Harvey, 2002; Basu
et al., 2002). Strontium data (Beck et al., 2013) from a salinity transect in
the northern Bay of Bengal, the Sandwip Channel in the northern Bay of
Bengal, and a salinity transect in a distributary channel of the G-B
(Meghna) river system are consistent with G-B river water compositions
at salinities greater than ~15. Only two low salinity samples require
either higher Sr concentrations or more radiogenic composition than G-B
river water usually provide, and could indicate limited contributions
from groundwaters (Fig. 11). Beck et al. (2013) also document evidence
for isotope exchange between meteoric- and marine-derived Sr that can
cause non-conservative mixing in estuaries. Such Sr isotope exchange
flux will likely vary over time as a function of sea level and paleogeo-
graphy (Chaudhuri and Clauer, 1986). For the purpose of this review we
gauge the global impact of the SGD flux and isotope composition on the
Sr budget of seawater by using the average freshwater SGD Sr flux and
875r/%8Sr as estimated by Beck et al. (2013).
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Fig. 10. Cartograms of large-scale drainage regions with average annual values of a) bedrock age (Myr) with a minimum value of 96 (dark blue: Western South
America), a global average of 445, and a maximum value of 1549 (yellow: Hudson Bay); b) runoff (mm yr~ 1); ¢) sediment yield (tyr~ 1 km~2), with a minimum value
of 4 (dark blue: Baltic Sea), a global average of 155, and a maximum value of 1019 (yellow, Western South America); d) strontium yield (kg Sr yr’1 km™?2), with a
minimum value of 3 (dark blue: Western Africa), a global average of 29, and a maximum value of 106 (yellow: Western Europe); €) strontium concentration (ug L™ b,
with a minimum value of 15 (dark blue: Western Africa), a global average of 104, and a maximum value of 408 (yellow: Western Europe); f) dissolved 8 Sr/%Sr, with
a minimum value of 0.7055 (dark blue: Western South America), a global average of 0.7105, and a maximum value of 0.7175 (yellow: Western Africa).

4.2. Dissolution of land-derived particulate matter

As the vast majority of the riverine Sr flux is carried in dissolved
form (Martin and Meybeck, 1979), contributions from the particulate
riverine load are usually neglected in the mass balance of the dissolved
load. However, in locations where reactive continental material — such
as young basaltic suspended matter — is transported quickly into the
marine environment where it continues to react, the continental Sr flux
to seawater could involve the suspended load. This flux is temporally
decoupled from current riverine fluxes. Jones et al. (2012) provide
experimental evidence for continuing dissolution of land-derived par-
ticulate matter in seawater. Their laboratory batch experiments show
dissolution of up to 27% of the Sr contained in riverine suspended
particulate matter over a period of 6 months in seawater, the maximum
duration investigated. As riverine particulate matter of volcanic origin,
particularly volcanic ash, is generally more reactive than suspended
matter of average crustal composition, this flux could add to the flux of
unradiogenic Sr of continental pedigree to seawater. Jones et al. (2012)
estimate that (1.3 to 3.2) x 10 gyr~! of Sr is added to seawater from
this source. This estimate, however, is based on the assumption that
45% of the global riverine detrital load is volcanically derived, a value
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that is likely 2-3 times too high given our understanding of the che-
mical composition of riverine and marine sediments (Goldstein, 1988;
Plank and Langmuir, 1998). A global Sr flux from this source of <
10" gyr~' (~10°molyr~!) with a yet to be determined average
878r/86Sr (possibly ~ 0.705) appears more realistic. Jones et al. (2012)
also estimate that dissolution of volcanic ash deposited directly on the
ocean adds at most (1 to 2) x 10°gyr~! ([1.1 to 2.3] x 10" molyr 1)
of presumably mostly unradiogenic Sr (~0.705) to seawater.

4.3. Attempt at a steady-state mass balance

At present (Table 3), the combined sources of dissolved riverine Sr,
Sr in SGD, and Sr released from land-derived particulate matter to
seawater deliver between 5.5 X 10'°molyr~! of Sr with an average
878r/86Sr of 0.7108 and 7.7 x 10" molyr~! of Sr with an average
878r/8Sr of 0.7103 to seawater. Adding contributions from submarine
diffusive diagenetic fluxes, properly weighted according to carbonate
(~5 x 10°molyr~?, 0.7087) and non-carbonate (~5 x 108 mol yr~?,
0.7064) fluxes (Elderfield and Gieskes, 1982) to the sum of non-hy-
drothermal Sr contributions to seawater requires balancing between
6.1 x 10°molyr~! of Sr with a %Sr/%®Sr of 0.71049 and
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Fig. 11. Dissolved 8Sr/%°Sr very versus salinity in the northern Bay of Bengal
(white triangles: Shahbazpur River; gray squares: Sandwip Channel; white
circles: northern Bay of Bengal; data from Beck et al., 2013). Plotted for com-
parison are mixing trends as inferred by Basu et al. (2001); red dashed line:
average pure groundwater contribution; black stippled line: average mixture of
groundwater and G-B river water (“Total Flux” in Basu et al., 2001, Table 2);
brown solid line: Monsoon G-B river water; blue solid line: average G-B river
water.

