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Abstract we present an extensive investigation of a new erosion and weathering proxy derived from
the '°Be(meteoric)/°Be(stable) ratio in the Amazon River basin. This new proxy combines a radioactive
atmospheric flux tracer, meteoric cosmogenic '°Be, with °Be, a trace metal released by weathering. Results
show that meteoric '°Be concentrations (['°Be]) and '°Be/’Be ratios increase by >30% from the Andes to
the lowlands. We can calculate floodplain transfer times of 2-30 kyr from this increase. Intriguingly however,
the riverine exported flux of meteoric '°Be shows a deficit with respect to the atmospheric depositional '°Be
flux. Most likely, the actual area from which the '°Be flux is being delivered into the mainstream is smaller
than the basin-wide one. Despite this imbalance, denudation rates calculated from '°Be/°Be ratios from
bed load, suspended sediment, and water samples from Amazon Rivers agree within a factor of 2 with published
in situ '°Be denudation rates. Erosion rates calculated from meteoric ['°Be], measured from depth-integrated
suspended sediment samples, agree with denudation rates, suggesting that grain size-induced variations in
["°Be] are minimized when using such sampling material instead of bed load. In addition, the agreement
between erosion and denudation rates implies minor chemical weathering intensity in most Amazon tributaries.
Indeed, the Be-specific weathering intensity, calculated from mobilized “Be comprising reactive and dissolved
fractions that are released during weathering, is constant at approximately 40% of the total denudation from
the Andes across the lowlands to the Amazon mouth. Therefore, weathering in the Amazon floodplain is

not detected.

1. Introduction

In the last few decades, significant methodological advances have been made that now allow accurate
quantification of erosion and weathering rates over a range of temporal and spatial scales. This progress
was essential to quantify physical and chemical weathering fluxes to address problems related to soil
formation, sediment production, sediment source-to-sink relationships, and continental CO, consumption
via weathering. To maintain this progress, development of new means to quantitatively determine terrigenous
fluxes at the Earth’s surface is required. The isotope ratio of the cosmogenic meteoric nuclide '°Be to its stable
counterpart °Be is such a new method. The '°Be(meteoric)/’Be(stable) ratio allows one to simultaneously
determine erosion rates, denudation rates, and the degree of weathering [von Blanckenburg et al., 2012].
We test this approach in the large Amazon basin, in which independent estimates of denudation and erosion
rates are available.

Meteoric '°Be reaches the Earth surface by dry and wet deposition and readily binds to fine-grained particles.
Its concentration in non-eroding Earth surface deposits depends on their exposure time to fallout of this
nuclide, and its concentration in mobile detrital sediment depends on erosion rate. Brown [1987] was the first
one to recognize this and suggested to use meteoric '°Be in sediment as a measure of soil erosion rate when
compared to depositional meteoric fluxes (measured in rainwater). Based on this work, Brown et al. [1988]
and You et al. [1988] extended the spatial scale of analysis from local soil profiles to large watersheds.
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However, meteoric '°Be has variable retentivity in river sediment such that it can be significantly partitioned
into a dissolved phase at low pH, and its concentration is highly grain size dependent [Willenbring and von
Blanckenburg, 2010]. Normalizing to a stable reference isotope, such as °Be, can circumvent these issues such
that the resulting isotope ratio is not sensitive to differences in, for example, grain size [von Blanckenburg
et al,, 2012; Wittmann et al., 2012].

A conceptual framework for the meteoric system was recently presented by von Blanckenburg et al. [2012]
in the form of a set of steady state mass balance equations. The basis for this framework is that after '°Be
reaches the Earth surface, it mixes in soil solutions with °Be released by mineral weathering and is partly
incorporated into the “reactive” phase (adsorbed or coprecipitated into secondary solids). The '°Be/°Be
ratio of the dissolved load of soil or river water and of the reactive phase of soils and sediment is therefore
dependent on the flux of °Be released from minerals. Through sequential chemical extraction, these reac-
tive (reac) phases, comprising adsorbed Be and Be coprecipitated into amorphous and crystalline phases
such as Mn-Fe-(hydr-)-oxides, can be accessed and a ratio (“’Be/gBe)reac can be measured. The chemical
extraction technique developed by Tessier et al. [1979], Bourlés et al. [1989], and Brown et al. [1992] and
modified by Wittmann et al. [2012] for river sediment is suited to separate the different geochemical pools
of Be. Wittmann et al. [2012] showed that ('°Be/°Be),ec ratios obtained by this extraction technique are
independent of measured particle size. After leaching of the reactive Be components, the remaining sili-
cate residual constitutes a mineral-bound (min) °Be fraction, which in combination with the °Be concentra-
tion of the parent rock ([gBe]parem) can be used to assess the degree of mobilization of °Be from primary
minerals during chemical weathering [von Blanckenburg et al., 2012]. The average [9Be]parem is close to
2.5% 10 °g/g for most felsic crustal rocks [von Blanckenburg et al., 2012]. Thus, it is likely that at large spatial
scales such as the Amazon basin (~6 x 10°km?), the bedrock “Be concentration is close to this mean. From
these “Be quantities the “mobilized” °Be flux fraction, its knowledge being a prerequisite to the determination
of denudation rates, can be calculated. Lastly, what is needed for the application of the framework is knowledge
of the flux of meteoric '°Be that is delivered to the Earth’s surface by dry and wet deposition. In the large
Amazon basin, regional inaccuracies in meteoric deposition models [Ouimet et al., 2015] are most likely aver-
aged out. We thus derive large-scale meteoric deposition rates from a combination of a model for the simula-
tion of cosmic ray particle interactions with the Earth’s atmosphere [Masarik and Beer, 1999] with the “fifth
generation European Centre (ECHAM5)” general atmospheric circulation model (GCM) that is coupled to the
aerosol model HAM [Heikkild et al., 2013a, 2013b]. Therefore, the combined system of (°Be/’Be),cac: [*Belparent
and [°Be]i, provides rates of total denudation, erosion, and degree of weathering for entire river basins when
measured in river water and sediment. The dissolved component of the '°Be/?Be ratio can also be used for
denudation rate estimates provided the dissolved Be equilibrates isotopically with reactive Be (and ignoring
a negligible mass-dependent isotope fractionation [von Blanckenburg et al., 2012]). We present a short summary
of the mathematical framework for this method in section 1.1.

Here we test this new and promising proxy to quantify Earth surface processes in the large Amazon basin for
all main tributaries (Table 1a). There recent work has provided kiloyear (kyr) time scale denudation rates and
sediment fluxes from cosmogenic '°Be produced in situ in quartz minerals from detrital river sediment [Wittmann
et al, 2011a]. Modern, gauging-derived sediment fluxes [Dunne et al., 1998; Guyot et al., 2005, 1996; Laraque et al.,
2005; Martinez et al., 2009; Meade et al., 1985; Wittmann et al., 2011a], discharge [Coe et al., 2002; Filizola et al., 2009;
Guyot, 1993; Moreira-Turcq et al., 2003], and water chemistry and pH values [Gaillardet et al., 1997; Moquet et al.,
2011] are also available. In addition, the first systematic study on the geochemistry of both °Be and '°Be was
carried out in the Amazon basin by Brown et al. [1992], who thoroughly investigated Be partitioning within
the dissolved, leachable, and particulate pools. We perform this test in the Amazon basin with the aim
(a) to evaluate the degree of °Be mobilization, (b) to explore whether the depositional flux of meteoric '°Be
is balanced with the sedimentary and dissolved flux out of the basin, such that the steady state of sediment trans-
port can be evaluated, and (c) to evaluate whether the 198e/°Be ratio has equilibrated between the dissolved and
the sedimentary reactive phase. The final aims are (d) to derive degrees of weathering as a function of geomorphic
setting and (e) to compare derived erosion and denudation rates with those from in situ cosmogenic '°Be.

1.1. Conceptual Framework

Following the terminology of von Blanckenburg et al. [2012], the concentration of [gBe]parent is partitioned
during weathering between the reactive, dissolved, and residual mineral-bound Be, called °Beresc, “Begiss,
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Table 1a. Sample and Basin Characteristics

Sample (ID as in Wittmann
et al. [2009, 2011a])

Type

Distance From
Source Areaa(km)

Latitude/

Basin River Setting Longitude(° UTM)

Be 1 (averageb)
Be-DSS

Be 1-W

Be 2-1,2-2°
Be 3

Be 4

Be 8

Be 10

Be 12

Md 15
Md-DSS

Md 15-W
OR 16

Be 17

Mar 18

Mad 19

Mad 20
GR19°

Pe 101

Pe 107

Man 2.4‘:I

Ir 1.75%

Ir-W

Par 0.9-2.2
Par-W

Obi (averageb)
Obi-DSS
Obi-W

Mad 0.3-1.8%
Mad-DSS
Mad-W1,2°
Cb 2 (averageb)
Cb3

Cb 5

Cb 6

Br 2

Br 3

Br 4

Br7 (averageb)
Ne 0.6
Ne-W

Bed load

Suspended sediment

Upper Madeira Beni trunk Bolivian Andes —14.5273/—67.4969 0
Suspended sediment depth profile (1.5 m to 4.5 m depth); location and basin characteristics similar to Be 1

River water Location and basin characteristics similar to Be 1
Bed load Upper Madeira Beni trunk Bolivian Andes —14.2844/—-67.4737 30
Bed load Upper Madeira Beni trunk Bolivian Andes —13.5713/—67.3533 110
Bed load Upper Madeira Beni trunk Bolivian Andes —13.1191/-67.1846 170
Bed load Upper Madeira Beni trunk Bolivian Andes —12.0777/—66.8819 290
Bed load Upper Madeira Beni trunk Bolivian Andes —11.5585/—66.6766 350
Bed load Upper Madeira Beni trunk Bolivian Andes —11.2125/-66.2488 400
Bed load Upper Madeira Madre de Dios Bolivian Andes —11.1123/-66.4159 415

Suspended sediment

Suspended sediment depth profile (surface to 7 m depth); location and basin characteristics similar to Md 15

River water Location and basin characteristics similar to Md 15
Bed load Upper Madeira Orthén Bolivian Andes —10.8200/—66.1100 450
Bed load Upper Madeira Beni trunk Bolivian Andes —10.5500/—65.6000 510
Bed load Marmoré/Madeira Mamoré Boliv. Andes/Braz. Shield —10.8078/—65.3458 560
Bed load Upper Madeira Madeira Boliv. Andes/Braz. Shield —10.2292/—65.2811 570
Bed load Upper Madeira Madeira Boliv. Andes/Braz. Shield —8.7703/—63.9092 800
Bed load Upper Madeira Grande Bolivian Andes —18.9091/—63.4095 0
Bed load Solimoés Soliméés Peruv.-Ecuad. Andes —3.5988/—73.1373 830
Bed load Solimoés Ucayali Peruv.-Ecuad. Andes —4.4794/—-73.4263 700
Bed load Amazon Amazon at Manacapuru Lowlands —3.3202/—60.5541 2630
Bed load Amazon Amazon at Iracema Lowlands —3.3288/—58.8287 2850
River water Location and basin characteristics similar to sample Ir 1.75
Bed load Amazon Amazon at Parintins Lowlands —3.4107/—58.7793 3090
River water Location and basin characteristics similar to Par 0.9
Bed load Amazon Amazon at Obidos Lowlands —1.9359/—55.4989 3150

Suspended sediment
River water

Bed load

Suspended sediment

Suspended sediment depth profile (surface to 55 m depth) —1.9348/—-55.5052
Location and basin characteristics similar to Obi
Lower Madeira Madeira Lowlands —3.4055/—58.7913 1800

Suspended sediment depth profile (surface to 12 m depth); location and basin characteristics similar to Mad 0.3-1.8

River water Location and basin characteristics similar to Mad 0.3-1.8
Bed load Upper Madeira Guaporé Brazilian Shield —13.4829/—-61.0446 0
Bed load Upper Madeira Aripuana Brazilian Shield —10.1696/—59.4661 0
Bed load Upper Tapajos Apiacas Brazilian Shield —9.9357/—-56.9372 0
Bed load Upper Tapajos Teles Pires Brazilian Shield —9.6391/—56.0191 0
Bed load Branco Branco Guyana Shield 1.8167/—61.0422 300
Bed load Branco Branco Guyana Shield 1.4099/—-61.2786 360
Bed load Branco Branco Guyana Shield 1.3015/—61.2993 400
Bed load Branco Branco Guyana Shield —0.3425/—61.8022 550
Bed load Negro Negro Guyana Shield —3.0755/—60.2261 1000

River water Location and basin characteristics similar to Ne 0.6

@Measured along the Beni or the Solimdés mainstem for all central Amazon samples.
hese data are taken from Wittmann et al. [2012] and denote averages when more than one sample or several grain sizes were measured.
“Be 2-2 denotes the replicate sample of Be 2-1.
Number denotes distance from left bank (in km) where sample was dredged from river bottom, e.g., “Par 0.9” was sampled 900 m from left bank in river

channel.

*Mad-W1 and Mad-W2 are analytical replicates from the same sample but processed by two different operators in different labs and measured at different AMS.

and °Bein, respectively. In combination with ['°Be]yeac OF ['°Bely;ss, We can derive the total denudation rate
D, which is the sum of erosion (E, the rate at which solid material is removed from Earth’s surface) plus
weathering (W, being the dissolved component).

1.1.1. Steady State of '°Be Fluxes

A requirement for using the framework presented by von Blanckenburg et al. [2012] and for calculating
erosion rates using meteoric '°Be in general is that the inputs of '°Be into a drainage basin balance the outputs.

The basin-wide atmospheric input of 10ge, J;ZEf, at/yr, reaching the basin’s surface area, is

JoBe — 3 Ay x FoBe (1)

atm met,i

1OBe

moe., at/m?/yr, is the meteoric flux of '°Be.

where Ay s m?, is the surface area of a given subbasin i and F
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WOBe
riv 7

The total meteoric flux of '°Be exported by the river system, J. B¢, at/yr, is the sum of the riverine solid reactive

(adsorbed and secondary solids) and dissolved fractions transported by the river, called J:\,B_'ieac and J:i,Bjiss,

respectively (both in at/yr),
J:?vBe = <J:i0vB_$eac +J:ioijiiss) X <1 - exp<‘m> (2)

where the right-hand term describes the basin-averaged radioactive decay of '%Be during sediment transfer
and storage with the decay constant 1 (5x 10~ 1/yr, Chmeleff et al. [2010] and Korschinek et al. [2010],
corresponding to a half-life of 1.39 Myr) and t the average sediment storage time.

