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1. Zr immobility

The core argument of the Bern and Yesavage comment is
that our inference of chemical immobility of Zr is incorrect.
They pointed out that the Zr flux is a few orders of magnitude
smaller than those of other elements because Zr is a trace element
(150-300 ppm) in the soil and bedrock; therefore, they argue that
the low Zr solute flux alone cannot be evidence of Zr immobility.
In addition, they re-emphasized their previous study conducted
at the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO;
Bern and Yesavage, 2018). In their study, Bern and Yesavage argued
that about 40% of Zr in soil is mobilized as colloids as compared
to the parent material.

The research question of our study (Kim et al., 2018) was
whether particle losses can affect the soil and rock chemistry
within a catchment. As we explained in the introduction of our
paper, Zr is considered “chemically” immobile but is “physical-
ly” mobile. Zr in minerals is nearly insoluble and thus Zr does
not mobilize significantly as solutes (i.e,, chemical immobility).
On the other hand, physical weathering processes such as ero-
sion can remove particles, including particles containing Zr, from
a system. These processes, however, are assumed to remove par-
ticles that have the same chemistry as the soil or rock; conse-
quently, the soil and rock chemistry will not change (i.e.,, phys-
ical mobility). Most models of soil formation over a geological
time scale rely on this argument and assume an element such
as Zr is (chemically) immobile (e.g., Brimhall and Dietrich, 1987;
Riebe et al., 2003). In our study, however, we documented that the

DOI of original article: https://doi.org/10.1016/j.epsl.2018.07.031.
* Corresponding author.

E-mail address: hyojin820.kim@gmail.com (H. Kim).

https:/ /doi.org/10.1016/j.epsl.2019.02.017
0012-821X/© 2019 Elsevier B.V. All rights reserved.

mobile particles do not always show the same chemistry as the
source material. During the wet season (winter), for example, at
low discharge, the stream particle chemistry was similar to that
of mobile particles in groundwater while at high discharge it was
similar to that of the water dispersible colloids (WDCs) reported in
Bern and Yesavage (2018).

To investigate our question, the evaluation of Zr immobility was
important. We now realize, however, that our statement about Zr
immobility in the original paper may be ambiguous because we
did not explicitly discuss the physical and chemical immobility
of Zr. Here we emphasize a discussion of the immobility of Zr
with respect to both solutes and particles. First, Table 2 in our
original paper shows that the flux of dissolved Zr is six orders
of magnitude smaller than the total solute flux out of the Shale
Hills catchment. This difference in the solute fluxes is also about
two orders of magnitude lower than the fraction of Zr in the soil
(2.5 -3 x107* g/g) or parent bedrock (1.5 —2 x10™* g/g). There-
fore, we conclude that it is reasonable to argue that Zr is chem-
ically immobile as solutes. This is consistent with the extremely
low solubility of Zr-containing phases, including the source min-
eral, zircon, observed in the catchment.

Second, we analyze the effect of loss of Zr as particles. If only
physical erosion occurs, the chemistry of mobile particles will be
the same as the source material; therefore, the ratios of other ele-
ments (e.g., Al, Fe) to Zr in the mobile particles and in the source
material will be the same. However, if some degree of particle se-
lection occurs during physical erosion, then the ratio of mobile par-
ticles will deviate from the equivalent ratios in the source material.
For example, if Al/Zr of the mobile particles are higher than that
of soils, we can conclude that some process is preferentially mobi-
lizing Al from the soil as particles in addition to physical erosion.
In other words, Zr is preferentially retained in the system com-
pared to Al. This process, then, has the same net effect as chemical
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Fig. 1. Backscattered electron microscopy images of mobilized particles in stream recovered through ISCO® samplers in the Shale Hills catchment collected in February 2016
(A and B) and April 2015 (C, D, E, and F). The dominant mineral phase in these mobilized particles is micron-sized illite identified by energy dispersive X-ray spectroscopy

(EDS). Quartz, Fe and Ti oxides, and amorphous Si and Al enriched particles (likely weathering products of illite and chlorite) were also occasionally observed. Zircon was not

observed.

mobilization because it leaves behind a substrate of different ele-
mental composition. In contrast, if Al/Zr of the mobile particles is
lower than that of the soil, then Zr is preferentially mobilized as
particles compared to Al, indicating “effective” chemical mobility
of Zr.

In our work, we documented that the mobile particles always
had higher Al/Zr and Fe/Zr than those of the soils. As seen in Table
1 in our original paper, for example, the average Al/Zr of stream
particles (933; 759 (min.) - 1218 (max.)) is higher than the range
observed for the soil (268-378) and parent bedrock (727; standard
deviation = 65). Consistent with this, Fig. 4 in the original paper
shows that Tai, zr and Tre, zr of the stream particles were always
greater than 0, indicating higher Al/Zr and Fe/Zr for the stream
particles than for the parent bedrock.

In fact, based on extensive analysis of stream particles by scan-
ning electron microscopy (SEM), we found that illite was prefer-
entially mobilized as opposed to the other mineral particles (e.g.,
quartz, chlorite, zircon; Fig. 1). The preferential loss of illite is likely
because of 1) its abundance in the mineral matrix (~40% in the
parent bedrock); 2) its small size (typically smaller than 3 pm);
and 3) its platy shape. Altogether, we concluded that Zr is “chemi-
cally” immobile.

Bern and Yesavage (2018) documented the chemistry of WDCs
mobilized from Shale Hills soils through laboratory-extracted as a
way to investigate particle transport out of the catchment. They
used soil samples from 3 locations and maximum 1.05 m depth
in the catchment. They extracted the WDCs by shaking 23 g of
the Shale Hills soils in 207 g of ultrapure water for 10 minutes
and centrifuging the mixture at 2000 rpm for 4 minutes. Then,
the chemistry of the WDCs was used to calculate the elemental
losses as colloids using the dual-phase mass balance model. Bern
and Yesavage (2018) concluded that 40% of Zr in soil was mobi-
lized as colloids as compared to the parent material.