8.2 x 10 mol yr~? of Sr with a 8 Sr/%®Sr of 0.71008 with submarine
hydrothermal contributions in order to achieve steady state for the
modern ocean with a 8”Sr/%%Sr of 0.70918. The required unradiogenic
(0.7037) flux of Sris ~1.4 x 10'° mol yr~'. This estimate exceeds most
previous estimates of the submarine hydrothermal Sr fluxes from
combined high- and low-temperature vent fluids (e.g.; Palmer and
Edmond, 1989; Bickle and Teagle, 1992; Elderfield and Schultz, 1996;
Davis et al., 2003; Coogan and Dosso, 2012). Even if contributions from
ridge flank hydrothermal Sr fluxes are considered (Butterfield et al.,
2001; Nielsen et al., 2006), Davis et al. (2003) argue that available data
on ridge and ridge-flank ocean crust alteration limit the total

Table 3
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unradiogenic Sr flux to seawater to at most 40% of what is required to
balance the Sr budget of modern seawater. The resulting non-steady
state model of modern seawater ®’Sr/®°Sr is consistent with the
885r/86Sr composition of seawater and our current understanding of its
major sources and sinks (e.g. Krabbenhoft et al., 2010; Pearce et al.,
2015).

5. A terrestrial perspective of the seawater ¥ Sr/%°Sr record

Spatial variations in the 87Sr/%6Sr of modern rivers significantly
exceed the range of variations in %Sr/%¢Sr of Phanerozoic and
Neoproterozoic seawater (Figs. 1 and 3). Yet temporal variations in the
878r/%6Sr of the continental endmember in multi-component mixing
models of the marine 8 Sr/%®Sr record have not been quantitatively
explored since Brass (1976), Palmer and Elderfield (1985, for the past
75 Myr), and Kump (1989, for the Phanerozoic). Instead, most multi-
component models have focused on the balance between less radiogenic
submarine hydrothermal sources of Sr and more radiogenic continental
sources of Sr to seawater, with or without considering additional fluxes
of other, less important, end-members (e.g. Spooner, 1976; Chaudhuri
and Clauer, 1986; Davis et al.,, 2003; Hansen and Wallmann, 2003;
Jones et al., 2012). Unfortunately, submarine hydrothermal fluxes of Sr
to seawater are very difficult to reconstruct for the geologic past, one of
the major challenges in paleoceanography. Using estimates of oceanic
crust productions rates through time to quantify hydrothermal fluxes
requires estimating the relative importance of ridge crest vs. ridge flank
contributions to heat and fluid flows (Veizer, 1989; Veizer et al., 1999;
Butterfield et al., 2001; Davis et al., 2003) and, ultimately, Sr fluxes.
While attempts have been made to constrain such fluxes for the present
(Bach and Humphris, 1999; Davis et al., 2003), extending such analyses
into the geologic past quickly leads to deteriorating accuracy and pre-
cision due to the increasingly sparse and non-unique records of past
ocean crust production rates (Rowley, 2002; Cogné and Humler, 2004,
2006; Van Der Meer et al., 2014). In our conceptual model we therefore
hold submarine hydrothermal Sr fluxes and 8”Sr/%°Sr constant at pre-
sent-day values.

For this conceptual model we use the relationship between bedrock
age and dissolved 8”Sr/®°Sr to invert the non-hydrothermal component
of the marine 87Sr/®®Sr record for the age of the continental bedrock
that contributed Sr to the ocean in the geologic past. This age has to be
viewed as the Sr-flux-weighted average bedrock age of the exorheic

Minimum and maximum strontium estimates of Sr flux (in billion moles per year) as well as 8’Sr/%°Sr for global rivers (weighted according to Sr flux and corrected
for regional biases, see text for details), including smaller ocean islands of Oceania, submarine groundwater discharge (SGD) according to Beck et al. (2013),
dissolution of riverine sediment in seawater (Jones et al., 2012), and dissolution of volcanic ash deposited on the ocean (Jones et al., 2012). Diffusive diagenetic
contributions to Sr in seawater have been recalculated based on Elderfield and Gieskes (1982). Minimum and maximum flux and isotope ratio estimates for all non-
hydrothermal contributions are abbreviated as “Non-hydrothermal”. Minimum, maximum and our preferred estimate of Sr fluxes and isotope ratios of submarine
hydrothermal sources needed to balance the present day seawater budget are also given, as is the present-day %”Sr/%°Sr of seawater.