By summing up the individual subbasins i JiBe s

7 Zriv
‘I:iOvBe = 27:1 [(A"WJ X Ei X [mBe] reac,i + Oi X [mBe] diss,i) x (1 - exp(_lm)))} (3)

where the subbasins i, having an area Ay, are characterized by their individual reactive and dissolved
concentrations [mBe]reacl,» in at/kgsolig and [mBe]diss,,- in at/Lyater, respectively, E; is the erosion rate in
kg/m?/yr, derived from in situ '°Be or modern sediment loads from gauging (Table 1b), Q; the basins
discharge in L/yr, and t(i) the sediment storage time in each subbasin. The decay term of equations (2) and (3)
becomes negligible for settings where the time scale of storage of sediment is short (e.g., such as the Andes)
compared to the half-life of '°Be. The balance of '°Be fluxes is attained if

Jaes =T @)
Consequently, the '°Be inventory of the basin is at steady state if J:?\,Be/Jzﬁf =1.
1.1.2. A Chemical Weathering Intensity Proxy Based on Stable °Be
A parent “Be is contained in bedrock (g/kgock) and is then during weathering partitioned into reactive and
dissolved °Be fractions ([°Belieac; 9/kUsotias aNd [°Belgisss 9/Lwater) that are carried along with sediment and
with discharge, respectively. Unlike '°Be, however, a fraction of lattice-bound °Be will remain in primary
minerals of soils and sediment ([°Belmin: 9/kdsoiia) during incongruent weathering. Only the mobilized flux

fraction of reactive and dissolved °Be, called <ng€ 4 fBe

reac diss), is available for mixing with '°Be in the weathering

zone [von Blanckenburg et al., 2012]. There are two independent means to determine (f:f:c + fzist). First,

(nge + fZBe> may be calculated from river fluxes. Following the formalism defined in von Blanckenburg

reac iss

g/yr, is the sum of the fluxes of riverine solid reactive JBe solid

riv /

et al. [2015], the total riverine ®Be flux J’B

riv 1
; °Be
residual J ;.5

. 9 .
and dissolved transport J,2¢ (all in g/yr):

9 9
Be __ /Be
‘Iriv - Jrivﬁreac

+JBe 4 jBe

riv_min riv_diss
- - 5)

= Al'iV X Ex ([9Be}reac + [9Be]min) +Qx [gBe}diss
For large rivers, individual subbasins i are summed up:
9 n
S =2 (ArivJ X Ej ([939] reaci + | Be] min,i) +Q; x[*Be] diss.i) ©)

Nondimensional °Be fluxes can be derived for each individual flux in equation (5) by dividing by the total
%Be flux J'Be:

riv

. JgBe
Be __ riv_reac
frone = e (7a)
riv
. JgBed
Be __ “riv_diss
fdiss - JQBe (7b)

riv
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Table 1b. Sample and Basin Characteristics Continued

In Situ-Derived In Situ-Derived Modern
Sample (ID as in Area of High- Water Basin-Wide Floodplain-Corrected Suspended Basin-Wide
Wittmann et al. Total Drainage Relief Source® Discharge Denudation Denudation Rate Sediment Load® Riverine Precipitation®?
[2009, 2011a]) Area (X 10* kmz) (x 10* km2) (m3/s) Ratec(mm/yr) (mm/yr) (x 10° t/yr) pH Valuef (mm/yr)
Be 1 (averageh) 6.75 6.75 2,050 0.375 + 0.063 0.375 +0.063 212 6.1-8.4
Be-DSS
Be 1-W
Be 2-1, 2-2' 7.30 6.75 2,050 0.68 £0.15 0.69+0.15 212
Be 3 8.04 6.75 2,050 0.395 +0.052 0.454 £0.057 212
Be 4 9.29 6.75 2,050 0.156 £0.020 0.212 £0.025 212
Be 8 11.0 6.75 2,050 0.250 £0.036 0.404 £0.051 212 1,725
Be 10 11.3 6.75 2,050 0.207 +£0.022 0.345 +0.032 212
Be 12 124 6.75 3,772 0.195 +£0.049 0.353 £0.084 122
Md 15 14.0 6.94 5,600 0.28+£0.13 0.28+0.13 71 52-73
Md-DSS
Md 15-W
OR 16 3.21 3.21 475 0.0332 + 0.0039 0.0332+0.0039 1.8 7.1-7.7
Be 17 304 6.75 9,780 0.168 £ 0.031 0.389 £ 0.069 191 63-74
Mar 18 59.9 12.3 8,400 0.084 +0.025 0.189 £ 0.058 66 5.8-8.6
Mad 19 88.2 26.0 18,520 0.116 £0.017 0.263 £0.038 148’
Mad 20 954 26.0 19,360 0.129+0.014 0.300 +0.035 230
GR19" 5.98 5.98 360 0.625 + 0.090 0.630 + 0.090 138
Pe 101 733 733 30,150 0.147 £0.015 0.204 £0.021 413 6.7-8.0
Pe 107 36.0 36.0 12,090 0.260 + 0.029 0.337 +£0.036 205 6.8-7.4
Man 2.4k 227 50.0 98,970 0.098 £0.010 0.241 £0.025 569 6.9-7.6 2,900
Ir 1.75k 315 62.8 0.0863 + 0.0093 0.243 +£0.026 785 6.8
Ir-W
Par 0.9—2.2k 474 62.8 88,695 0.0784 +0.0082 0.211£0.022 785 6.8
Par-w
Obi (averageh) 509 62.8 169,480 0.0680 + 0.0059 0.197 £0.020 939 6.9
Obi-DSS
Obi-W
Mad 0.3-1 .8k 144 28.2 31,200 0.089+0.010 0.206 +0.023 433 6.8 1,940
Mad-DSS
Mad-w1,2'
Cb 2 (averageh) 11.0 11.0 915 0.0274 +0.0033 0.0274 +0.0033 53-73
Cb 3 2.01 2.01 3,400 0.0110+0.0013 0.0110+0.0013
Cb 5 1.22 1.22 0.01510 + 0.00095 0.0151 +0.0009
Cb6 9.37 9.37 1,178 0.0251 £ 0.0024 0.0251 + 0.0024
Br 2 14.7 14.7 2,865 0.00992 + 0.00073 0.01200 + 0.00082 33" 6.4-7.0
Br3 149 149 2,865 0.00992 + 0.00073 0.01200 + 0.00082 33™ 6.4-7.0
Br 4 15.1 15.1 2,865 0.01112+0.00079 0.01200 + 0.00082 33™M 6.4-7.0
Br7 (averageh) 211 211 3,350 0.0108 +0.0010 0.01200 + 0.00082 33™ 6.4-7.0
Ne 0.6 83.2 83.2 28,400 0.0438 + 0.0037 0.0438 + 0.0037 85 4.2-52 2,566

Ne-W

@Floodplain-corrected drainage area (i.e., excluding low-relief areas; see Wittmann et al. [2009, 2011a]).
Water discharge is from Guyot [1993], Coe et al. [2002], Moreira-Turcq et al. [2003], Filizola et al. [2009], and Moquet et al. [2011].
“Taken from Wittmann et al. [2009, 2011a]. Rates are basin-wide rates (no “floodplain correction” a%)lied).
Taken from Wittmann et al. [2009, 2011a]. Floodplain correction removes lowland contribution to ' ~Be production and thus derived rates are “sediment pro-
duction rates”; i.e., they measure the source-area derived erosion.
?For original data sources, we refer to the tables of Wittmann et al. [2009, 2011a].
Riverine pH values from Gaillardet et al. [1997], Maurice et al. [1999], Moquet et al. [2011], Allard et al. [2002], Moreira-Turcq et al. [2003], and Silva et al. [2006].
9Basin-wide precipitation is from Espinoza Villar et al. [2009] and Moreira-Turcq et al. [2003].
These data are taken from Wittmann et al. [2012] and denote averages when more than one sample or several grain sizes were measured.
'Be 2-2 denotes the replicate sample of Be 2-1.
JkAverage from Mad 18 and Mad 20.
Number denotes distance from left bank (in km) where sample was dredged from river bottom; e.g., “Par 0.9” was sampled 900 m from left bank in
river channel.
Mad-W1 and Mad-W2 are analytical replicates from the same sample but processed by two different operators in different labs and measured at different AMS.
"Value was measured by Moreira-Turcq et al. [2003] at the outlet of the Branco River.
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The fraction of °Be mobilized by the rivers’ sedimentary and water fluxes, (feac + faiss)fiuxes: iS

9 9
S eac F i Ay X E x[°Be x [°Bely
(Freac + fdiss)fluxes = et — = [ }reac +Q [ ]dlss (8)

Jle a Anv X E X ([9Be]reac + [gBe]min) +Qx [gBe]diss

riv

In some cases, information on solid and dissolved °Be fluxes is not available. Then, a second means to derive

(f:f:c + fZ?;) can then be used that is based on measured [°Be],eac and [*Belin in sediment (derived by

combining equations (9) and (12) in von Blanckenburg et al. [2012]):

1
(freac + faiss) min/reac — m
[7Be]eac

This method works best if the degree of weathering of the sediment is sufficiently high, i.e, when g/D x f:nBif1 <Ky

(as is equation (12) in von Blanckenburg et al. [2012]), where g (L/km?/yr) is the runoff (area-normalized water
discharge), and K, (L/kg) is the partition coefficient accounting for the distribution of Be between the reactive
and the dissolved phases that is highly pH dependent [Aldahan et al., 1999; Brown et al., 1992]. K; can be
calculated from the ratio of [Be],eac t0 [Bely;ss Or is available from the literature [e.g., You et al., 1989]. We must
bear in mind, however, that a bias might be contained in equation (9) as [°Bel,eac is potentially enriched over
[°Belmin in finer grain sizes by particle sorting [von Blanckenburg et al., 2012].

1.1.3. Erosion Rates Based on Meteoric '°Be

The following steady state mass balance equation allows the derivation of full erosion rates Epogejf (corrected

for retentivity, see below) and simplified (uncorrected for retentivity) Ejog) ' in kg/m?/yr, from ['°Belyeac and

reac

FB¢ [Brown et al., 1988; von Blanckenburg et al., 2012; Willenbring and von Blanckenburg, 2010]:

met

'IOBe q
_ met .
E[WOBe]fu” — [1OBe} eac Kd (1 O)
. Fple
E[woBe] = ﬁ (1m

reac

The second, right-hand term of equation (10) introduced by von Blanckenburg et al. [2012] represents the
correction for '°Be partitioning into the dissolved phase. Thus, this equation provides accurate erosion
rates only if g and K; are known over the residence time of Be in the weathering zone. The simplified
equation (11) (E[mBe]') (ignoring the g/K4 term in equation (10)) can be used in settings where retentivity
of "°Be is high in the solid phase [Brown et al., 1988; Willenbring and von Blanckenburg, 2010]. In these
settings '°Be is almost entirely sorbed onto particles or precipitated and is not significantly exported as
a solute. Such conditions are encountered in settings with low water discharge or high erosion rates, or
when pH >6 [von Blanckenburg et al., 2012]. Importantly, ['°Beleac also depends on grain size, as '°Be is
preferentially sorbed onto or is precipitated into fine particles [Shen et al., 2004; Willenbring and von
Blanckenburg, 2010; Wittmann et al., 2012]. Thus, derived erosion rates mostly depend on grain size, such
that the ['°Bel,eac measured in a given river sediment sample are not necessarily recording the “right,” or
representative, erosion rate.

1.1.4. Denudation Rates Based on ('°Be/’Be),eac and ('°Be/°Be)giss Ratios

Combining the two mass balance approaches for %8¢ and stable °Be results in (1°Be/’Be),eac and (1°Be/°Be)

diss ratios. These ratios are a function of denudation rate D, <f:f§c + fZ?SeS), and [QBe]parent. If fractional fluxes
(equations (8) or (9)) are known, a flux-based denudation rate D_METqyes, kg/m2/yr, can be calculated based

on equation (9) in von Blanckenburg et al. [2012]:

F“’Be
— met
D_METfluxes - (‘OBe) X[gBe] « (nge N nge> (12)
Be / reac/diss parent reac diss
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Figure 1. Study area and sampling locations. Bed load samples (using mainly the 30-40 um grain size fraction) are marked by black circles. Suspended sediments
were analyzed for four depth profiles (see text box “DSS”). 10ge analyses in river water are available at seven locations (see text box “W”).