Their estimation of the total Zr loss, however, may not necessar-
ily implicate Zr’'s chemical mobility because their Zr concentrations
of the WDCs may not representative of the particles that leave
the catchment. One of the most interesting conclusions from our
study is that colloid/particle transport at Shale Hills occurs not

only from the augerable soil but also from the shallow fractured
rock (Kim et al., 2018). However, they only focused on the top soil
layer. Therefore, the chemistry of WDCs extracted from soil could
differ from those from fractured rock where the Zr concentration
is lower than that in the soil.

We also postulate that their measurements may estimate the
maximum potential of colloidal losses because of their labora-
tory extraction approach. In natural systems, colloids are mobi-
lized and then transported through the network of pore spaces
and fractures in the soil and bedrock. This network can act like
a filter because of its complicated tortuosity and heterogeneous
structure and mineralogy. The shapes and sizes of colloids influ-
ence the colloid mobility and the optimal size and shape will vary
depending on the network structure (e.g., Aramrak et al., 2013;
Mohanty et al., 2015). For this reason, we argue that their method
measures the maximum potential of the mobile colloids, and this
may differ from what happens in the natural system.

2. Quantification of the particle losses

Bern and Yesavage also argue that the assumption behind the
P calculation in our paper is flawed and therefore the ij correc-
tion is incorrect. They argued that the actual assumption is that
the ratio of a mobile element to Al for a mobile particle is the

same as for parent bedrock, and not the same as for source soil.
We disagree with Bern and Yesavage and therefore here we pro-

vide a full derivation of the P* calculation.

We consider a weathering system with three groups of ele-
ments with different mobility: 1) elements such as Zr that are
mobilized only by physical erosion (denoted in the equations be-
low by subscript Zr); 2) elements that are mobilized by physical
erosion and by preferential mobilization of “colloids” (denoted by
subscript i); and 3) elements that are mobilized as “colloids” by
both processes and also as solutes (denoted by subscript j). Here,
physical erosion refers to mobilization of material with the same
chemistry as the source material and “colloids” refers to any size
of particles that move some elements more than others. Given
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Table 1

Annual chemical weathering fluxes for elements as solutes and particles.

Water year 2017+ (total runoff 517 mmyr~1)

tkm 2 yr~! kgkm ™2 yr~!

Al Ca Fe K Mg Si sum Zr Ti
Solute 0.01 160 001 043 077 130 434 0.03 0.07
Particle 029 001 016 008 002 052 112 027  8.97
Total 0.30 1.61 0.17 0.51 0.79 1.82 5.46 0.29 9.04
Solid contribution (%) 96.6 0.4 95.6 15.8 2.8 28.5 20.5 91.0 99.2

2 October 1, 2016 to September 30, 2017.

the definitions of the three types of elements described above,
the equations describing mass balance between parent bedrock
(denoted by subscript p) and the resultant regolith (denoted by
subscript w) yield:

CZr,pmp = CZI‘,W(mW + me) (1)
C,',pmp = Ci,w(mw + me) + Cicmc (2)
Cjipmp = Cjw(mw + me) + Cjcmc + Cjsms 3)

where C and m are the elemental concentration (mass/mass) and
mass, respectively, in the parent material or the regolith. The mass
difference between parent bedrock and regolith is the integrated
mass loss, m, of “colloids” (denoted by subscript c), of solute (de-
noted by subscript s), or of physically eroded material (denoted by
subscript e).

Combining eqn (1) and (2), we can get an expression for the
mass fraction of “colloid” loss compared to parent bedrock:
me Ci,p Ci,w CZr,p

= - @
mp  Cic  Cic Czru

Then, we can calculate the fractional mass loss of element j as
“colloids”, P;:

(

Pfk — Cicmc _ Q]& Q,_p _ Ci CZrQ
E/',pmp Cip Cic Ci,c( Czrw
Ciw G Ciw Czrp Ciw Cjc
- Ciw Ci,p a CZr,w Ci,p Cic Cj,w
= (Tj,i - Tj,Zr) %W—ELL ©)
iic Ljw

If we choose i = Al as the second group element, then eq (5) is
identical to eqn. (6) in our original paper. Using P]*-, we estimated
that the cumulative “colloid” fluxes were responsible for 58% of K
and 24% of Mg loss for the overall weathering period.

Altogether, our study showed that losses of solid material can
alter the soil and rock chemistry and such losses are not lim-
ited to the topsoil layer. For instance, Fig. 7 in our original pa-
per revealed that such “colloid” losses occur in the weathered
bedrock layer as well. Consistent with our conclusions, several
previous studies also proposed an important role of “colloid”
fluxes in the mass balance in Shale Hills based on the observa-
tions of the negligible levels of dissolved Fe, Al, and Tiin soil
pore water and stream compared to observed depletions of these

elements in the soil and weathered bedrock (Jin et al., 2010;
Yesavage et al., 2012). Hasenmueller et al. (2017) also estimated a
similar fractional contribution of “colloid” loss to the total weath-
ering flux in the SSHCZO by analyzing the chemistry of material
collected along fractures in weathered rock beneath the augerable
soil layer.

3. Corrigendum to Table 2 of Kim et al. (2018)

Although not mentioned by Bern and Yesavage in their com-
ment, we found errors in Table 2 of our original paper. Therefore,
here we provide the correct version of the Table (reproduced as
Table 1). Note that our original paper and this note were written
based on this correct table; thus, our conclusions are not affected
by the published errors in the original table.
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