Strontium flux 87gr/86Sr
Minimum Maximum Minimum Maximum
10°mol yr !
Global rivers 47.6 0.71107
SGD 7 28 0.7089
Rivers + SGD 54.6 75.6 0.71027 0.71079
Sediment dissolution 1 0.705
Volcanic ash dissolution 0.0114 0.0228 0.705
All continental sources 55.6 76.6 0.71020 0.71069
Diagenetic + diffusive sources 5.5 0.70849
All non-hydrothermal sources 61.1 82.1 0.71008 0.71049
Hydrothermal contributions needed for steady-state seawater budget
11.1 12.0 0.7025
13.0 14.1 0.7035
13.5 14.6 0.7037
Modern seawater 0.70918
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portion of the continents, including ocean islands. To avoid confusion,
we emphasize that this new parameter is not simply the average bed-
rock age of the continental bedrock at any given time in the geologic
past. Rather, it is an element-specific, flux-weighted exorheic bedrock
age that is different for each radiogenic isotope system. This model
expands the approach Palmer and Elderfield (1985) and Kump (1989)
took in estimating changes in riverine dissolved 37Sr/%¢Sr that are
needed to explain observed variations in seawater with all other source
and sink terms held constant. Kump (1989) concluded that “changes in
stream isotopic composition, reflecting increasing and decreasing con-
tributions from shield regions of the continents to the global riverine Sr
flux, appear to present the most consistent explanation for long-term
secular change in the 8”Sr/%°Sr of seawater.”

The present-day slope of the global correlation of best average
dissolved ®Sr/%6Sr vs. bedrock age ([2.15 * 0.20] 10~ >; based on
Reed, 1992, 2010) that is defined by large scale drainage regions is
consistent with an effective 8’Rb/%¢Sr of ~1.5. This value can be in-
terpreted as the Sr-flux-weighted effective 8’Rb/®°Sr of the continental
crust that delivers Sr to seawater. The value is similar to reasonable
estimates for the upper crust, and 2-3 times higher than the 8’Rb,/%°Sr
of bulk continental crust (Goldstein, 1988; Hofmann, 1988; McLennan,

400
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2001). The slope of this global correlation has likely not changed sys-
tematically since the Neoproterozoic. This is because its less radiogenic
end is anchored at the very slowly changing (i.e. ’Rb/%°Sr < 0.1)
878r/8Sr value for mantle-derived rocks, whereas the position of the
old radiogenic endmember is balanced by the time-integrated growth of
87Sr that tends to steepen the slope and the increasing age range
through geologic time that tends to decrease the slope. We therefore
argue that the modern slope estimate can be used to invert the 87Sr/2°Sr
record of seawater in an attempt to reconstruct changes in the Tpexsy —
the effective bedrock age of the exorheic land surface weighted ac-
cording to the dissolved Sr flux.

The observed temporal variations in the 87Sr/%®Sr of seawater re-
quire variations in global bedrock age between ~1907%2 and
33533 Myr for the entire Phanerozoic and between ~260%%3 and
330X 33 Myr for the past 30 Myr (Fig. 12a). These are maximum age
ranges because processes that expose older bedrock also tend to en-
hance erosion rates and thus the flux of Sr to seawater. In this inter-
pretation, the period from ~520 Ma to ~150 Ma is characterized by a
progressive rejuvenation of global bedrock that was proceeded and
followed by periods of progressive aging from 800 Ma to ~520 Ma and
since ~150 Ma, respectively. Interestingly, the inferred rejuvenation is

Fig. 12. a) Average global bedrock age required for gen-

300

200

erating a sufficiently radiogenic global riverine 8Sr/%°Sr to
account for the measured %7Sr/®°Sr of seawater assuming
constancy in the ratio of hydrothermal versus continental in-
puts throughout the Phanerozoic. The ratio of hydrothermal to
continental inputs is held constant based on present-day va-
lues for hydrothermal (0.7035, Bach and Humphris, 1999),
continental (0.7107, this review) and seawater (0.709169,
McArthur et al., 2001) components. The calculation also as-
sumes that the ratio of global bedrock age weighted according