Another approach to calculate denudation rates can be used if the °Be fluxes are not known. Solving equation (10)
in von Blanckenburg et al. [2012] for denudation rate D results in retentivity-corrected D_MET in/reacfunl that
incorporate the ratio of *Bep, over *Beye,c instead of using (freac + fdiss)fluxes:

FBe [°Be],.; q [°Be],
D_MET in/reac-full = 775 met X( min +1)77><7mln (13)
T (588) rencass X PBClparent  \"Belreac Ka  [PBelparent
If the following condition is met,
% x £8 < Kq (14)

the negative, right-hand term in equation (13) can be ignored, and a simplified equation (15) can be used to
10
szte [QBe]min +1

calculate simplified denudation rates (D_MET yin/reac):
10
(TB:) reac/diss x [gBe]parent ([gBe]reac )

Bias on this D_MET nin/reac’ is small in case of high retentivity for Be and low runoff g, and high degrees of

9Be
min

D_METmin/reac' = (15)

weathering such that f renc

«1or (nge + fZ'ffs) is high (see appendix in von Blanckenburg et al. [2012] for a

detailed assessment of this bias). Note that for a given K, these conditions are the same as those that hold
for simplifying equation (10).
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Table 2. Meteoric 10Be, 9Be, and 10Be/gBe Ratio Data for Bed Load Samplesa

Sample Weight for “Min”

and “Leach” Fractions Fraction Leach (Summed Am-Ox + X-Ox Extractions) Fraction Min (Silicate Residue)

Grain Size Initial Solid Initial Solid

Fraction of Sample Weight Sample Weight [9Be],eac [E’Be]reac

Bed Load (First °Be Batch)  (Second °Be ['%Bel eac (First Batch)  (Second Batch)  ('°Be/’Be)reac” "Belmin ®Belmin®
Sample (um) © Batch)®(@)  (x10* al/gsoia) (X 107° I/gsoti) (X107 ° gfgsoia) (107 (x10*at/geotia)  (x10”° 9/gsotia)
Be 1 (average) all NA = 753 £43 448 £ 22 450+ 16 243 +0.20 45+15 999 + 48
Be 2-1 30-40 0.5055 0.5885 619 £58 405+ 20 - 229+0.24 45+ 16 953 +46
Be 2-2 30-40 - - 541 44 374+ 19 399+ 14 2.09+0.21 - -
Be 3 30-40 0.5001 = 573 +40 372+19 = 2.31+0.20 = =
Be 4 30-40 0.4504 - 595 +44 430+ 21 - 2.07+0.18 2613 -
Be 8 30-40 0.5016 = 445 + 26 314+ 16 = 2.12+0.16 46+13 =
Be 10 30-40 0.5092 0.5170 510+ 35 338+17 35713 2.20+0.20 27+13 1,149 £ 56
Be 12 30-40 0.5034 - 547 + 89 358+ 18 - 2.29+0.39 37+£13 -
Md 15 30-40 0.5020 0.5149 760 £ 41 383+19 407 £ 14 2.88+0.23 36+ 13 1,052 +52
OR 16 30-40 0.4977 - 1,687 £75 25713 - 9.83 £ 0.66 232+24 -
Be 17 30-40 0.5020 0.5080 591 +40 320+ 16 33012 2.72+0.25 56+ 16 1,243 £ 60
Mar 18 30-40 0.5000 0.4762 858 + 46 30315 321 £11 412+0.33 9117 1,036 = 51
Mad 19 30-40 0.5001 - 775+ 45 386+ 19 - 3.01+0.23 65+16 -
Mad 20 30-40 0.5019 0.5340 1,193 +53 289+ 14 307 £ 11 5.99 + 0.45 31+12 1,024 £ 50
GR 19 30-40 1.2125 - 493 £ 34 523 +26 - 141£0.12 42+7 910+ 45
Pe 101 30-40 0.5047 0.5121 636 +42 235+12 259+10 3.85+0.35 59+ 16 919+ 45
Pe 107 30-40 0.5004 - 453 £ 36 197 £10 - 3.44+0.32 9120 -
Man 2.4 30-40 0.5000 - 1,292 + 69 242 +12 - 7.98 £0.59 252 +38 -
Ir 1.75 30-40 0.4963 - 2,530+ 115 441 £ 22 - 8.60 = 0.58 134+ 24 -
Par 0.9 30-40 0.5051 0.2176 2,710 =158 403 £20 358+ 14 10.67 £ 0.92 272 +28 941 £ 47
Par 1.2 30-62 0.5007 - 1,395 + 64 266+ 13 - 7.84+0.53 135+ 20 -
Par 1.6 30-40 0.4496 0.5032 1,044 £ 53 277 £ 14 253+9 5.90+0.48 129+18 915+45
Par 2.2 30-40 0.4994 - 2,746 + 124 394 +20 - 10.42 +£0.70 283 + 31 -
Obi (average) all NA = 1,479 £ 63 30515 246+ 9 7.08 £0.51 141+ 16 661 +33
Mad 0.3 30-40 = 0.5375 2,389+ 84 642 + 32 657 +23 5.51+0.39 = 1,332+ 65
Mad 0.5 30-62 0.5003 0.5539 1,057 £ 53 320+ 16 333+£12 4.85+0.38 76+ 18 1,524 +72
Mad 1.8 30-40 - - 7,038 £ 247 1,140 £ 57 - 9.24 £ 0.56 - -
Cb 2 (average) all NA - 10,880 + 353 269+ 13 368 + 14 525+38 247 +£27 559 +28
Cb3 30-40 - 0.5089 19,670 £ 590 838+ 42 850+ 35 349+25 - 919+ 45
Cb 5 30-62 = 0.5210 6,152 £ 185 220+ 11 209+8 429+3.0 = 794 + 39
Cb 6 30-62 - 0.5536 12,400 + 361 403 £20 409+ 15 444+ 3.1 - 913+45
Br 2 90-125 = = 2,440 +122 156.7£7.8 = 233%16 = =
Br3 125-250 0.9880 - 963 + 54 70.7 £3.5 - 204+1.5 156+ 13 129.6 £ 6.5
Br 4 125-250 - - 1,499 + 65 102.5+5.1 - 219+14 - -
Br 7 (average) all NA - 1,393 + 64 748 £3.8 - 328+27 952 +55 752 +£37
Ne 0.6 125-250 1.1458 - 399+ 24 573+29 - 10.41 +£0.83 106 =10 200+ 10

¥NA = Not applicable; all uncertainties denote 15 analytical uncertainties. For stable 9Be measurements using ICP-OES, a 5% uncertainty is given that represents

long-term repeatabqu. For
tions. All bed load

Be measurements, a blank ratio of 2.51+ 1.2 x 107" (n=11) was substracted, and the error was propagated into '~ Be concentra-
Be data were measured at ETH Zurich; if measured before April 2010 (using the S555 standard with a nominal value of 95.5x 10 ),

concentrations were corrected for the new standard (S555N, nominal value of 87.1 x 10712) according to the new 08¢ half-life [see Kubik and Christl, 2010].
A second sample batch with newly weighed samples was processed repeating all steps to check consistency of the extraction procedure.
“Ratios were calculated using a ~Be concentration averaged from first and second batches where possible.
Most values obtained during second batch.

These denudation and erosion rates are presented in units of kg/m?/yr. To compare them to D derived from
in situ "°Be (D_insitu) that are commonly presented in units of m/yr, we use a bedrock density of 2600 kg/m3
for conversion.

2. Study Area, Samples, and Previous Work Using In Situ '°Be in the Amazon Basin
2.1. Study Area and Sampling

The Amazon basin has three distinct geomorphic parts (Figure 1): (1) the Andean range characterized by
rapid erosion on steep slopes drained by rivers having high suspended sediment loads, low organic matter

contents, and pH values of 6-7 [Gaillardet et al., 1997] and (2) the slowly eroding, tectonically quiescent
tropical Guyana and Brazilian Shields that feature subdued mountains covered with thick lateritic soils.
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These regions are drained by rivers with high dissolved humic concentrations (causing low pH values near 4),
and low suspended sediment yields [Edmond et al., 1995; Sioli, 1968]. (3) The central Amazon lowlands are
characterized by seasonally inundated relatively flat floodplains. Mean water discharge, riverine pH values,
and mean annual rainfall for sampled rivers and basins are given in Tables 1a and 1b.

From these different climatic and geomorphic zones, we characterized the water and sediment pools of Be
(Figure 1). The chemical composition of river sediment differs with grain size [Bouchez et al., 2011a]. This is in par-
ticular the case for ['°Bel,eac [Wittmann et al, 2012]. Therefore, it is necessary to sample a representative range of
grain sizes transported by a given river, from coarse bed load to fine suspended sediment transported near the
water surface. We sampled a total of 30 coarse-grained bed load samples distributed among river basins of all
three geomorphic zones (Table 1a) that were mainly dredged from channel bottoms. Note that the coarse frac-
tion (>125 um) of the same bed load samples was used by Wittmann et al. [2009, 2011a] for in situ '°Be analysis
whereas here we mainly used the 30-40 um grain size fraction (Table 2). Further, we sampled suspended sedi-
ment depth profiles (termed DSS hereafter) in two major Andean rivers (Beni, Madre de Dios) and two depth pro-
files in the lower Madeira and the main Amazon at Obidos that provide a range of grain sizes from fine particles
near the channel surface to coarser particles near the channel bottom (see Table 3 for sampling depths). Water
samples were taken from the main rivers draining the Andes (Beni, Madre de Dios) and the lowlands (Amazon at
various places, lower Madeira) as well as from the Negro near its confluence with the Amazon, a river that drains
the Guyana Shield. Detailed sampling information is given in section S1 in the supporting information.

2.2. Summary of Previous Findings Using In Situ '°Be and 2°Al/'°Be Ratios in the Amazon Basin

Using the sand-sized bed load fraction of the same samples used here, Wittmann et al. [2009, 2011a] measured
in situ '°Be and Wittmann et al. [2011b] measured 2°Al/'°Be ratios in the Amazon basin. This ratio is sensitive to
sediment storage and burial from the relative decay of in situ-produced %Al to the slower decaying '°Be. The
main findings of these studies were that the distinct denudation rates of a given source area (Andes versus
cratonic shields) are preserved in in situ '°Be nuclide concentrations measured in different bed load grain size
fractions in downstream lowland reaches.

Fine sand-sized sediment (mostly 125-250 um) preserves low Andean in situ 98¢ nuclide concentrations that
are uniform from the Andean source down to Obidos in the lowlands. These low in situ nuclide concentrations
are equivalent to high Andean denudation rates of approximately 0.35 mm/yr that contribute the major por-
tions of sediment to the lowlands. Coarse-sized sand (500 to 800 um) preserves higher in situ '°Be concentra-
tions eroded from the cratonic shields that today do not contribute much sediment to the lower reaches but
may have done so in, for example, Pleistocene times [Latrubesse, 2015]. Low 26A1/1%Be ratios measured indicate
previous burial for several million years of mainly shield-derived coarser sediment. A burial end-member that is
tapped during avulsions shows burial ages of >3 Myr stored at depths of 10-20 m that is now incorporated into
lowland floodplains, whereas 2°Al/'°Be ratios in Andean-derived fine-grained sandy sediment are compatible
with a range from minor (<0.5 Myr) burial durations to the complete absence of burial.

If the denudation rate of the entire Amazon basin including the lowlands is to be determined, a floodplain-
uncorrected denudation rate, termed “D_insitu” is calculated. Such a rate is based on the assumption that the
entire basin provides sediment, and hence, the in situ cosmogenic nuclide production rate is scaled, as a
function of altitude and latitude, for the entire basin. If, however, the assumption is that the lowlands do
not produce any additional sediment and merely serve as a transfer route of sediment-produced upstream,
the in situ "°Be cosmogenic nuclide production rate is scaled for the Andes, excluding the low-altitude
floodplain portion. In that case a “floodplain-corrected” denudation rate, termed “D_insitugp” here, can be
calculated. This approach is justified if the concentrations of in situ-produced nuclides do not change in
the lowlands (due to, for example, long-term storage and burial), such that they reflect those set in the
eroding uplands. In this case, a mean sediment production rate of an entire mountain belt can be determined
from samples collected downstream. An advantage of this large-basin approach is that it averages out the
large variability present in denudation rates from small source area basins by riverine mixing [Wittmann
et al.,, 2009]. Due to the averaging time scale of the in situ method, these Andean sediment production rates
are estimated at over approximately 1 to 5 kyr, depending on denudation rate [von Blanckenburg, 2005].

The kiloyear-scale sediment budget estimated from these in situ-derived denudation rates shows that
the Andes contribute most of the sediment to the Amazon mouth. As the lowland area does not contribute
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Table 4. Meteoric 10Be, 9Be, and 10Be/gBe Ratio Data for River Water Samples

Original Initial Water Weight for Initial Water Weight for [mBe]diSS [Q’Be]diSS (mBe/gBe)diSS

Sample® Sample Code 108 Analysis (water) Be Analysis (Qwater) (at/gwater) (x 10712 9/9water) (x 10710)
Be1 —Wb AM 01-14 549.3 69.21 156 £ 67 3.69 £0.02 63127
Md1 5—Wb AM 01-15 724.6 59.61 148 £ 60 4.59+0.02 48+20
Ir-WP AM 06/1-07 5733 66.60 1150 £ 144 19.39+0.10 89+1.1
Par—Wb AM 06/1-10 7334 64.23 1360 + 105 22.81+0.11 8.93+0.69
Obi—Wb AM 06-63 503.7 69.91 1020+ 154 20.20+0.10 7511
Mad-w1P AM 06/1-03 619.7 66.85 549 + 104 12.70 + 0.06 65+1.2
Mad-W2° AM 06/1-03 359.6 - 568 + 52 - 6.70% £0.61
Ne-W* AM 06/1-02 795.4 See Brown et al. 6220+ 232 21.72%£0.11 43+12

2All uncertainties denote 1o analytical uncertainties. For 108e measurements, a blank ratio of 1.75 + 0.07 x 10°"° (n=2) was subtracted, and error was propa-

gated into 98¢ concentration. All water '°Be data were measured at ETH Zurich, except Ne-W and Mad-W2 (Cologne AMS). Approximately equal volumes of water
were sampled at the same depths as suspended sediments and were composited to a final volume of 2 L, filtered using 0.22 um filter sheets, then acidified to a pH
of 1-2, and stored and refrigerated upon arrival in the lab.
Processed in 2012 and measured at ETH AMS.
“Processed in 2013 and measured at Cologne AMS, where Mad-W?2 is a replicate of Mad-W1 (processed in two different labs by two operators). Note that their
[ “Be] values agree within 1 ¢ analytical uncertainty.
Calculated using [gBe] of sample Mad-W1.
Value is from Brown et al. [1992].

substantial amounts of sediment, the main portion of erosion is captured when using floodplain-corrected
denudation rates (D_insitugp). When multiplying D_insitugp with the respective sediment-producing areas,
approximately 600 Mt/yr of sediment can be calculated to reach the sea, a number that compares well to a
mean of approximately 1000 Mt/yr from a modern, gauging-derived sediment budget [Wittmann et al.,
2011a]. The difference between these two estimates is attributed to differences in integration time scale
(kyr for in situ versus several years for gauging-derived fluxes, respectively).

3. Methods
3.1. Analytical Methods

Solid samples (bed load and suspended sediment from depth profiles) were weighed (Tables 2 and 3) and the
leaching procedure of Wittmann et al. [2012] was applied under clean lab conditions (see Wittmann et al.
[2012] for full procedure), yielding reactive fractions. Splits from these fractions were analyzed for stable
“Be concentrations by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and cosmogenic
1%Be concentrations by Accelerator Mass Spectrometry (AMS) after spiking with a °Be carrier and chromato-
graphic separation of pure Be. Water samples were separated into two samples, where one subsample was
used for sector field High-Resolution Inductively Coupled Plasma-Mass Spectrometry (HR-ICP-MS) for °Be
analysis and another was used for '°Be analysis by AMS after spiking with a °Be carrier and separation of
Be (Table 4). A FeCl; solution was added to the AMS sample portions to coprecipitate Be with ferric hydroxide
(an approach adapted from Jeandel [1993] and Frank et al. [2009] developed for ocean water). The full
analytical procedures are given in sections S2 and S3 in the supporting information; we also conducted Be
yield tests of the water precipitation method.

