Response to Prof. Dr. Peter Finke

Thank you for your constructive feedback and annotations on our manuscript. In our point-by-
point response your comments are in italics and our responses are in bold. The line numbers

refer to the original preprint version you have commented.

This well-written manuscript is an important extension to existing insights because it focuses
on the depth and intensity of weathering, and not only the strength of weathering, as a function

of climate.

Thank you for your appreciation of the manuscript.

(i) in terms of the processes, the production rate of swelling clay minerals and the fracturing
rate by weathering of some Fe-bearing minerals, triggered by climate, lead in the hypothesis
behind this research to either positive or negative feedbacks. The processes themselves are
not different between the 2 extremes sketched (i.e. fracturing dominates or pore blocking
dominates), rather the process rates, and intermediate situations may also exist, e.g. close to
the equivalence point. Schaller&Ehlers (2022) inventoried whole-profile (often quite shallow)
CDF's for different annual precipitation amounts, a.o. for similar sites in Chile. Garcia-Gamero
et al, 2022, fig.10, linked these whole-profile CDF's back to the Albrecht (1957) curve and
found a pattern of response to precipitation which could in the current manuscript be discussed,
linking precipitation to the underlying processes. As in the current manuscript precipitation is
either 346 (LC) or 1927 (NA) mm.y-1, only fairly extreme points in this continuum are sampled
and | wonder how the authors envisage intermediate situations in terms of precipitation (e.g.
at 800 mm).

Your question about settings characterized by an intermediate precipitation rate is very
interesting and we are grateful for the publications you recommended.

We hypothesize that weathering of Fe(ll)-bearing minerals such as biotite and swelling
of expandable clay minerals (e.g., interstratified chlorite-smectite) lead to a positive
feedback (fracturing = more fluid infiltration) like in LC, while non-expandable clay
minerals (e.g., kaolinite) and amorphous phases lead to a negative feedback (blocking
of fluid pathways = less fluid infiltration) like in NA. These feedbacks may contribute to
the non-linear and non-systematic dependence of chemical weathering on precipitation
that has been found in the Chilean Coastal Cordillera (Oeser and von Blanckenburg,

2020; Schaller and Ehlers, 2022). Moreover, minor variations in the primary mineral
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content of the bedrock (e.g., amount of Fe(ll)-bearing minerals) can have a substantial
impact on the development of the regolith. We found mineralogical differences between
the bedrocks of LC and NA that affect the development of the respective regoliths
(clarified in our discussion section). Thus, we assume that a systematic correlation
between chemical weathering and precipitation on a global scale is heavily confounded
by differences in the mineral content of the bedrocks considered.

The core finding presented in Albrecht (1957) and Garcia-Gamero et al. (2022), is a
parabola-like function between precipitation and chemical weathering. However, a non-
linear/non-systematic relation between chemical weathering and mean annual
precipitation was found in the Chilean Coastal Cordillera and has been explained by
vegetation (Oeser and von Blanckenburg, 2020; Schaller and Ehlers, 2022). Based on
these previous studies, we do not believe that an intermediate case — with a
precipitation rate between LC and NA - would be characterized by more intense
weathering as suggested in Albrecht (1957) and Garcia-Gamero et al. (2022). Therefore,
we also do not believe that the conditions in an intermediate case can be interpolated
from our results in LC and NA.

However, if this aspect is considered to be beneficial to the manuscript, we suggest
adding the following text to the conclusion (starting in line 521):

The relationship between precipitation and the degree of chemical weathering along the
climate gradient of the Chilean Coastal Cordillera was found to be non-linear and non-
systematic (Oeser and von Blanckenburg, 2020; Schaller and Ehlers, 2022). We argue
that a systematic relationship is likely concealed by variations in the mineral content of
the bedrocks and the associated feedback mechanisms. However, the investigated

feedbacks provide a causal explanation for the depth of chemical weathering.

(ii) In NA and LC exposure to oxygen is different because the fracturing in LC leads to "open"
fractures while in NA these are less "open". This leads to higher oxydative stress in LC,
producing Felll-minerals. Fracturing could on the other hand also lead to higher contact area
and residence time of infiltrating water in NA, which will increase weathering as appears from
CDF and delta CIA. This could be added to the discussion.

Thank you for the comment. We agree with your suggestion and will add the following

sentence to our text (starting in line 494):

At the same time, these conditions foster a long fluid residence time in the upper

regolith and thus promote the precipitation of secondary minerals such as clay minerals
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that may impel the weathering of primary minerals in the upper part of the weathering
profile (see Maher, 2010).

(i) The type of clay minerals, either newly formed or transformed, leads to swelling behavior
(CF) or pore-blocking behavior (NA). What is the linkage to the (Si-rich) parent materials
studied here (which are somewhat different, c.f. lines 373-376). Also the clay content (higher
in NA) is stated to have a clear influence. | would appreciate some discussion on (a) to what
degree are the mechanisms portabe to other rock types? and (b) are the differences in clay

content a function of the degree of weathering or of the parent materials?