100
400

200

to bedrock area (presently 445 Myr for the sum of 16 out of 19
Graham regions) to the average age weighted according to Sr
flux (presently 331 Myr) has remained constant; b) Neody-
mium isotope record of seawater (values from Keto and
Jacobsen, 1988, stippled lines are based on upper and lower
Nd isotope estimates) inverted for globally averaged bedrock
age according to the present-day correlation between the Nd
isotope composition of continental runoff, averaged for large-
scale drainage regions, and average bedrock ages of such re-
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Average bedrock age (Myr)

100

gions; c¢) Average bedrock ages for the paleogeologic re-
constructions by Ronov and coworkers (Ronov, 1989, 1993).
Bedrock ages are calculated by partitioning the area abun-
dances of Ronov's lithologic units (values from Bluth and
Kump, 1991, Table 4) for each time interval into three litho-
types (sedimentary rocks, extrusive volcanic rocks, en-
dogenous rocks) for which global bedrock ages have been
determined (Peucker-Ehrenbrink and Miller, 2007b). Bedrock
ages of the lithotypes are based on an exponential age model
rather than geometric means of upper and lower limits of
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rectangular age distributions. This yields averages of 201 Myr
for sedimentary rocks, 283 Myr for extrusive volcanic rocks,
and 1375 Myr for endogenous rocks. For endogenous bedrock
(y) we adjusts the average age for each time period by sub-
tracting the stratigraphic age of that period (x) from the pre-
sent-day average endogenous bedrock age, i.e., y = 1375 — x
(Myr). In contrast, we keep the bedrock ages of sedimentary
rocks and extrusive volcanic rocks unchanged, thus allowing
for formation and recycling of the latter two lithologic units,

0 100 200 300 400 500 600

Stratigraphic age (Myr)

but not the endogenous bedrock. Without this correction the
average bedrock age of the Earth's surface were ~250 Myr
older in the early Phanerozoic when the correction is largest;
d) Average bedrock ages based on Nd isotope values of North
American clastic sediments (Andersen and Samson, 1995;

Bock et al., 1996; Boghossian et al., 1996; Dickinson et al., 2003; Garzione et al., 1997; Gleason et al., 1994, 1995; Patchett and Gehrels, 1998; Patchett and Gehrels,
1998; Patchett et al., 1999a, 1999b, 2004; Ross et al., 2005), inverted using the present-day relationship between clastic sediments derived from large-scale drainage
regions and average bedrock ages of such regions (Peucker-Ehrenbrink et al., 2010). Some data points with negative bedrock ages and a few data points with ages

exceeding 900 Myr are not shown.
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consistent with the apparent decrease in exposed Precambrian shield
area during the Paleozoic and early Mesozoic (Ronov, 1989; Bluth and
Kump, 1991). The most recent aging trend is likely caused by exposure
of older bedrock due to the combined effects of orogeneses and gla-
ciations.

The first-order feature of an asymmetric trough is decorated with
second-order (< 50 Myr) fluctuations. Periods of rapid apparent re-
juvenation of continental drainage may represent rapid steepening of
regional age-%Sr/%°Sr slopes during regional metamorphism, or can-
nibalistic recycling of older sediments during mountain building; both
processes lead to younger bedrock ages. Periods of rapid apparent aging
of continental bedrock can be caused by regional uplift, associated re-
moval of young sediments and exposure of older bedrock, or by
amagmatic crustal extension and exposure of lower crustal meta-
morphic rocks in core complexes (Buck, 1991). Alternatively, apparent
bedrock aging may reflect glacial denudation of shield cover and ex-
posure of Precambrian shields (Armstrong, 1971). Changes in the
submarine release of unradiogenic Sr at spreading ridges or during the
emplacement of large igneous provinces may have contributed to
second- and third-order variations (see Figs. 1 and 2). For instance, Kent
and Muttoni (2008) argue that the northward movement of the Indian
subcontinent after the eruption of the Deccan Traps transited the humid
tropics during the Eocene and early Oligocene, thereby contributing to
enhanced supply of less radiogenic Sr to the oceans. Several deviations
to younger bedrock ages (that is, less radiogenic Sr) that are linked to
inflections in the 3”Sr/®6Sr record appear to be correlated mostly with
subaerial, rather than submarine, volcanic eruptions that have changed
continental drainage lithology (McArthur et al., 2001). Temporal trends
in Tyexsr can also be caused by paleogeographic reorganization, changes
in total land area and related changes in regional or global hydrology.
For example, very little dissolved Sr currently reaches the ocean from
the relatively old bedrock exposed in Australia. Most importantly, it
seems overly simplistic to link increasing 87Sr/5°Sr values of seawater
to increases in the continental flux of Sr, or — by extension — to more
intense continental weathering.