3.2. Basin-Wide Depositional '°Be Fluxes

The ECHAM5-GCM with the HAM aerosol module [Heikkild et al., 2013a, 2013b] describes atmospheric transport
and deposition of meteoric '°Be averaged over three 11 year solar cycles with a spatial resolution of 2.8° by 2.8°
and has a higher vertical resolution than the GISS-GCM [Field et al., 2006]. For an assessment of the climate-
induced differences in meteoric '°Be deposition over time, two published deposition model runs were combined
[Heikkild and von Blanckenburg, 2015]. A modern (“industrial”) model run of '°Be deposition, using present-day
atmospheric conditions and aerosol loading [Heikkild et al., 2013a], was combined with an early Holocene
(“preindustrial”) model run [Heikkild et al., 2013b], using preindustrial aerosol and greenhouse gas conditions.
For both models, the modern solar modulation constant ® of 501.76 MV [Heikkildi et al., 2013a] was rescaled
to an average Holocene ® of 280.94 MV derived from the average common production rate [Steinhilber et al.,
2012] that includes changes in ® and geomagnetic field changes. The modern and the preindustrial model
runs were combined by averaging [Heikkild and von Blanckenburg, 2015]. The average area-weighted global

WITTMANN ET AL. EROSION FROM METEORIC '°BE/°BE IN AMAZON 2508



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2015JF003581

Table 5. Depositional %8¢ Fluxes and '°Be Mass Balance®

F1%e Basin-Wide F1%: Depositional Flux J:isse J:iese & J:i.ﬁ

Depositional Flux® for Andean Area“ J;g?i (Gauging)d (In Situ)d J;gﬁe J;frff
Sample (x 10° at/cm?/yr) (x 10° at/cm?/yr) x10%%atyn  x10%%atyn  (x10%at/yn) (Gauging)® (In Situ)’
Be 1 (average) 2.10+£0.17 2.10 14.2 16.1 5.06 1.14+0.54 0.36+0.18
Be-DSS 2.10+0.17 2.10 14.2 38.5 12.0 27+13 0.85+0.42
Be 2-1 2.10+£0.17 2.10 153 13.2 761 0.86 £0.41 0.50+0.26
Be 2-2 2.10+0.17 2.10 153 11.6 6.66 0.76 £ 0.36 0.43+0.22
Be 3 2.10+£0.17 2.10 16.9 12.2 4.67 0.73+0.34 0.28+0.13
Be 4 2.21+£0.18 2.10 20.5 12.7 231 0.62+£0.29 0.113 £0.054
Be 8 221+0.18 2.10 243 9.54 3.26 0.39+0.19 0.134 £0.064
Be 10 2.21+£0.18 2.10 25.0 109 3.18 0.44£0.21 0.127 £0.060
Be 12 2.21+£0.18 2.10 27.3 6.86 3.58 0.25+0.12 0.131 £0.071
Md 15 1.83+0.05 1.83 25.6 5.65 4.16 0.22+0.10 0.16+0.10
Md-DSS 1.83+0.05 1.83 256 17.8 13.0 0.70+0.31 0.51+0.33
OR 16 1.44+0.42 1.44 4.60
Be 17 2.07+0.12 2.10 63.1 11.8 4.52 0.186 £ 0.088 0.072 £0.035
Mar 18 1.96 £ 0.22 243 118
Mad 19 2.05+0.21 1.96 181
Mad 20 1.98 £0.20 1.96 189
GR 19 1.96 +0.42 1.96 1.7
Pe 101 0.824 +0.081 0.68 60.5
Pe 107 0.92+£0.12 0.83 33.2
Man 2.49 1.17+£0.10 0.75 266 85.5 52.6 0.321 £0.078 0.197 £0.048
Ir 1.75 1.19%0.11 0.75 376 235 136 0.62+0.15 0.363 £0.087
Par 0.9 142+0.14 1.30 672 255 136 0.380 +0.085 0.202 £ 0.046
Par 1.2 142+0.14 1.30 672 152 90.6 0.226 £ 0.050 0.135+0.030
Par 1.6 1.42+0.14 1.30 672 124 785 0.185 + 0.041 0.117 £0.026
Par 2.2 142+0.14 1.30 672 258 137 0.384+0.084 0.204 £ 0.045
Obi (average) 1.39+0.14 1.30 706 193 126 0.274+0.070 0.179 £ 0.046
Obi-DSS 1.39+0.14 1.30 706 354 209 0.62+£0.16 0.36+0.10
Mad 0.3 1.83+0.19 1.96 264 109 418 0.41+0.11 0.158 £0.044
Mad 0.5 1.83+0.19 1.96 264 513 21.6 0.195+£0.054 0.082 £0.023
Mad 1.8 1.83+0.19 1.96 264 310 112 1.18+0.32 043+0.12
Mad-DSS 1.83+0.19 1.96 264 146 54.5 0.55+0.15 0.207 £0.058
Cb 2 (average) 144+£0.18 1.44 15.8
Cb3 1.52+0.19 1.52 3.05
Cb5 1.32+0.25 1.32 1.61
Cb6 1.09+0.26 1.09 10.2
Br 2 1.03+0.19 1.03 15.0
Br3 1.03+0.19 1.03 13.7
Br 4 1.03+0.19 1.03 15.5
Br 7 (average) 1.03+0.15 1.03 21.8
Ne 0.6 1.160 £+ 0.082 1.16 96.5 56.0 56.4 0.58+0.12 0.58+0.11

4(1) For DSS data, we used depth-integrated Be and ' °Be concentrations for all calculations and (2) J10Be-riv and J1oge-riv/J10Be-atm derived from bed load data
are biased by grain size effects.

Basin-wide meteoric '°Be flux calculated for each basin (on SRTM-derived pixel basis) using an average of industrial and preindustrial model runs [Heikkilé
et al., 2013a, 2013b]. Uncertainty is the difference between two runs.

“Meteoric '°Be flux calculated for Andean area of each basin (on SRTM-derived pixel basis using the area > 350 m elevation) using an average of industrial and
preindustrial model runs [Heikkild et al., 2013a, 2013b]. Uncertainty is assumed to be similar to basin-wide flux.

Calculated using equation (3) and gauging- or in situ-derived sediment fluxes. Where reasonable, we used dissolved data from other samples as approximation
(e.g., Be-W was used for all Beni trunk stream samples). For Cb and Br samples, no [ ~Belyiss is available and cannot be approximated, and for Cb, no gauging loads
are available.

Error calculated by propagating all 1¢ analytical uncertainties for [ OBe], a 10% uncertainty on water discharge and sediment gauging data, and the uncertainty
given for Fogemet-

Error calculated by propagating all 16 analytical uncertainties for [mBe], a 10% uncertainty on water discharge, the uncertainty given in Table 1b for in situ-
derived denudation rates, and the uncertainty given for Fogemet-

9For calculations we used a ['Belgiss Of 385 at/gwater that was taken from Brown et al. [1992].
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Figure 2. (A-1to A-3) [gBe]reac (x1 0~? 9/9solid)r [1 oBe]reac (at/gsolig) and (1 OBe/QBe) ratios for bed load samples; (B-1 to B-3) same quantities for suspended sediment
samples from depth profiles. Water depth is given next to samples from depth profiles for Figure 2B-1. Blue and red symbols indicate am-ox (amorphous oxide leach)
and x-ox (crystalline oxide leach) extracted fractions that comprise the total reactive fraction given in black.

flux in both models is 1.09 x 10° at/cm?/yr. Longitude- and latitude-based F::Ef (Table 5) were then calculated
for each subbasin from this average model using digital elevation model (DEM) software. As an uncertainty
intrinsic to these two modeling approaches, we propagated the relative difference between the two model runs
into all calculations (Table 5). This difference represents the maximum possible variation within the given accu-
racy of known transport and deposition models and typically amounts to no more than 20% at the basin scale
(see link to distribution maps of Heikkild and von Blanckenburg [2015], before the Acknowledgements).

4, Results

4.1. Meteoric '°Be Concentrations, Stable °Be Concentrations, and '°Be/°Be Ratios of Bed Load

The ['°Be]yeac in the bed load of Andean rivers averages to 560 x 10* at/gsoliq (for uncertainties, see Table 2),
while samples from the central Amazon lowlands average from 1900 x 10* at/g.iq (samples Man, Ir, Par, Obi,
see Figure 1) to 3500 x 10 at/ggiq for the lower Madeira (Figure 2A-2). In the upper Guyana Shield (Branco),
['°Beleac is 1600 x 10% at/g.oiig. In the lower Guyana Shield, we measured one bed load sample from the
Negro, which yielded low ["°Belseac Of 400 % 10* at/gsolig- Note that for these samples from the Branco and
Negro, coarse bed load was leached in the absence of fine material. In the upper Brazilian Shield, an average
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Figure 3. (a) [ 0Be]rea (at/gsolig) versus Al/Si ratio and (b) [gBe]reac (x1 0? 9/9solid) Versus Al/Si ratio for suspended sediment depth profiles (DSS). A depth-integra-
tion of [ OBe],eac and ["Bel,eac is from linear regression for each river data set (see example shown for the Madeira with the arrows). Similar trends are found between
[gBe]min and Al/Si ratios (not shown). Resulting depth-integrated values are shown from hereon in red.

bed load ['°Bel,eac is 12,000 X 10% at/g,oiq. Meteoric '°Be concentrations of the silicate residue (['°Belmin) are
usually <10% of the total bed load ['°Be] (['°Beliotal, SUM Of ['°Belmin and ['°Belread), such that the majority of
['°Belioral is contributed by reactive 08¢, The exception is the Branco River, for which the average ['°Belmin
comprises 35% of the bed load ['°Bel,oa (Table 2).

For °Be in bed load samples (Table 2), only 18-37% was found in the reactive “Be fraction. The average bed
load [°Bel,eac for all the Andes is 360 x 1072 g/g (Figure 2A-1), and the average bed load [°Beeac for the entire
central Amazon is 330 x 10~° g/g. Therefore, [°Bel,eac in bed load does not vary strongly across the basin from
the Andes to the central lowlands.

The lowest ('°Be/’Be),eac ratios in bed load are found in the Andes (Figure 2A-3) with (°Be/"Be)yeac =2.5% 1010,
In bed load of the central Amazon lowlands, significantly higher ratios of 8.4 x 10~ '° are found. However, the high-
est basin-wide bed load ('°Be/"Be)esc ratios were found in the shields (24.9x 10~ '% in the upper Guyana Shield,
104 %107 "% in the Negro, and 43.7 x 10~ '? in the Brazilian Shield).

4.2. Meteoric '°Be Concentrations, Stable Be Concentrations, and '°Be/°Be Ratios of Suspended
Sediments From Depth Profiles

For suspended sediment depth profiles (DSS), ['°Bel,eac (Table 3 and Figure 2B-2) varies within a factor of 2
with sampling depth. ['°Bel,eac in suspended sediment (Table 3) increases from the Andes to the Amazon
lowlands, from approximately 2000 x 10* at/gsoiiq to 3200 x 10% at/gsojiq, respectively. For these DSS samples,
the [Belsm-ox (@morphous oxides of the reactive phase) and the [Bel, o« (crystalline oxides of the reactive
phase) fractions were measured separately (Table 3). Importantly, ['°Belam-ox is a factor of 1.5 to 2 times
higher than ['°Bel,oy in the suspended sediment of Andean rivers, and between a factor of 2 to 4 times
higher in the suspended sediment of lowland rivers (Table 3). The ['°Bel,nin measured for the Madeira and
Obidos depth profiles, comprises <10% of the suspended sediment ['°Beliorar, With the am-ox fraction
comprising approximately 65-72% of ['°Belotal.

In comparison, [°Belreac shows larger variability with depth in the river than ["°Belreac (compare Figures 2B-1
and 2B-2). However, the distribution of am-ox and the x-ox fractions of °Be in suspended sediment is more
uniform than that of ['°Bel,eac for the different geomorphic zones. For Andean rivers, the [°Bel,m-ox fraction
in suspended sediment is roughly equal to the [°Bely.ox fraction, and in the Madeira and main Amazon,
suspended sediment ®Belam-ox is only slightly higher by a factor of 1.3 to 2 than [®Bel,ox (Table 3). Around
60% of [°Belorar in the suspended sediment was found in the silicate residue fraction. Both [°Be],esc (ranging
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Figure 4. Depth profiles of suspended sediment samples of (top row) the Beni and Madre de Dios and (bottom row) the
Madeira at its confluence and Amazon at Obidos; (A-1 and B-1) (mBe/gBe)Ireac and (A-2 and B-2) Al/Si (measured by
Bouchez et al. [2011b]) (Table 3). In Figures 4A-1 and 4B-1, ('°Be/?Be),cac from bed load (Table 2) and ('°Be/?Be)iss (Table 4)
are shown for comparison. Red stippled lines represent depth-integrated DSS—(wBe/gBe)reac and Al/Si as in Figure 3. A
depth integrated Al/Si ratio is not available for the Beni and Madre de Dios rivers (Figure 4A-2).

from approximately 1000 to 1200 x 1077 g/g) and [°Be]min (average of approximately 2500 x 10~° g/g) are
higher in suspended sediment than in bed load (compare Figures 2A-1 and 2B-1).

We find higher mean °Bel, iy in suspended sediments than in bed load. Indeed, X-ray diffraction detected miner-
als like illite that can incorporate Be, whereas bed load samples are mainly composed of quartz and feldspar (sup-
porting information section S4). However, a characterization of reactive phases by major elemental analysis
relative to total elemental concentrations ([Element X],eac / [Element Xliowa) Shows similar trends for bed load
and suspended sediment samples (section S5 in the supporting information). This similarity implies that the con-
tribution of the reactive phase relative to the bulk elemental budget does not depend too strongly on grain size.