(a) This aspect was clearly missing in our manuscript — thank you for pointing that
out. Our study focusses on granitic rocks, but we see the necessity to consider
the investigated mechanisms for other rock types as well. Therefore, we will add
the following to the discussion:

Starting in line 445: The feedback mechanism of weathering-induced fracturing is
presented here for granodiorite. However, the significance of this mechanism is not
restricted to plutonic rocks. Weathering-induced fracturing requires Fe(ll)-bearing
minerals such as biotite and/or potentially the presence of expandable clay minerals
that cause the formation of cracks by volume increase during weathering. This feedback
concept is thus transferable to all igneous, metamorphic and sedimentary rocks that

contain these minerals.

Starting in line 496: The negative feedback mechanism presented here is demonstrated
for granite. However, the concept is essentially based on newly formed minerals such
as clay minerals that inhibit the subsurface fluid flow by blocking pathways. This
feedback mechanism can thus be significant for weathering systems developing from
all igneous, metamorphic and sedimentary rocks where secondary minerals can block

the permeable porosity formed by WIF and primary mineral dissolution.

(b) That is a crucial question and we also think that it deserves more attention. We

will add the following to our text (starting in line 407):

The mineral composition of the clay-size fraction (Fig. 8) is dependent on the
bedrock composition (e.g., more chlorite in LC) and the climate-dependent

mineral dissolution (see Fig. 9) in the study sites. However, we argue that the



amount of secondary minerals is largely afunction of the climatic conditions that

control the weathering intensity via water availability in the study sites.

1.383: in NA nutrient recycling is more important than uptake of nutrients released by
weathering: It could be specified that the higher precipitation will likely lead to higher biomass
production by plants in NA, which will produce more litter, stimulate its biogenic decay and thus
enhance nutrient cycling in the biologically active zone. A similar mechanism is already

mentioned in 5.2.2 in the context of production of acidity via CO2-release.

As this is such an important piece of information in the weathering system of
Nahuelbuta, we agree with your advice of emphasizing it more. Thus, we reformulated
your statement and we will add the following to our text (starting in line 381):

We assume that the high precipitation rate in NA leads to more biomass production by
plants, which in turn implies more litter production and a stimulation of biogenic decay
that supplies plants with nutrients.

.387: Al(OH) > Al(OH)3

Thank you for pointing that out. We corrected this mistake in line 378.

Thanks again for your review and we hope that our additions do justice to your suggestions for

improvement.
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Response to Prof. Dr. Susan Brantley

Thank you for your constructive feedback and comments on our manuscript. In our point-by-
point response your comments are in italics and our responses are in bold. The line numbers

refer to the original preprint version you have commented.

This is a very fine, high-quality discussion of two weathering profiles. The main point is to try
to argue that clays and weathering induced fracturing create feedbacks that affect depth of
weathering. The figures and diagrams are absolutely, superbly beautiful and the paper is well
written in general. The paper should be published after minor revision. | am very interested in
this topic and | suggest a few papers we wrote that might be helpful: if they are not helpful, no

need to cite them. Whatever helps to explain the data should be cited.

Thank you for your appreciation of the manuscript and your motivating words.

My most important point is that the authors should consider making a final schematic or
diagram that summarizes the two profiles and explains the differences and why one profile is
deeper than the other. This figure should summarize all the main points and whatever the
authors deem as most important: the authors could summarize relative rainfall, relative erosion
rate, relative extent of WIF, relative extent of depletion, depth of total weathering, etc., and
indicate which variables explain the difference in depths or extents of weathering . This will

help the reader carry away the main message.

Thank you for the suggestion. The new conclusion cartoon summarizes the main points
and factors contributing to the situation in the two study sites (see attachment “Figure

10”). We will add the following sentence to introduce the new Figure 10 (Line 521):



“The main findings and factors that are most relevant to the development of the different

weathering systems are summarized in Figure 10.”
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Figure 10: Schematic summary of the two weathering systems. According to our findings, the
regolith of La Campana (LC) is dominated by a positive feedback loop between weathering-
induced fracturing (WIF) and the infiltration of fluids to depth. WIF creates deep-reaching
pathways for fluids (water, O2) and hence a good connectivity between the surface and the
subsurface. Moreover, the low water availability in the Mediterranean climate inhibits the
formation of large amounts of secondary minerals (i.e., low weathering intensity) that could seal
these pathways. The high denudation rate in LC results in a short residence time of weathered
material in the profile and could therefore contribute to the detected lower weathering intensity
(i.e., less chemical weathering). The regolith of Nahuelbuta (NA), on the other hand, was found
to be dominated by a negative feedback loop between the formation of secondary minerals and
amorphous phases, and the infiltration of fluids to depth. These secondary solids are
consequences of the high water availability in NA that results in intense chemical weathering
(i.e., high weathering intensity). The high weathering intensity entails the formation of abundant
secondary minerals and amorphous phases that reduce the connectivity between the surface
and the subsurface. The lower denudation rate and thus longer residence time of weathered
material in NA likely contributes to the more intense chemical weathering. dep. = depletion.