6. Supporting evidence

The validity of the proposed record of paleo-bedrock ages can be
compared to at least three independent records of continental evolu-
tion: the neodymium isotope composition of seawater (Keto and
Jacobsen, 1988), the evolution of detrital source areas on the North
American continent (e.g. Patchett et al., 1999a, 1999b), and global
paleogeologic reconstructions (Ronov, 1989; Bluth and Kump, 1991;
Cao et al., 2017).

6.1. The neodymium isotope record of seawater

Few attempts have been made to estimate regionally or globally
averaged enq of paleo-seawater, and results are uncertain owing to the
scarcity of data and knowledge of the paleogeography of ocean basins
(e.g., Hooker et al., 1981; Keto and Jacobsen, 1988). Keto and Jacobsen
(1988) propose a record of globally averaged Nd isotope composition of
seawater for the past 800 Myr. This record is based on only ~80 Nd
isotope analyses. Data density is quite high for the past 100 Myr, but
very low (6) for the period 600-800 Ma, leading to variable confidence
with which the record is known. Since this pioneering study no further
attempt has been made to update this pioneering reconstruction with
the wealth of new Nd isotope data for modern (van der Flierdt et al.,
2016) and paleo-seawater. A new attempt at a global integration would
provide a valuable perspective of continental weathering processes,
because neodymium in seawater is almost exclusively of continental
origin (Michard et al., 1983; Tachikawa et al., 2003; Peucker-
Ehrenbrink et al., 2010).

The Phanerozoic marine eyq record (Keto and Jacobsen, 1988) can
be inverted to bedrock ages of continental drainage using the global

160
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correlation of bedrock age with detrital eyg (Fig. 4b in Peucker-
Ehrenbrink et al., 2010). For this inversion the Phanerozoic marine exg
record is corrected from the original Van Eysinga (1975) timescale to
the GTS2012 timescale (Gradstein et al., 2012). Then, the eng of pa-
leoseawater is inverted to bedrock age of the continental detrital source
(Tpg, in million years [Myr]) using the linear correlation that has been
established with present-day isotope values, Tpog = [—24 * 6]eng +
[83 + 64], (%= 0.65), using data from Peucker-Ehrenbrink et al.
(2010) and the linear least square fit of Reed (1992, 2010) with un-
certainties in both parameters.

In order to compare the record of paleo-seawater eyng that is based
on age-corrected isotope values (eng[T] of Keto and Jacobsen, 1988)
with modern data (eng[0]), we assume — as we did for the correlation
between the riverine 8 Sr/%°Sr composition and bedrock ages — that the
slope of the global correlation has not significantly changed over time.

We argue that this inversion yields the mean bedrock age of the
continental drainage that contributes detrital — and by inference dis-
solved — Nd to seawater (Fig. 12b). The results therefore do not have to
agree with those derived from dissolved 8”Sr/%6Sr that are influenced by
different lithologies and processes. The Nd-based paleorecord shows a
first order increase in the mean bedrock age from ~240 Myr at 800 Ma
to ~450 Myr at ~470 Ma. This increase is followed by a general re-
juvenation of global bedrock to ~200Myr in the Jurassic to early
Cretaceous. Since then, T},q seems to have increased again slightly to a
present-day value of ~230 Myr. This value is slightly younger than the
mean bedrock age of 313 Myr of drainage areas that presently con-
tribute to the detrital Nd load to the oceans. Large but poorly docu-
mented oscillations in T,q with periods of 50-100 Myr indicate that
second-order processes affect the composition of the continental drai-
nage that govern to the delivery of detrital Nd to seawater. The ob-
served variations in Tyq are equivalent to changing proportions in the
exposure and erosion of old endogenous relative to young volcanic and
sedimentary bedrock.