For both ['°Be],eac and [°Beleac measured along the suspended sediment depth profiles, we find a significant
correlation with the Al/Si ratio (Figure 3). The Al/Si ratio is a substitute for grain size, with low ratios reflecting
coarse, quartz-rich sediment, and higher values characteristic of finer, clay-rich sediment [Bouchez et al.,
2011al. This correlation implies a dependence of ['°Beleac ON particle size that was found in previous
studies [Gu et al., 1996; Shen et al., 2004; Wittmann et al., 2012] and is mostly due to dilution of absolute con-
centrations by quartz in coarse-grained samples. In order to correct for this grain size effect, we use the
observed correlation between Al/Si and ['°Bel,eac and [°Beleac Shown in Figure 3, together with the grain
size-integrated Al/Si ratios of 0.25 for the Solim&és and 0.34 for the Madeira calculated by Bouchez et al.
[2011Db]. These ratios were estimated by depth integration of suspended sediment chemistry along depth
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profiles obtained during two river sam-
pling campaigns performed at distinct
hydrological conditions. The depth-
integrated ['Belieac  and  [°Belreac
thereby obtained (Figure 3) are repre-
sentative of reactive Be concentrations
in bulk suspended sediment carried by
the Amazon and Madeira Rivers. In the
absence of grain size-integrated chemi-
cal composition data for the smaller
Beni and Madre de Dios rivers, we use
the Madeira’s Al/Si value of 0.34 for
these rivers, as the Beni and Madre de
Dios are Madeira tributaries draining
similar source rocks. The depth-
integrated ['°Belieacr [°Belieacs and
("°Be/°Be)yeac for each of the suspended
sediment depth profiles are given in
Table 3 and are used for all calculations
to follow (flux-based mass balance, ero-
sion, and denudation rates) rather than
a mere average of all suspended sedi-
ment samples. The depth-integrated
DSS-("°Be/"Be)reac; shown here in red

but note that these would plot below the “reac” open red symbols in and in all subsequent figures, are all sys-
vertical direction farther away from the 1:1 line. Gre]y stippled area gives ) 10 ! °

the factor-of-2 range around the 1:1 line between ('°Be/*Be),eac and tematically lower than (""Be/”Be)eac Of
(mBe/gBe)diSS ratios. Some values are from Brown et al. [1992], (labeled “B").  bed load but agree within a factor of

approximately 2 (Figures 3 and 4).
4.3. Water Samples: ['°Belgisss [°Belgiss, and ('°Be/°Be)giss

Andean rivers have the lowest ['°Be]giss, With 150 at/gyater. While values in lowland rivers range between 550
and 1360 at/gwater (Table 4 and Figure S2 in the supporting information). The Negro River has the highest
['°Belgics OF 6215 at/gwater- These concentrations are comparable to those obtained by Brown et al. [1992].
Similarly, [*Belyiss of Andean rivers are lowest with 3.7-4.6 X 10~ °g/Quater- CONcentrations of the main Amazon
River and the Madeira are an order of magnitude higher (12.7-22.8 X 10~ 2 /gy ater)- These values are similar to
those from Brown et al. [1992].

Ratios of ('°Be/’Be)q;ss are 4.8 x 107 % and 6.3 x 10~ '% in Andean rivers and 6.5x 10~ '°t0 8.9x 10~ "% in low-
land rivers (Figure 5), with the exception of the Negro, which yields a ("%Be/®Be)yiss of 4.3x107°. The
19Be/Bey;s; ratios obtained by Brown et al. [1992] were 8.2x 10~ '° for the Solimdés at Manaus, 1.5x 10™°
for the Amazon at Macapa, and 2.3 x 102 for the Negro [Brown et al,, 1992].

4.4. ("°Be/’Be),eac Versus ( '°Be/’Be)iss Ratios and (1°Be/°Be),m.ox Versus (1°Be/°Be) s

We can now compare the '°Be/’Be ratio carried by the reactive fraction of bed load and suspended sedi-
ments with that carried in dissolved form in river water. A very good correlation is observed between
(°Be/°Be)yeac from bed load samples and ('°Be/°Be)g;ss ratios for the large Amazon and Madeira rivers
(Figure 5). Slightly more scatter is observed for smaller tributaries such as the Beni and the Madre de Dios riv-
ers, but values agree within a factor of about 2 (grey stippled area in Figure 5). For the Negro River, the two
independent estimates by Brown et al. [1992] and this study, respectively, do not agree but are offset in oppo-
site directions by a factor of 1.5 and approximately 4, respectively, from the 1:1 line of equal reactive versus
dissolved ratios (Figure 5).

Depth-integrated (*°Be/?Be),ac ratios of DSS samples (Figure 5, open red symbols) differ from (°Be/Be)giss
more significantly than bed load-derived ("°Be/°Be)eac. For the Beni, this observation could be explained by the
fact that bed load was sampled in a different year than suspended sediment and water (supporting information

WITTMANN ET AL.

EROSION FROM METEORIC '°BE/°BE IN AMAZON 2513



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2015JF003581

10 £ | T | | T T 3 WET-——1 T T T T T =
— - (A) /\ Beni trunk - P - ® /\ Beni trunk -
§ : / Madre de Dios : % : / Madre de Dios :
= - (O Amazon at Obidos . § - O Amazon at Obidos -
= B ) = .
€ | B3 Madeira at confluence _| — | B3 Madeira at confluence i
1] Guyana Shield- Negro qC) 0 Guyana Shield- Negro
E (surface sample) = (surface sample)
9 1 EATEOSSs SRSRSnENENSEos £ Sascsms = £ED 1 Bresspmese s § 9SS ES s S e E S =
£ & E = s 3 i 3
8 o C 1 == C % 3
2 g L - > g’ I ? B .
> = A wEs
s o - @ 1 - © = -
& - - - -
@ =S
- [&)]
I — 3 - -
s O1E = 3 01E =
@ C - = C 3
s E - o E 3
o - - ‘B o a
£ = ] =) B 1
& =
3 - — - -
A- using in situ-derived sediment fluxes B- using gauging-derived sediment fluxes
0.01 ] | | | | | | | 0.01 | ] | | | ] | |
0 1,000 2,000 3,000 0 1,000 2,000 3,000
Distance from source area (km) Distance from source area (km)

Figure 6. (a) Ratio of basin-wide sedimentary 1%8e export (.I:VBe) versus basin-wide '°Be deposition U;(:ﬁ,e, Table 5)._/:\,Be was calculated using in situ 19Be-derived sediment

fluxes from D_insitugp and [1OBe]reac from depth-integrated suspended sediment (for Negro surface suspended sediment was used, indicated by B [see Brown et al.,
1992]). (b) Same ratio using gauging-derived sediment fluxes versus JiBe Uncertainties include 1o analytical uncertainties, the uncertainty given in Table 5 for basin-

atm *
specific F:,O]Ef, a 10% uncertainty on water discharge and gauging-derived sediment flux, or the uncertainty given in Table 1b for in situ-derived D_insitugp, respectively.

Note that a difference between the in situ- versus gauging-derived JliovBe is expected due to differences in integration time scale (approximately 10 yr for gauging versus

several kiloyears for in situ-derived sediment fluxes; section 2.2 [Wittmann et al., 2011a]).

section S1). Interestingly, however, depth-integrated DSS-(*°Be/°Be),m-ox (Table 3 and Figure 5, closed red
symbols) agree better with ("°Be/®Be)4iss than corresponding DSS-('°Be/”Be),eac (section 5.2).

5. Discussion of '°Be and °Be Concentrations and '°Be Fluxes

5.1. A Flux Balance for '°Be

We have calculated a flux balance for '°Be that is based on equations (1)-(4). With this balance we can
test whether the atmospheric flux estimated from cosmogenic nuclide production models combined with
global circulation models on the one hand and the sedimentary flux estimated from river loads and ['°Be]
on the other hand are at steady state in the Amazon basin. This mass balance approach is similar to the
one presented in Granger et al. [2013] for meteoric '°Be in basins of the Eastern United States measured
by Brown et al. [1988]. For our mass balance, we rely on ['°Be],esc from depth-integrated DSS samples that
we consider representative in ['°Bel,eac With respect to grain size and sorting effects (section 4.2).

Two different estimates of this flux balance are shown in Figure 6. The erosion rate E; which is the input quan-
tifying the sedimentary flux (equation (3)) is either derived from modern sediment loads or from longer-term
D_insitugp (Table 1b). D_insitugp is the floodplain-corrected denudation rate [Wittmann et al., 2011a] calcu-
lated under the assumption that all sediment is eroded from the mountains and that production of further
in situ cosmogenic nuclides is negligible in the floodplain. Note that when using D_insitugp, the derived sedi-
ment fluxes provide an upper limit as they include a weathering component, because in situ denudation
rates integrate over all weathering and erosion processes.

We first note that the relative exported sedimentary '°Be flux ratio J:\,Be/J;iﬁf is mostly lower than 1
(Figure 6). If a deficit is present, it amounts to approximatley 20-85% of the meteoric flux deposited into
the basin (Table 5). If we assume that this deficit does not arise from the dissolved flux, which is negli-
gible in the mainstream due to the near-neutral pH, this deviation from the steady state case may have

several causes.

1. An overestimate of F,,2¢ in equation (1) might result in observed J;2¢/J 8 < 1. Indeed, our entire

approach relies upon the accuracy of the GCM-derived depositional flux. We regard it as likely that on
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Figure 7. The storage duration t (in Myr) required to reduce the riverine
flux of '%Be in the lowlands at Obidos, Jiv-lowl, relative to the deposi-

tional flux onto the floodplain upstream of Obidos (J,;22,..;; horizontal
black line). “J;;8¢ (gauging-DSS)” denotes “difference 1” between J;L}the—Iowl

and the Jlﬁ,B_leowl using a gauging-derived sediment flux. “Difference 2" of
“JiBe (insitu-DSS)” denotes the difference between J,,%¢, . and the J;;%

using an in situ-derived sediment flux. The two grey dashed horizontal
arrows correspond to the effective lowland riverine fluxes and show
potential 08¢ radioactive decay during storage.

the large spatial scale of the
Amazon basin, orographic effects
causing the '°Be flux to be a func-
tion of precipitation rate [e.g., Graly
et al, 2011] are averaged out. An
estimate in the uncertainty in the
geographic distribution of F:igf is
provided by the difference in '°Be
flux between modern and prein-
dustrial deposition models
[Heikkild and von Blanckenburg,
2015] (see link to this data before
the Acknowledgements). For the
Amazon lowlands, the average flux
and the difference, respectively,
amount to approximately 1.4
+0.1x10%at/cm?/yr  (Table  5).
Similarly, ~ Willenbring and  von
Blanckenburg [2010] noted that in
the equatorial region, the Heikkila
ECHAM5 GCM model is ~20-50%
higher in '°Be flux relative to the
GISS GCM used by Field et al. [2006].
These differences, however, do not
explain the mismatch for all samples.

2. The missing atmospheric flux is
deposited into an “inactive” area from which no sediment is exported and where all '°Be radioactively
decays with a half-life of 1.39 Myr. Therefore, this '°Be is not contained in our sediment samples. What this
means is that the total basin area A, in equation (1) might not represent the actual area from which the
%8¢ flux is being delivered into the mainstream in the reactive or the dissolved form. We can employ
equation (1) to derive the “active” (sediment and 10g¢ delivering) area versus the inactive area by assum-
ing that the deficit of Jl?vBe relative to J;iBme is proportional to the area not contributing '°Be. We derive an
inactive lowland area upstream of Obidos of 1.6 to 2.6 x 10° km? (depending on whether the sedimentary
flux J:iovse was calculated using river gauging or in situ '°Be, respectively, see Figure 6). When considering
only the total lowland area of 4.14 x 10 km?, the corresponding active lowland area ranges from 1.5 to
2.5% 10°km?. This is a much larger area than that of the active channel belt. Using a width of 35km
and a river length of 800 km for the Amazon at Obidos (taken from Wittmann and von Blanckenburg
[2009]), the channel belt area is 0.12 x 10° km?. The estimate of the inactive area implies that between
38 and 64% of the Amazon lowland basin is not delivering 98¢, in dissolved form or attached to sediment,
into the mainstream.

. Athird possibility that differs from (2) assumes that all sediment from the lowland area is exported, but the

missing '°Be flux fraction has decayed radioactively in these lowland areas prior to export during suffi-
ciently long storage. Granger et al. [2013] came to a similar conclusion for basins draining the coastal
plains of the eastern United States. We use equation (3) to estimate this mean storage duration. We
assume that only sediment stored in the lowland area (4.14 x 10 km?) is affected by decay, such that
J1B in equation (3) is termed J;5¢ . We use a lowland-specific ['°Bel,eac of approximately 1x 107 at/g
(derived from the total basin-wide DSS-['°Be],eac at Obidos minus the average Andean DSS-['°Bel;eac)
as an approximated lowland nuclide concentration. For the same reason the depositional flux for the
lowlands at Obidos, J:iﬁe_,owl, is calculated according to equation (1). There, the same lowland A,
(4.14x10°km?) and a F,.% of 1.4x10°at/cm®x yr, characteristic for the lowland area, are used. The
resulting J;iff_,ow, at Obidos is approximately 5.7 x 10**at/yr (Figure 7). Two estimates for J:\,B_Tom are
1.5% 10%%at/yr and 1.05 x 10*2at/yr, using gauging- and in situ-derived sediment fluxes, respectively
(equation (3)), where both estimates also include an estimate of the dissolved '°Be flux (Table 5). We

calculate the difference of the twoJ:iovB_TOW, estimates relative toJ:tEf_lowl, called “difference 1" and “difference
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2" in Figure 7. Difference 1 ”J:?\,Be (gauging-DSS)” (Figure 7) amounts to 4.2 x 10?2 at/yr, and difference 2"
J:EDVBG (insitu-DSS)” amounts to 4.7 x 10°at/yr. We estimate burial duration of circa 2.7 and 3.7 Myr
(Figure 7). We note that these estimates are end-member (i.e,, maximum) storage durations as they are
based on the assumption that the entire lowland basin delivers sediment and '°Be to the mainstream.

These end-member storage durations are not entirely different from the end-member burial durations detected
in lowland sediment by in situ 2°Al/'°Be ratios measured in quartz in sandy bed load (see section 2.2) [Wittmann
et al, 2011b]. However, such long periods were not detected in Andean-derived mainstream bed load sediment
that dominates the mainstream bed load budget. From mixing calculations between this bed load end-member
comprising coarser-grained floodplain sediment, and “fresh” Andean finer-grained bed load sediment,
Wittmann et al.[2011b] estimated that a maximum of between 40% and 60% is presently admixed to nonburied
fresh sediment in the central Amazon lowlands. It is, however, not clear whether these high fractions of admix-
ing (derived from bed load samples) are also valid for meteoric cosmogenic nuclides measured from suspended
sediment, given that both grain sizes are transported differently (i.e., channel bed load versus wash load also
experiencing overbank deposition). Taking both systems into account, the most likely explanation for the flux
deficit in meteoric '°Be is a combination of possibilities (2) and (3), such that at the fringes of the inactive areas,
where '°Be has decayed, some sediment is reactivated and reaches the mainstream, whereas the largest frac-
tion of the '°Be deficit is generated in approximately 40% to 60% of areas that are fully inactive over long dura-
tions, and from which the sediment never reaches the mainstream.

5.2. Inferring Geomorphic Formation Regimes From '°Be/°Be in the Am-ox and X-ox Phases

Extracted am-ox and x-ox fractions of '°Be, which together yield the total reactive '°Be of the DSS data set,
change in proportion from the Andes to the lowlands (section 4.2 and Figure 2). We observe an increase
in DSS-derived ['°Belam.ox relative to ['°Bel,.ox over this distance. Total suspended sediment ®°Belyeac in
contrast experiences a minor decrease along the basin and no shift in proportions between amorphous
and crystalline phases is observed (Figure 2B-1). The resulting increase in ('°Be/°Be)yesc from the Andes to
the lowlands is thus mostly accommodated by ('°Be/’Be),m.ox. We attribute this increase to exchange
processes with the dissolved phase. Amorphous to poorly crystalline Mn-Fe-(hydr-)oxides like, for example,
ferrihydrite, exchange more readily with the dissolved phase than more crystalline materials due to their
large reactive surface area [Schwertmann et al., 1999; Waychunas et al., 2005]. Thus, we infer that the increase
in ("°Be/°Be)eac from 2x107'° to 54x 107 '° for DSS samples from the Andes to the central lowlands
reflects changes in ('°Be/’Be),m.-ox during floodplain storage. During storage, '°Be delivered to floodplains
is continuously adsorbed and/or incorporated into am-ox phases, such that this increase in 1%Be is a function
of sediment residence time (section 5.3). Due to the continuous exchange between '°Be,m-ox and '°Begiss as
described by the solid-fluid partition coefficient Ky, ['°Belqiss increases simultaneously with ['°Belym-ox along
the river course (compare Tables 3 and 4).

The evolution of the x-ox phase is more complex, as it may evolve from amorphous precursor phases that age
to crystalline solids [Schwertmann et al., 1999]. (1°Be/gBe)x,ox thus likely reflect the composition of a dissolved
phase at a time when the amorphous precursor phases formed. The transformation to stable crystalline
Mn-Fe oxides that do not exchange with dissolved, floodplain-derived '°Be, however, most likely occurred
before entering the Amazon lowlands, as (°Be/”Be),.ox are uniform from the Andes to the Amazon lowlands.
We see evidence for such behavior in the comparison of dissolved '°Be/°Be with am-ox and x-ox-derived
'9Be/°Be, respectively (Figure 5).

5.3. Increase in Meteoric-'°Be Concentrations in Lowland Basins During Sediment Transfer

We observe an increase in [1°Be]reac across the lowland basin (Figure 2B-2) by a factor of 2-3 in bed load (e.g.
for the upper and lower Solim&és reach, respectively, characterized by samples Pe 101 and Man 2.4) and by a
factor of approximately 1.5 (approximately 1 x 107 at/g, see section 5.1) in the DSS-['°Bel,eac. Note that since
this increase is observed for the Solimdés reach where no sediment from cratonic shield is yet added, the
increase in '°Be concentration cannot be due to addition of shield sediment high in nuclide concentration.
We can use the increase in ['°Bel,eac across the floodplain as a direct measure of the sediment transfer time
in a well-mixed active floodplain (see below), where the duration is so short that decay is negligible [Lauer
and Willenbring, 2010; Wittmann and von Blanckenburg, 2009]. Such an increase of ['°Be],eac in the floodplain
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7
4x10 has not been predicted for meteoric

%Be in the floodplain model of Lauer
and Willenbring [2010]. We attribute this
discrepancy to the small length scale of
their local river model, whereas the
model evaluating floodplain effects in
a larger range of rivers by Wittmann
and von Blanckenburg [2009] did not
include an analysis of meteoric '°Be.

3x107

1x107
at/g
Note that for in situ cosmogenic nuclides,

an increase in '°Be concentration across

the lowlands is neither observed

[Wittmann et al, 2011a] nor predicted

‘ [Lauer and Willenbring, 2010; Wittmann
|

2x10 7

['°Belreac in floodplain (at/gsy;iq)

and von Blanckenburg, 2009]. This is so
for two reasons. (1) The production rates
of in situ cosmogenic nuclides are lower
toyn in the lowlands than in the sediment-
producing highlands. Thus, the relative
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Figure 8. Model of 198e accumulation over time scales typical of active ' T .
floodplain-channel interaction. Note that for these short time scales, decay ~ INCrease In in situ concentration across
of '°Be is negligible. The observed increase in floodplain-derived ['°Bel,eac  the lowlands is lower. In contrast, meteo-
(approximately 1 107 at/1%) was added to an initial (Andea7n, depth- ric '°Be depositional fluxes are not alti-
|ntegrate.d DSS—derlyed) [ “Belreac of appromma.tely 2x% 19 at/g (Table 3). tude dependent below 3 km [Willenbring
The predicted "~Be inventory was calculated using equation (16) and d Janckenb

converted into [10Be]reac by assuming three different remobilization depths an ‘{O”m Blanckenburg,  2010].  (2)
(z=1, 5,20 m; see text for details). For mean remobilization depths of Meteoric "Be accumulation will mostly
approximately 1 m and 20 m, respectively, the observed increase in 10ge proceed in the upper, unburied part of a
aFross thke ﬂoodplair.1 W|OU|?, ble produceq dgring s(;coLage oT cir;ar:ﬁﬁkyr and deposit that is rich in clay formed by
circa 29 kyr, respectively (the latter case is beyond the scale of the figure). overbank deposits. In contrast, the sandy
fraction used for in situ nuclides might get shielded by these deposits, thus receiving reduced irradiation as

shown by in situ 2°Al/'°Be-derived burial durations.

As noted above, a condition for the conversion of ['°Bel,eac accumulation into a sediment transfer time is
that we assume negligible burial in the active floodplain by ignoring that an unknown fraction of 10Be
may have decayed before being entrained in the active channel (scenario (3) in section 5.1). Thus, the
increase in ['°Belyeac is attributed to the accumulation of '°Be nuclides during surficial storage in the active
part of the floodplain and hence represents a minimum storage time. This scenario is supported by the
changes in the proportions of am-ox and x-ox phases (section 5.2).

Accordingly, we model the increase by a simple accumulation scenario where ["°Bel,eac continuously accu-
mulates in Amazon sediment during residence in the active floodplain (Figure 8). Using equation (6) in
Willenbring and von Blanckenburg [2010], and assuming zero erosion of the stored lowland sediment, the sedi-
mentary '°Be inventory / (at/m?), produced while the sediment is exposed to continuous atmospheric deposition

108 . .
F..2, is given by

10Be

F
hoge(t) = "/“let (1- exp’“) (16)

+["Be|, xpxzxexp ™
where tis in this case the sediment transfer time and the right-hand term in equation (16) reflects the decay-
affected contribution of Andean-derived initial ['°Bel,esc that is provided to the Amazon lowlands, p (kg/m?)
denotes the sediment density (2000kg/m> for wet, silty sand [see Balco et al, 2005]) and z (m) the
remobilization depth of sediment. We use both p and z to convert the '°Be inventory back into a '°Be
concentration. A lowland-specific  F.8¢  of 14x10%at/cm?xyr was used. An assumption of this

met
parameterization is that all meteoric '°Be added to the floodplain sediment is contained within this depth,
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Figure 9. Fraction of °Be released during weathering, (freac + fgiss), in the Amazon basin. (a) (freac + fdiss)fiuxes: derived according to equations (7a), (7b), and (8) using
modern sediment load as sediment flux versus (freac + fdiss)min/reac derived from equation (9). (b) (freac + fdiss)min/reac Versus distance from sediment source (in km).
Note that all (freac + f4iss) Values derived from bed load [9Be] (black symbols) are most likely too low due to mineralogical differentiation by particle sorting.
Uncertainties contain 1¢ analytical uncertainties, and a 10% uncertainty on runoff and sediment flux, respectively. The Negro data are not shown.

such that the model is independent of '°Be penetration depth [Willenbring and von Blanckenburg, 2010]. The
initial ['°Belyeac is approximately 2x 107 at/g as determined from DSS samples measured on the Beni and
Madre de Dios Rivers. For meteoric '°Be that mostly binds to fine-grained clay particles, the main portion may
be found in the topmost meter of floodplain sediment, as this layer is deposited during overbank spill. As a
sensitivity analysis, we use equation (16) with z=20m, for coarse, sandy bed load sediment mainly carrying in
situ '°Be at the bottom of the main channel [Wittmann and von Blanckenburg, 2009]. For the case of very
shallow floodplain remobilization (z=1m), characteristic for a topmost clay layer ladden with meteoric '°Be
that is deposited during overbank spill, a sediment transfer time in the floodplain of only circa 1.6 kyr is
predicted to cause the additional accumulation of meteoric '°Be across the floodplain. The deeper
remobilization depth of 20 m requires a longer sediment transfer time of circa 29 kyr (not shown in Figure 8).
Both predicted sediment transfer times are reasonable as other studies estimated similar residence times of
sediment in the Amazon floodplain [Dosseto et al., 2006].

6. Weathering Intensities, Erosion Rates, and Denudation Rates
6.1. The Fraction of °Be Released During Weathering

The mobilized fraction of “Be, (feac + f4iss), quantifies Be release by primary mineral decomposition and is thus
a proxy for weathering. We have calculated (f,eac + f4iss) from two independent means shown by equations (8)
and (9). Here we compare (freac + fdiss)fiuxes: €Stimated from the rivers’ sedimentary and water fluxes, and
(freac + fdiss)minsreac: Pased on measured [°Belreac and [°Belnin in bed load or suspended river sediment.
Both (freac + fdiss)fiuxes aNd (Freac + fdiss)min/reac from DSS samples (red symbols in Figure 9) are consistently
higher than those from bed load using [°Belyeac and [°Belin (black symbols in Figure 9 and Table 6). We attri-
bute this observation to the fact that coarser grained bed load offers less surface area for scavenging of °Be.
This grain size bias is best illustrated by the Negro, the only shield river where dissolved Be data are available.
There, a (freac + fdiss)min/reac Of 0.222 £0.016 is calculated using bed load data (Table 6). However, when using
the [°Beleac data from Brown et al. [1992], measured on surface suspended sediment, in combination with
our [°Belmins @ (freac + fiss)min/reac Of 0.83 + 0.08 is calculated. This high value of (f,eac + fiss) Obtained from sus-
pended sediment data is more consistent with weathering in the cratonic shield setting, as in these slowly
eroding tectonically inactive regimes, most °Be is likely to have been removed from bedrock along with other
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Table 6. °Be Weathering Degrees®

Calculated Using Mass Balance Approachb

(fdiss + freac)

Sample “Be fdiss “Be freac “Be frin (Fgiss + freac)ﬂuxesd min/reatC
Be 1 (average) 0.00039 + 0.000039 0.310+0.036 0.690 + 0.084 0.310+0.059 0.310+0.024
Be-DSS® 0.00033 + 0.000039 0.391 +0.044 0.608 + 0.068 0.392 +0.082 0.392 +0.022
Be 2-1 0.00049 £ 0.000049 0.175 +£0.020 0.82+£0.10 0.176 £0.025 0.298 +0.021
Be 2-2 0.00042 £+ 0.000042 0.288 £ 0.034 0.711 £0.086 0.289 +0.053 0.289 +0.022
Be 3 0.00046 + 0.000046 0.151+0.017 0.85+0.10 0.152 +0.020 0.263+0.018
Be 4 0.00045 £ 0.000045 0.171+£0.019 0.83+£0.10 0.171+£0.024 0.292 +0.020
Be 8 0.00047 £ 0.000047 0.131+0.015 0.87 £0.11 0.131+£0.016 0.231+£0.016
Be 10 0.00038 + 0.000038 0.232 +0.027 0.77 £0.09 0.232+0.038 0.232+0.018
Be 12 0.0015 +£0.00015 0.146 £ 0.016 0.85+0.10 0.148 £0.019 0.255+0.018
Md 15 0.0039 +0.00039 0.272 £ 0.032 0.724 £ 0.088 0.276 £ 0.050 0.273 £0.021
Md-DSS¢ 0.0039 + 0.00039 0.492 + 0.055 0.505 + 0.056 0.47 £0.11 0.494 + 0.032
OR 16
Be 17 0.0019 £0.00019 0.207 £0.024 0.79+£0.10 0.209 £ 0.033 0.207 £0.016
Mar 18 0.231+0.027 0.769 + 0.093 0.231+0.018
Mad 19
Mad 20 0.226 +0.026 0.774 £ 0.094 0.226 +0.018
GR 19 0.365 +0.041 0.635+0.071 0.365 +0.026
Pe 101 0.212+£0.025 0.79+£0.10 0.212+0.017
Pe 107 0.0505 + 0.0057 0.95+0.12 0.177 £0.012
Man 2.4 0.024 +0.0031 0.150+0.017 0.83+0.10 0.174 +0.024 0.209+0.015
Ir1.75 0.052 +£0.0052 0.297 £0.033 0.651+0.079 0.349 + 0.068 0.324 +0.023
Par 0.9 0.050 £0.0050 0.418 £ 0.049 0.532 £ 0.065 047 £0.11 0.288 +£0.023
Par 1.2 0.069 + 0.0069 0.201 +0.022 0.730+0.089 0.270 + 0.046 0.223+0.016
Par 1.6 0.057 £0.0057 0.334+£0.039 0.609 +0.074 0.391 +£0.083 0.224 +0.018
Par 2.2 0.062 £ 0.0063 0.272 £0.030 0.666 + 0.081 0.334 £ 0.064 0.298 +0.021
Obi (average) 0.078 +0.0078 0.26 +£0.03 0.675 +0.082 0.334 +0.065 0.310+0.023
Obi-DSS® 0.051+£0.0078 0.40+0.04 0.551 +0.062 0.45+0.10 0.419+0.036
Mad 0.3 0.0072 +0.00072 0.33+0.04 0.667 +0.081 0.333 £ 0.066 0.328 +£0.026
Mad 0.5 0.0077 £ 0.00077 0.175+0.021 0.82+0.10 0.183 +0.027 0.176 £ 0.014
Mad 1.8
Mad-DSS¢ 0.010 £ 0.00074 0.40 £ 0.04 0.590 + 0.066 0.410+0.088 0.405 +0.028
Cb 2 (average) 0.380+0.030
Cb 3 0.479 +0.039
Cb 5 0.213+0.017
Cb6 0.308 + 0.024
Br 2 0.547 +£0.039
Br3 0.353+0.025
Br 4 0.442 +0.031
Br 7 (average) 0.0896 + 0.0064
Ne 0.6 0.90+0.12 0.0225 +0.0025 0.0787 £ 0.0088 0.92+0.32 0.222 +£0.016
Region-averaged data from (if available) (1) Andean samples: Be 1-17, Md 15, Mar 18, Mad 19-20, Gr 19, Pe 101 and 107

(2) Amazon lowland samples: Man 2.4, Ir 1.75, Par 0.9-2.2, Obi, Mad 0.3-1.8
Andes, DSS 0.00113 +0.000039 0.414 +0.049 0.585 + 0.062 0.429 +0.092 0.443 +0.027
Lowlands, DSS 0.0359 +0.0043 0.399 + 0.045 0.565 + 0.064 0.44+0.10 0.412+0.032
Guyana Shield (Negro, using suspended sediment 1086 data from Brown et al. [1992]) 0.830 +0.080
Andes, Bed load 0.00084 + 0.00010 0.201 +0.024 0.798 +0.095 0.202 +0.032 0.257 +£0.019
Lowlands, Bed load 0.0377 £ 0.0042 0.276 +0.031 0.686 + 0.084 0.314 +0.059 0.259+0.019
Guyana Shield (Branco bed load data) 0.358 +0.025

2All fs derived from bed load data may be biased due to grain size effects.
Calculated using equations (7a), (7b), and (8) using modern sediment loads. Uncertainty includes analytical uncertanties, a 10% uncertainty on modern
sediment flux, and a 10% uncertainty on water discharge. Note that for Cb and Br samples, lack of sediment load and discharge data prevented calculation of

(freac + fdiss)ﬂuxes~

Calculated using equation (9); 1o analytical uncertainties given.
Note that where no “Be fgyiss was measured, (freac + fdiss)fiuxes Might be too low, especially for low-pH Shield Rivers.