6.2. Phanerozoic paleogeologic reconstructions

The seawater Sr and Nd isotope evidence can be compared with the
only attempt at reconstructing lithologic maps of the global continental
surface throughout the Phanerozoic (Ronov, 1989, and references
therein; Bluth and Kump, 1991). This record is of low temporal re-
solution and thus does not show fluctuations on time scales < 30 Myr.
Events such as the emplacement of large igneous provinces (Figs. 1 and
2) that can affect the marine Sr isotope record are therefore not regis-
tered immediately in this record. Bluth and Kump (1991, Table 4) have
quantitatively evaluated paleogeologic maps (Ronov, 1989) in an at-
tempt to assess changes in bedrock lithology during the Phanerozoic. In
order to invert this record of paleogeology to bedrock age it is necessary
to combine Ronov's (1989) six sedimentary subunits — coal, shale,
evaporite, chert, sandstone and carbonate — into a single sedimentary
bedrock unit for which global bedrock age data exist. Paleo-re-
constructions of bedrock areas covered by “volcanic rocks” and “shield
rocks” (Ronov, 1989; Bluth and Kump, 1991) can be compared to re-
spective digital data on “volcanic bedrock” and “endogenous (igneous
and metamorphic) bedrock” that are delineated in the global GIS-based
bedrock map (Commission for the Geologic Map of the World, 2000;
Peucker-Ehrenbrink and Miller, 2007b). In the future, this analysis
could be refined by combining global stratigraphic maps used in this
study with the Global Lithologic Map (GliM; Hartman and Moosdorf,
2012). In contrast to endogenous bedrock (1375 = 185 Myr, 10, ex-
ponential age model), sedimentary (201 = 38 Myr, 10) and volcanic
bedrock (283 = 48 Myr, 10) have young mean ages that reflect their
formation near the Earth's surface (Wilkinson et al., 2009) where ero-
sion and cannibalistic recycling cause rapid turnover. The relative
spatial abundances of sedimentary, extrusive, and endogenous bedrock
together with their mean bedrock ages are used to compute the mean
age of continental bedrock for each time point (stratigraphic age) of
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Ronov's paleo-reconstruction (Fig. 12c). These simplifications allow
inverting temporal variations in the relative abundance of bedrock
lithologies to bedrock ages. The good agreement between the first-order
features of the paleogeology and the 7Sr/%¢Sr inversions (Fig. 12) in-
stills confidence in the general validity of paleogeologic reconstructions
for the Phanerozoic (Ronov, 1989; Bluth and Kump, 1991; Gibbs et al.,
1999).

The nearly monotonous increase in the inferred mean bedrock age
of the continental crust from ~300 Myr at present to ~575 Myr in the
early Phanerozoic mainly reflects the greater abundance of “shield
rocks” in the paleolithologic reconstructions (Ronov, 1989; Bluth and
Kump, 1991). As discussed by Bluth and Kump (1991), this greater
abundance may reflect the dearth of deposition in the interiors of South
America and Africa during the Paleozoic. Consequently, those con-
tinental interiors are delineated as “pre-Riphean” shield exposure on
the paleolitholigic maps of the Paleozoic. Intensification of deposition
throughout the Mesozoic and Cenozoic led to progressive loss of shield
exposure. However, Bluth and Kump (1991) could not rule out the
possibility that the greater exposure of pre-Riphean shields in the Pa-
leozoic results from a procedural artefact in the computation of litho-
logic abundances, because “shield rock” is the assumed lithology once
all overburden has been stripped. In addition, shield cover that once
existed but had subsequently been eroded cannot be reconstructed with
their procedure. It is thus likely that some of the “shield rock” deli-
neated in their maps was instead covered by Phanerozoic volcanic or
sedimentary sequences. However, the interpretation that some fraction
of the greater exposure of shield rocks in the Paleozoic is real finds
support in the global Nd isotope evolution of seawater and the record of
detrital sediment sources on the North American continent.

Interestingly, Cao et al. (2017, their Fig. 4) in their reconstruction of
globally integrated continental arcs lengths found a trend towards in-
creasing arc length starting ~300-350 Ma. A trend towards shorter
global arc lengths started between 70 Ma and 100 Ma and continues into
the present. The broad peak in global arc length generally correlates with
the abundance of global detrital zircon ages that peak in abundance
between ~70-170 Ma. Today, continental arcs are significant sources of
unradiogenic Sr to seawater (Fiege et al., 2009). We posit that the co-
incidence between continental arc length, our inferred younger bedrock
ages for the continental drainage that delivers Sr to the ocean, and the
less radiogenic composition of seawater strontium create a coherent
picture of continental drainage evolution in the Phanerozoic.