€Calculated using depth-integrated [gBe]reac and ["Belmin-
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Table 7. K, Values, Erosion, and Denudation Rate Data®

Corrgded Linear E[wBe]fullc E[1OBe]d D_METﬂuxese D_METmin/reacfl’uIIf D_METmin/reacg D_'\/‘E-I-min/reacfdissh
Sample Ky (log mL/g) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr)
Be 1 (average) 5.58 1.07+0.15 1.07+0.10 0.64 +0.22 0.64 +0.30 0.645 +0.094 0.25+0.11
Be-DSS 5.58 0.445 £ 0.072 0.445 £ 0.044 0.60+0.15 0.52+0.24 0.526 +£0.074 0.170£0.075
Be 2-1 5.58 1.30+0.21 1.30+0.16 1.20+0.24 0.70+0.33 0.71+0.11
Be 2-2 5.58 1.49+0.23 1.49+0.17 0.80+0.18
Be 3 5.58 1.41+0.21 1.41+0.15 1.38+£0.25
Be 4 5.58 1.43+0.21 143+ 0.16 143 +£0.27
Be 8 5.58 1.91+027 1.91+0.19 1.83+£0.31
Be 10 5.58 1.67 +0.24 1.67+0.18 1.00+£0.21 1.00 + 0.47 1.00+0.15
Be 12 5.58 1.55+0.32 1.55+0.28 1.50+0.35
Md 15 4.90 0.92+0.11 0.925 +0.056 0.53+0.11 0.51+0.37 0.535 +£0.066 0.32+0.13
Md-DSS 4,90 0.284 +0.039 0.284+0.015 0.351 +£0.085 0.29+0.21 0.326 +£0.035 0.174 £0.072
OR 16 0.33+0.70
Be 17 5.28 1.35+0.18 1.35+£0.12 0.84+0.16 0.84+0.50 0.85+0.12
Mar 18 0.88+0.11 0.474+£0.077
Mad 19 1.02+0.12
Mad 20 0.639+0.072 0.338 £0.052
GR 19 1.53+£0.34 0.88+0.21
Pe 101 0.498 £+ 0.059 0.232+0.037
Pe 107 0.78+0.12
Man 2.4' 5.58 0.349 + 0.050 0.349 £ 0.036 0.195 +£0.036
Ir 1.75 5.58 0.181 £ 0.026 0.181+£0.018 0.091 £0.021
Par 0.9 522 0.2071 £0.031 0.207 £0.023 0.065+0.018 0.101 £ 0.094 0.106 £0.017 0.127 £0.020
Par 1.2 522 0.391 £ 0.058 0.391 £ 0.043 0.155+0.033
Par 1.6 522 0.523+0.079 0.523 £ 0.059 0.142 +£0.036 0.24+0.22 0.247 +£0.039 0.163 £0.025
Par 2.2 5.22 0.199 £ 0.030 0.199 £ 0.022 0.094 £ 0.022
Obi (average) 5.28 0.361+0.053 0.361 +£0.039 0.135+0.059 0.15+0.093 0.160 £ 0.024 0.137 £0.027
Obi-DSS 5.28 0.167 £0.029 0.167 £0.020 0.129 £0.035 0.140 + 0.085 0.152+0.023 0.108 £ 0.022
Mad 0.3 5.22 0.295 + 0.044 0.295 £ 0.032 0.231 £0.055 0.23+0.21 0.234+£0.036 0.192+£0.031
Mad 0.5 522 0.67£0.10 0.667 +£0.077 0.48+0.10 0.48+0.45 0.494 £0.077 0.358 £0.058
Mad 1.8 522 0.100+£0.015 0.100+0.011
Mad-DSS 522 0.218 £0.037 0.218 £0.025 0.249 £ 0.063 0.23+0.21 0.240+£0.036 0.154 £ 0.036
Cb 2 (average) 0.0508 + 0.0065 0.0209 + 0.0035
Cb3 0.0298 + 0.0038 0.0210 + 0.0035
Cb5 0.083£0.016 0.0333 +£0.0075
Cb 6 0.0347 + 0.0085 0.0183 + 0.0049
Br 2 0.162 £0.031
Br3 0.409 £ 0.078 0.0328 + 0.0070
Br 4 0.263 £ 0.049
Br 7 (average) 0.286 + 0.044 0.173 +£0.032
Ne 0.6 3.80 1.12+0.15 1.12+0.10 0.028 £0.010 0.063 + 0.064 0.115+£0.015 0.0520 + 0.0088

@For DSS data, we used depth-integrated “Be and '%Be concentrations for all calculations. All italic erosion rates from bed load samples might be biased due to
grain size effects (see text). All uncertainties are “external” (including the uncertainty on F;ggemet given in Table 5).
Corrected Kp values are derived using linear range of You et al.'s data set (see supporting information section S6), by manually reading the new values from the
regression line at the corresponding average pH.
“Erosion rates calculated using equation (10) (including the g/K term). Uncertainty contains 1o analytical uncertainties, the uncertainty on F1ogemet, and a 10%
uncertainty on Q. Where no E is given, Ky could not be estimated.
Erosion rates calculated using equation (11) (ignoring the g/Ky term). Uncertainty contains 1o analytical uncertainties as well as uncertainty on Figgemet-
®Denudation rates calculated using e%uation (12). Uncertainty contains 1g analytical uncertainties, uncertainty on Fyggemet , Uncertainty on (freac + fdiss)fluxes
from Table 6, and a 4% uncertainty on ["Belparent (2.5+0.1 X 10°° g/9). If “Be fqiss (Table 6) was not measured, then a D_METqxes Was not calculated here.
Denudation rates calculated according to full equation (13). Uncertainties contain 1o analytical uncertainties as well as uncertainty on F1ggemet and a 4%
uncertainty on [9Be]parent (25+01%10°° g/9). Where no D is given, [gBe]min was not measured.
9Calculated according to simplified equation (15). Uncertainties contain 1o analytical uncertainties as well as uncertainty on F1ggemet, and a 4% uncertainty on
[gBe]parem 25+0.1x10° g/9). Where no D is given, [QBe]min was not measured.
Denudation rates from dissolved ' ~Be/”Be ratios are only given for samples where a (mBe/QBe)diSS was directly measured. Uncertainties contain 1o analytical
uncertainties as well as uncertainty on Fjggemet and a 4% uncertainty on [gBe]pa,em (25+0.1x10 ° g/9).
'For calculations we used a [ Belgiss Of 385 at/gwater that was taken from Brown et al. [1992].
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met
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the Andes and the lowlands when using depth-integrated suspended sediment samples for calculation
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derived  (freac + faissIminreac i 0.41

This observation is, to a first order, consistent with invariant [°Belec in the basin from the Andes to the lowlands
(Figures 2A.1 and 2B.1). Further, this observation is consistent with the distribution of extracted am-ox and x-ox
phases that combine to reactive °Be (Table 3 and section 4.2). Both leached phases are contributing similar frac-
tions to total [°Be],eac Within Andean and lowland suspended sediment samples, indicating no change in [°Be]
reac along the transport from the Andes to the lowlands. Our results thus indicate that Beis mainly weath-
ered from bedrock in the source area and that (f,eac + f4iss) does not depend on the prevailing D. Along the
lowland reach from the Andean foothills to the central lowlands, deposited sediments are already pre-
weathered and potentially depleted of their “Be. This conclusion is in line with Bouchez et al. [2012, 2014]
who found only minor increases in weathering during transfer of sediment through the floodplains.

A model for using '°Be/’Be dissolved in seawater and in authigenic marine sediment (reflecting paleoseawater)
has been developed to quantify sedimentary and dissolved trace metal input into the oceans [von
Blanckenburg and Bouchez, 2014]. The independence of (f.eac + fgiss) On the prevailing D fulfills the requirement
for paleoseawater '°Be/’Be to reflect paleo-D over Myr time scales [von Blanckenburg and Bouchez, 2014].

6.2. Comparing Erosion Rates From ['°Be],..c With Denudation Rates From '°Be/’Be Ratios

Meteoric denudation rates corrected for retentivity issues (D_MET yin/reac-fulr €quation (13)) versus simplified
meteoric denudation rates (D_METinseac, €quation (15)) agree well for all geomorphic regions of the
Amazon basin, except for the Negro, where ignoring retentivity leads to a bias in D of approximately
50% (Table 7 and supporting information section S6). These D_MET yin/reac-full @hd D_MET nin/reac » respectively,
are based on the [°Belin/[*Belreac ratio (equations (13) and (15)). This means that the resulting denudation rates
might be biased by grain size effects. However, comparison with D_METg,..s (Table 7), calculated according to
equation (12) without the [°Belmin/[’Belieac ratio, shows excellent agreement, except for D derived for the
Negro, where D_METg,,.es are approximately 50% lower than D_MET yin/reac-full-

Erosion rates Ejogg, . fully corrected for retentivity, versus simplified erosion rates £ (10Be] (equations (10) and (11)

and Table 7) agree well but are systematically higher than denudation rates D_MET in/reac (€quation (15)) when
using bed load data. However, when using depth-integrated DSS data (Figure 10), the two fluxes agree. Note
that when using Brown et al. [1992] data set on surface suspended sediment in the Orinoco (supporting
information section S7), a similar agreement between E and D is observed. However, an erosion rate E cannot
be higher than a denudation rate D. Hence, an obvious bias of E from bed load samples exists that is due to grain
size effects resulting in an overestimation of E as ['°Bel,eac are too low in coarse-grained sediment.
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Figure 11. (a) Simplified denudation rates D_MET yin/reac’ (MM/yr) (equation (15)) versus denudation rates D_insitu from in situ-'°Be (Wittmann et al. [2009 2011a];
Table 1b), aII uncorrected for floodplain area effect. (b) FIoodealn -corrected denudation rates D_METyin/reac’rp (MM/yr) (from equation (15) but using a (%Be/® Be)reac
of 2.3x 10~ '° for all lowland rivers, and the source area-specific Fmet (Table 5)) plotted versus denudation rates D_insitugp, corrected for floodplain area ([Wittmann et al.,
2009, 2011a]; Table 1b). Uncertainties contain 1o analytical uncertainties on [ 0Be]reac and [gBe]reac, a 4% uncertainty on [gBe]parem (Table 7), and we included here
the uncertainty given in Table 5 for Fmge, such that uncertainties are external ones that should be used when comparing different methods. For D_insitu and
D_insitugp, we used the uncertainties given in Table 1b.

This explanation, however, does not serve to clarify why erosion rates from DSS samples are close to DSS-derived
denudation rates (red symbols in Figure 10). Only in kinetically limited settings, where mineral dissolution is
negligible as erosion is rapid [West et al,, 2005], should D equal E. For DSS samples that are considered to be
representative of Amazon sediment transport in terms of ['°Belieac, the following methodological (option 1),
geological (2), and combined (3) explanations are offered for D = E:

1. Both D_MET min/reac’ and D_METguyes can be underestimated if (freac + f4iss) is overestimated. Such bias can
be introduced by grain size-dependent sorting as both (freac + fdiss)min/reac aNd (freac + fdiss)iuxes Make use
of [°Bel,eac (equations (8) and (9)). However, in coarse bed load samples, in which [®Bel,eac is Most likely
underestimated, (freac + fdiss)fluxes AN (freac + fdiss)min/reac are lowest (Figure 9). Still D is lowest relative to
E in bed load samples (Figure 10). Hence, we regard this explanation as unlikely.

2. Weathering rates might be negligible compared to total denudation. Evidence for this explanation is
reported in Bouchez et al. [2014], who find (a) an overall low degree of weathering in rivers draining
Andean sediments, an observation that these authors attribute to the fact that Andean source rocks are
recycled, preweathered metasedimentary rocks, and (b) that the dissolved weathering export only
increases slightly across the lowlands [Bouchez et al., 2014].

3. Estimates of D will be too low if a value for [9Be]parent is used that exceeds the true value. We assume a
[gBe]parent of 2.5x107®g/g for all three geomorphic parts of the Amazon basin throughout. Given the
large size of the basin it is unlikely that [gBe]parent values differ much from this global value inferred for
felsic igneous and sedimentary rocks [von Blanckenburg et al., 2012]. One exotic explanation is offered
in the upper Brazilian Shield, where the °Be is partly portioned into emerald (a form of beryl) deposits.
If this Be silicate resists weathering and is instead enriched in placer deposits [Barton and Young, 2002],
then the remaining weatherable silicates contain much lower [9Be]parem.

We are unable to definitely exclude any of these explanations. However, we regard both D and E determined
from DSS samples to be most reliable due to their presumably representative [Be] eac. If SO, the agreement
between D and E confirms the low degree of weathering and the low weathering rates in the lowlands of
the Amazon basin (section 6.1). We proceed with a comparison to in situ-derived denudation rates, which
provide an independent estimate of D in the Amazon basin.