6.3. Temporal changes in the continental source areas of detrital matter

The Nd isotope compositions of detrital sediments from North
American provide an independent, though regional, estimate of the
composition and age structure of the respective source regions of det-
rital matter over time (e.g., Patchett et al., 1999a). Source areas of
detrital matter to the oceans do not have to coincide with those of
dissolved inputs to seawater. Therefore, direct comparison of geo-
chemical information extracted from detrital archives with proxies for
dissolved inputs is fraught with ambiguity. The above mentioned 74
million offset in bedrock ages between areas delivering detrital vs.
dissolved material to the ocean is just one example of this bias. The
realization that records of dissolved and detrital inputs to the oceans do
not need to correspond led Berner and coworkers to abandon the
GEOCARB II parameterization of weathering intensity — or more pre-
cisely the weathering-uplift factor fr(t) — by means of the marine
87Sr/86Sr record in favor of a direct measure of detrital inputs to the
oceans (Wold and Hay, 1990; Ronov, 1993) in the GEOCARB III model
(Berner and Kothavala, 2001). This sentiment was recently reiterated in
a comparison of the seawater ®7Sr/%6Sr record with a Phanerozoic
compilation of Hf isotope compositions of detrital zircons that con-
cludes that the marine 87Sr/%®Sr record is not a good proxy for con-
tinental weathering intensity (Bataille et al., 2017). Fig. 12d displays
bedrock ages based on 537 Nd isotope analyses of detrital sediments
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from North America (DePaolo, 1981; Patchett and Gehrels, 1998;
Patchett et al., 1999a, 2004; Gleason et al., 1994, 1995; Boghossian
et al., 1996; Garzione et al., 1997; Bock et al., 1996; Andersen and
Samson, 1995; Dickinson et al., 2003; Ross et al., 2005). The Nd isotope
compositions of suspended matter in the Fraser River in conjunction
with the respective bedrock ages of the Fraser River and its tributary
drainage basins allow us to relate Nd model ages of modern river sus-
pended loads to the bedrock age of their drainage basins. This re-
lationship can be used to invert the record of sediment Nd model ages
from North America to calculate bedrock ages of the respective drai-
nage regions as shown in Fig. 12d. The record shows a trend towards
younger model ages of detrital sediments during the Paleozoic followed
by constant values during the Mesozoic. Values for the last 100 Myr
scatter considerably due to incomplete homogenization of the young
detritus that is mainly derived from the still evolving Cordilleran source
(Patchett et al., 1999a). We emphasize that this record is not yet global,
though such an attempt seems warranted. A complementory worldwide
record of Hf model ages using U-Pb-dated zircons is broadly consistent
with this interpretation, provided that the increasing contribution of
new crust relative to the existing continental crust from ~500 Ma to
~200Ma that was followed by a reversal during the last 200 Ma
(Dhuime et al., 2012, Fig. 2A) resulted in increased surface exposure of
young crust during the Paleozoic and early Mesozoic.

7. Conclusions and perspectives

The seawater 37Sr/%Sr record reflects the combined effects of the
yet to be quantified history of the submarine hydrothermal Sr flux to
seawater and the evolution of continental drainage biased towards Sr-
rich, easily weatherable lithologies such as limestone. Despite this bias
the seawater 87Sr/%6Sr record is currently the best available radiogenic
marine isotope record for making inferences about the changing li-
thologic composition and bedrock age structure of the continental
drainage. The '870s/'®80s record of seawater has not been re-
constructed for most of the Phanerozoic, but may eventually yield in-
sights into the exposure of osmium-rich lithologies such as ultramafic
rocks and sedimentary rocks rich in organic matter (Peucker-
Ehrenbrink and Ravizza, 2001, 2012). Seawater is heterogenous with
respect to neodymium, hafnium and lead isotopes. Their seawater re-
cords therefore require regional averaging before globally relevant in-
formation can be extracted. An attempt to reconstruct the globally
averaged Nd isotope record of seawater is suggestive of a transition
from no crustal growth to net crustal growth about 450 Myr ago (Keto
and Jacobsen, 1988), consistent with Phanerozoic rejuvenation of
continental bedrock. A new attempt aimed at incorporating the wealth
of new Nd isotope data for seawater that are now available should be
made to update the 30year old assessment of Keto and Jacobsen
(1988). Combined, these radiogenic marine isotope records will provide
new insights into past bedrock geology of the continental drainage that
are needed for models of past ocean and atmospheric chemistry.

The most important unresolved issue that affects further refine-
ments of the modern riverine Sr budget is the claim by Rahaman et al.
(2011) that the 87Sr/%6Sr of the Ganges River has increased over the
past 5 kyr from ~0.715 to the present values of 0.73-0.74, a significant
change that is not seen in the geochemistry of the suspended particulate
load of the river (Galy et al., 2010). If the soil carbonates from the
Gangetic floodplain that Rahaman et al. (2011) analyzed faithfully re-
present the isotope composition of the Ganges River, and assuming the
Sr flux of the Ganges River has not changed, the change in 87Sr/®Sr
would have caused a recent increase in the 87Sr/%Sr of the drainage
region Arabia-India-SE Asia from 0.7140 to 0.7152, and the global
riverine 8”Sr/%Sr by 0.00014 units (from 0.71093 to 0.71106).