6.3. Comparison of Meteoric-Derived With In Situ-Derived Denudation Rates

We can compare our D_MET yin/reac t0 two denudation rate estimates available from in situ 0B [Wittmann
et al, 2009, 2011a]. The first estimate differs from the second by application of the floodplain correction.
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Floodplain-uncorrected denudation rates comprise basin-wide rates (D_insitu), and floodplain-corrected
denudation rates integrate over the sediment source area only (D_insitugp) (see section 2.2 for a detailed
explanation). In order to compare both methods, we evaluate either floodplain-corrected or floodplain-
uncorrected D in Figure 11.

A floodplain correction of D_MET yin/reac, resulting in D_MET yin/reacp, Was carried out for lowland samples

based on equation (15), but using a F:flgf of each sample’s specific sediment source area only (Table 5) and

using an average ('°Be/*Be)eac Of 2.3 x 10~ '°. This average floodplain-corrected ratio was derived by averaging
the depth-integrated ['°Bele,c Of the Andean Beni and Madre de Dios samples divided by the respective
averaged depth-integrated [°Be],eac Of the same samples. The mean floodplain-uncorrected D_MET min/reac: iS
0.25mm/yr (average from all bed load samples at Par, Obi, and Man; Table 7), and the mean floodplain-
corrected D_MET min/reacke fOr the same sample suit is 0.63 mm/yr, respectively. For DSS-samples, the mean
floodplain-uncorrected D_MET inyreac’ Of the Madeira and Obidos profiles is 0.20 mm/yr, whereas the mean
floodplain-corrected D_MET in/reacrp for Mad-DSS and Obi-DSS is 0.40 mm/yr. Considering the entire data
set, we find that with a few exceptions, rates agree within a factor of 2 (Figure 11), and DSS-derived meteoric
denudation rates agree even better, showing that these samples most likely best represent the overall erosion.

As initial explanations for D_MET in/reac €Xceeding D_insitu, we offer those that have been already explored

10 ..
Be or a deficit in '°Be from

in section 5.1 to explain the deficit in exported '°Bepe flux: an overestimate of Frat
radioactive decay during storage. However, the differences in denudation rate between the two methods

might also be real. They can result from the following:

1. Potentially different integration times between the two methods. The integration time calculated from in
situ "%Be is a function of the denudation rate itself, i.e, the time required to erode a layer of thickness z,
where z* is the adsorption depth scale for in situ cosmogenic nuclides that is 60 cm in rocks or approximately
100 cm in soils [von Blanckenburg, 2005]. For meteoric '°Be, the adsorption coefficient k, 1/cm, describing the
decrease of meteoric nuclide concentration with depth [Willenbring and von Blanckenburg, 2010] is
unknown, and '°Be penetration depth varies strongly in soil [Graly et al., 2010]. However, we can assume that
the meteoric '°Be penetration depth corresponds to the thickness of Andean soils, which are relatively thin
(the mean Andean soil depth is most likely thinner than 100-200 cm [Haase, 1992]), owing to fast erosion. In
shale rocks that are widely distributed in the Andes, for example, meteoric 1%Be penetrates only approxi-
mately 1 m [West et al, 2013]. Dividing the soil depth by an Andean denudation rate of approximately
0.4 mm/yr [Wittmann et al,, 2009, 2011a], we calculate an integration time scale of 2.5 to 5 kyr for both meth-
ods. Thus, using this crude approach, the integration times for both methods are very similar, and we
exclude them as a cause for the discrepancy. Foster et al. [2015] recently demonstrated similar integration
time scales for both methods for an intensively investigated watershed in Colorado. Note, however, that this
explanation most likely is only valid in Andean settings, whereas in lowland soils, k is completely unknown
and meteoric "°Be could potentially penetrate much deeper.

2. A lithologic control on D. The control of lithology on D might be exerted by two interlinked processes:
(1) erodibility of the bedrock and (2) preferential fluvial transport. Regarding the first possibility, grain sizes
sampled for meteoric denudation rates might be mainly derived from more rapidly eroding shale-rich
lithologies, whereas quartz-rich bedrock types (e.g., granitoid) supply sand-sized quartz at lower denuda-
tion rates, due to their overall lower erodibility [Kiihni and Pfiffner, 2001]. Second, these different litholo-
gies might exhibit different modes of transport in large rivers. Based on Li isotope data, Dellinger et al.
[2014] suggested that lithologies generating fine-grained sediments (e.g., shales) are overrepresented
in suspended sediments, whereas grains derived from igneous rocks are mainly incorporated into coarse
sediments (e.g., bed load). Indeed, fine-grained clastic sedimentary lithologies cover a substantial fraction
of the Amazon basin [Gaillardet et al., 1999; Dellinger et al., 2014]. Hence, if this lithological bias exists, it
may actually result in differing denudation rates for the two methods.

7. Conclusions

The new erosion and weathering proxy making use of ratios of meteoric '°Be to stable °Be provides denuda-
tion rates and weathering intensities that are in good agreement with independent measures of Earth surface
change. The most important findings are the following:
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. 1°Be/’Be ratios agree within a factor of 2 between dissolved Be (diss), measured from river water, and

reactive (reac) values, comprising summed amorphous and crystalline Mn-Fe-(hydr-)oxides extracted
chemically from both bed load and suspended sediment. Both reactive and dissolved Be hence reflect
the catchments’ denudation rate.

Where the crystalline and the amorphous oxide phases were separately analyzed for Be, '°Be/’Be in the
dissolved phase ((*°Be/°Be)qiss) agrees better with '9Be/°Be in the amorphous phase (('°Be/°Be)am-ox):
showing continuous exchange in the main stem of the Amazon River. In contrast, '°Be/?Be in crystalline
oxides displays a memory from the weathering zone in the source area. Different oxide fractions therefore
disclose the weathering processes in the mountains versus the exchange processes in the floodplain.
The ['°Be]eac in bed load samples is too low compared to expected erosion rates, due to the coarse grain
size of the bed load samples. This bias can be circumvented by using a correlation that we found between
["°Beleac and the Al/Si ratios in suspended sediment depth profiles. We use this correlation with represen-
tative estimates of Al/Si to calculate depth-integrated ['°Bel,esc and [°Beliesc. These concentrations we
regard as representative of the bulk of the sedimentary Be flux. This approach can now be used to resolve
the grain size problem impairing the use of ['°Bel,eac to measure erosion rates in fine-grained river sediment.
We find an increase in ['°Be],eac from the Andes to the lowlands, but no increase in [°Be],esc OVer the same
distance. The increase in ['°Bel,eac We attribute to continuous meteoric deposition of '°Be within the
floodplain. From modeling '°Be inventories, the observed increase in '°Be would be facilitated by a mini-
mum sediment transfer time of 1.6 to 29 kyr, excluding '°Be decay during burial.

. We note that this increase in ['°Belec (and correspondingly ('°Be/°Be)yeac) from the Andes to the lowlands is a

feature not observed for published in situ '®Be concentrations that are uniform across the same distance as
measured on fine-grained sandy bed load. One difference between the two methods is atmospheric scaling
that is, for in situ-nuclide production, reduced significantly from mountainous to low-elevation floodplain
areas. The meteoric '°Be flux, however, does not differ much across altitude; therefore, the source-area derived
meteoric signal is more readily increased by meteoric depositional flux during surficial floodplain transfer.
A steady state '°Be flux balance is not necessarily fulfilled in the Amazon basin: at the outlet of the basin, the
exported '°Be flux derived from suspended sediment or in situ '°Be-derived sedimentary load concentra-
tions is approximately 15-80% lower than the depositional flux. This mismatch may simply be due to over-
estimating the Holocene-averaged atmospheric '°Be flux, estimated here from the atmospheric cosmogenic
nuclide production functions combined with a global circulation model [Heikkild et al, 2013a, 2013b].
However, other geological explanations for the flux deficit can be invoked that account for sediment trans-
port and deposition processes typical for large lowland basins. For example, not all 19Be deposited over the
basin may be delivered into the mainstream. Using the deficit we infer that an area comprising 40 to 60% of
the basin is inactive, meaning that this area does not exchange its sediment with the main channel. A second
possibility is that even if all sediment exchanges with the main channel, some of it may have been stored
previously for approximately 3 to 4 Myr during which meteoric '°Be has decayed.

Our primary findings regarding weathering, erosion, and denudation rates determined from the von Blanckenburg
et al. [2012] framework are summarized below. Bearing in mind that the steady state assumption for
meteoric '°Be flux might not be satisfied, our analysis emphasizes comparison of calculated erosion rates
E (using meteoric [°Beleac) and denudation rates D (from ('°Be/?Be)yeac and ('°Be/?Be)giss) With published
in situ values. Using a °Be mass balance, we can explore relative degrees of weathering from flux fractions
of reactive and dissolved ?Be released during weathering.

7.

The mobile fraction of “Be released during weathering of rock to soil amounts to roughly 40%. This value
is invariant from the Andes across the lowlands to the mouth of the Amazon, indicating the absence of
weathering of Be-containing minerals in the Amazon floodplain over the timescale and within the uncer-
tainty of the method.

Erosion rates from ['°Bel,esc are overestimated from bed load samples, but when using depth-integrated
suspended sediment ['°Bel,e,c, €rosion rates agree with denudation rates from ('°Be/°Be)eac. The published
contribution of weathering to total denudation in the Amazon basin is low at <20% (explained by the pre-
valence of clastic sedimentary lithologies), such that £ may indeed roughly equal D in the Amazon basin.
Denudation rates from meteoric '°Be/°Be ratios measured from bed load, suspended sediment, and
water samples from Amazon rivers are systematically higher but agree within a factor of approximately
2 or better, with published values of D from in situ cosmogenic nuclides in quartz. This overall agreement
shows that by using the (°Be/°Be),eac ratio, grain size bias introduced by particle sorting is removed.
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10. Denudation rates from ('°Be/°Be),e,c slightly exceed those from '°Be produced in situ in river quartz. The
only possible methodological explanation is an overestimate in atmospheric flux, as all other methods-
related possibilities (gBeparent >2.5%107° g/g, underestimation of (f,esc + fiss) due to particle sorting)
would further increase the difference. However, as we have no unambiguous evidence for an
overestimate in the atmospheric flux, we favor a geological explanation: by sampling fine-grained
material for meteoric '°Be, possibly more rapidly eroding lithologies such as shales are integrated.
Sand-sized quartz in contrast may average over more resistant granitoid lithologies, leading to lower

values of D.

The overall consistency within a factor of 2 or better between meteoric and published in situ denudation
rates is encouraging for further work. The much smaller sample amounts required, the weathering informa-
tion carried by the °Be-bearing fractions, and the applicability to a large range of lithologies, grain sizes, and
sedimentary records extends the range of potential application settings considerably over those presently
provided by in situ-derived denudation rates measured in quartz.

Notation

10Be
Fmet

[*Belparent
[gBe]diss
[*Belreac
[*Belmin

[mBe]diss
[1"Belresc
[ "Belmin

(°Be/’Be)rcac
(wBe/gBe)diss

Ariv,i

9.10ge

J riv
9.10ge

J riv_reac

91059
Jrivﬁdiss

Jg Be

riv_min

10

JBe

riv—lowl

10Be
Jatm

Ka

9Be 9Be
(freac + fdiss)ﬂuxes

Be Be
(freac + fdiss) :
min/reac

ZBe'f reac
Be'fdiss

gBe'fmin
Q;

q

at/mz/yr

g/kg
g/L
g/kg
g/kg

at/L

at/kg
at/kg

2
m

at/yr (°Be)

g/yr (Be)

at/yr
at/yr

L/kg

L/yr
m3/m2/yr or m/yr

Average depositional flux of meteoric %Be into a given basin (as read
from distribution maps and corrected for variations caused by
changes in magnetic field strength)

Concentration of *Be in parent bedrock (parent), assumed to be close
t025x 10 ° g/g in average felsic rock or clastic sediment; this initial
Be concentration is partly released into river water (diss), adsorbed or
precipitated onto river sediment (reac), or remains after primary
mineral dissolution (min)

Concentration of meteoric '°Be in the respective phases (see above)

'%Be(meteoric)/’Be ratio in reactive and dissolved fractions (see above)

Area of a given subbasin (i) that contributes %Be

Total (riv) meteoric flux of '°Be and stable °Be exported by the river system
that is the sum of riverine solid reactive (adsorbed and secondary
solids, termed reac) and dissolved (diss) fractions calculated based on
the rivers’ sedimentary and water fluxes and their respective basin
areas. “Be can also be transported in the residual primary mineral
phase (min). Note that meteoric '°Be is not contained in primary
minerals, and in situ '°Be contained in primary minerals is negligible
in its concentration

The portion of the exported '%Be flux that was added to sediment by
exposure to atmospheric '%Be flux in the lowlands

Basin-wide atmospheric '%Be flux, which is the depositional flux

10 .
Fr5¢) over a given surface area A,

Solid/fluid partition coefficient that links Be concentrations in the
reactive and dissolved phases

Mobile flux fraction of °Be released from primary minerals during
weathering that is partitioned into the reactive (reac) and dissolved
(diss) phase, calculated based on the rivers’ sedimentary and dissolved
fluxes (fluxes), or calculated using measured [gBe]reac and [’Belmin
(min/reac)

. . . 9 . 9 9
Nondimensional fractional fluxes of “Be, i.e., "Be-freac + Be-fyiss

+ 9Be—fmin =1

Water discharge

Runoff (area-normalized water flux)
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E; kg/mz/yr Erosion rate for a given subbasin, derived independently from modern
suspended sediment measurements or from in situ-derived
cosmogenic %8¢

Epiosejfull kg/mz/yr Erosion rate calculated from [mBe],eac, including the g/K correction for
Et10er loss of '°Be into the dissolved phase (full); and simplified by omitting
the g/K, correction for dissolved loss ()
D_METfxes kg/mz/yr Denudation rate; calculation based on the (wBe/c’lBe),eac/diSS and
9 9
(fre?:c + fdli;ses ARES
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D_MET min/reac’ (f:eB:c 4 fz‘fses) i including the g/K, correction for dissolved
min/reac

loss (full) and simplified by omitting the g/K, correction for
dissolved loss (')

D_insitu kg/mz/yr Denudation rate from in situ-'’Be nuclide concentrations in quartz,

D_insitugp where the subscript “FP” indicates the application of a floodplain
correction. Conversion of erosion and denudation rates from units of
kg/mz/yr to m/yr is done by using a bedrock density of 2600 kg/m3

w kg/mz/yr Weathering rate, meaning surface lowering by rock dissolution and
transport in the river dissolved phase

2 10, . 10, . . .
loge at/m Inventory of ~Be, meaning the amount of ' "Be contained in a vertical
column of soil or sediment over a given area
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