With the exception of tributaries to the Fraser and Mississippi rivers,
the wealth of data from smaller rivers and streams that do not drain
directly into the ocean has not been utilized for this review. Examples of
such datasets are the detailed studies of the hydrochemistry of the
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Amazon (Allegre et al., 1996; Santos et al., 2015), Orinoco (Edmond
et al., 1995, 1996; Stallard and Edmond, 1983), several of the large
Russian Arctic rivers (Huh et al., 1998; Huh and Edmond, 1999;
Mavromatis et al., 2016), Rhine (Buhl et al., 1991), Danube (Pavellek
et al., 2002), Connecticut (Douglas et al., 2002), Garonne (Semhi et al.,
2000), Orange (de Villiers et al., 2000), Ganges (Galy et al., 1999;
Bickle et al., 2005; Tripathy et al., 2010), Congo (Negrel and Dupre,
1993; Allegre et al., 1996) and Yangtze (Noh et al., 2009; Luo et al.,
2014) rivers. However, such data has been used at the regional scale to
calibrate models of the isotopic composition of runoff that are based on
bedrock lithology for the conterminous United States of America
(Bataille and Bowen, 2012) and Alaska (Bataille et al., 2014).

Technological advances, specifically laser ablation (LA) 87Sr/%°Sr
analysis by multi-collector inductively coupled plasma mass spectro-
metry (MC-ICPMS), have opened the door to a new source of riverine
87Sr/86Sr data from biominerals formed by aquatic organisms (fish
otoliths, scales, spines, fin rays, freshwater bivalves; e.g. Pouilly et al.,
2014; Willmes et al., 2016) that complement traditional isotope ana-
lyses on corresponding waters. Such LA-MC-ICPMS data has not been
fully integrated into compilations of river biogeochemistry, in part
because of the difficulty of establishing dissolved Sr concentrations
from such measurements. However, LA-MC-ICPMS analyses make it
possible to reconstruct paleo-87Sr/%6Sr of systems affected by anthro-
pogenic modifications and river capture, and may help to reconstruct
the temporal evolution of dissolved 878r/%0Sr in, for instance, the
Ganges River. Such data close the loop to some of the earliest assess-
ments of the dissolved 8 Sr/%®Sr in natural waters that utilized biogenic
minerals (Gast, 1955; Faure et al., 1967) to extract sufficient Sr for mass
spectrometric analyses in an effort to overcome the laborious extraction
of sufficient quantities of Sr from natural waters.

Further refinement of our understanding of continental contribu-
tions to the marine 87Sr/%Sr record, particularly for the present (e.g.
Bataille et al., 2014) requires quantitative treatment of the distribution
of rainfall (climate), soil properties (e.g., formation of regolith), pro-
pensity to generate dissolved Sr, as well as geomorphology. However,
the accuracy and precision with which these additional parameters can
be reconstructed for the geologic past decrease with increasing geologic
age (e.g., Tardy et al., 1989; Gibbs et al., 1999; Donnadieu et al., 2006;
Godderis et al., 2014). For instance, Tardy et al. (1989) estimate that
continental runoff during the Phanerozoic has varied from
38,500 km®yr ! (Lower Jurassic) to values as high as 63,460 km® yr !
(Mid and Lower Cambrian), whereas Gibbs et al. (1999) constrain
variations in continental discharge over the past 240 million years to
33,500-74,100 km®yr 1. Variations in global annual runoff by less
than a factor of two is also consistent with results from the GEOCLIM
model (Donnadieu et al., 2006) that returns low runoff values
(23.5cm yr_l) for the Middle-Late Triassic and high values
(42.4 cm yr 1) for the Mid Cretaceous, findings that are consistent with
those of Godderis et al. (2014). Given the present-day relationships
between dissolved riverine Sr concentration and discharge (Fig. 5), a
factor a two change in discharge would have caused a change in the Sr
flux to the ocean by between a factor of 1.4 to 1.9, thus modulating the
required change in bedrock age (Tpexs:) to account for the observed
change in the 8 Sr/%°Sr of seawater. In spite of obvious simplifications,
the focus on bedrock age has the advantage of being testable against
paleo-reconstructions of bedrock lithology (Ronov, 1989; Bluth and
Kump, 1991).

In his insightful review of the seawater 3”Sr/%°Sr record Jan Veizer
(1989) summarized the challenge of interpreting this record that is
influenced by “at least four variables [...]; none of these [...] tightly
constrained at present and even less so in the geological past. With four
fluctuating and counteracting unknowns, a unique solution requires
prior quantification of the Phanerozoic variations for n — 1 variables, a
task beyond our present capabilities.” Despite progress in the inter-
vening three decades, we are still not able to solve this intriguing
puzzle, and likely will not be able to unless we develop reliable tracers
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for chemical mass transfer by submarine hydrothermal circulation in
the geologic past.
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