We have argued that the depth of a steady state weathering profile is determined by the depth
when the weathering advance rate has decreased and it finally equals the erosion rate
(Lebedeva and Brantley, 2020). This reflects the idea that the vertical advection rate of
meteoric water is higher at the surface than at depth because at various depths where the
permeability contrast is high, water moves laterally out of the profile (Rempe and Dietrich,
2014; Braun et al., 2016; Lebedeva and Brantley, 2018; Harman and Kim, 2019; Reis and
Brantley, 2019). Since the weathering advance rate is a function of the vertical advective
velocity, the weathering advance rate decreases downward as more and more water is lost to

lateral flow. The idea is that the depth of a profile reflects the amount of time it takes for the
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weathering profile to reach that steady state: as a profile deepens with time (before steady
state), more and more water is lost to lateral flow and the vertical weath advance rate slows
until it equals the erosion rate (Lebedeva and Brantley, 2020). Is it possible that whichever
profile is deeper, it just took longer to deepen to the point that the weathering rate at the bottom
of the profile finally slowed to the local erosion rate? If your observations contradict our
hypothesis, by all means point that out. And if this conceptual model does not help, no need
to cite any of these papers.

If you do not like that explanation, perhaps this model (Reis and Brantley, 2019) might be
helpful? In those simulations, some of the profiles are very low in weathering extent but very

deep, somewhat like the LC profile. | have never thoroughly understood why this happens.

This is an interesting hypothesis. However, for two reasons we are not able to fully
evaluate this concept. Firstly, we do not know whether our profiles reached steady state
or if they are in a transitional state. Secondly, we do not consider the whole weathering
profile in this manuscript. Thus, we cannot comment on the interplay between
weathering advance rate and erosion rate. However, your comment inspired us to
evaluate the interplay between weathering intensity and denudation rate — a topic that
was not addressed sufficiently in our text. As the denudation rate in LC is generally
higher than in NA, we assume that the residence time of weathered material in the profile
of LC is shorter than in NA. Thus, there is less time for chemical weathering in LC. In
combination with the lower water availability in LC, this might further contribute to the
lower weathering intensity in the regolith of LC compared to NA. We will introduce this

likely effect of different denudation rates by adding the following to our text (Line 408):

“As this study does not consider the entire weathering profile in LC and NA, the
interplay between erosion rate and weathering advance rate (Lebedeva and Brantley,
2020) is not addressed here. However, the different denudation rates in the study areas
(mean soil denudation rate in LC: ~ 61, in NA: ~ 33t km2 yr?; Oeser et al., 2018) likely
affect the weathering intensity. Due to the higher denudation rates in LC compared to
NA (Oeser et al., 2018; van Dongen et al., 2019), we hypothesize that the residence time
of weathered material in the regolith of LC is shorter than in NA. Thus, there is less time
for chemical weathering in LC. In combination with the lower water availability in LC,
this factor might contribute to the lower weathering intensity in the regolith of LC
compared to NA. NA, on the other hand, is characterized by a longer residence time of
weathered material. Together with the higher water availability, this factor might

contribute to the high weathering intensity in the upper regolith of NA. The situation in



LC may be comparable to an incompletely developed profile, and the situation in NA to

a completely developed profile (Reis and Brantley, 2019).”

The LC profile is an incompletely developed profile with respect to many of the elements...this
is often interpreted to mean that erosion rate is comparatively high or the profile has not
reached steady state. However, smectite can retain base metal cations at the land surface
even at steady state (where weathering advance rate = erosion rate) (Brantley et al., 2023) so
that a profile may not reach 100% depletion wrt cations. Perhaps the authors want to point this
out...that one of the big differences in the tau plots is that LC is incompletely developed while
NA is completely developed wrt base metal cations, but this may be best explained simply
because smectite formation is causing cation retention at the surface, pinning the tau plot so
that it will not go to 100% depletion.

This is a very interesting concept. However, based on the relatively low content of
smectitic clay minerals in LC, we do not think that they are the major reason why
depletion does not or cannot reach 100%. We attribute the low depletion mainly to the
low water availability in the subsurface of LC. Moreover, due to the low weathering
intensity in LC, base-metal-cation-containing primary minerals are far more abundant
than smectitic clay minerals which makes it difficult to estimate their influence on the

tau plots.

Di the authors explain why Zr is the best immobile element?

Our decision to use Zr instead of Nb is justified in the data publication:

“Zr (e.g., Harden, 1987), Ti, and Nb (e.g., Brimhall and Dietrich, 1987) are regarded as
immobile (i.e., conservative) elements during weathering and are therefore used for
calculating weathering indices. The usage of Nb was rejected here since the sample
contents which were analysed with powder pellets do not exceed 10 ppm (see Table S1)
and the sensitivity of the method used is generally not sufficient to measure low element
contents. Zr was used here as an immobile element for the calculation of the depletion
by weathering.”

We did not use Ti as an immobile element because Ti can be structurally included in
biotite, which is oxidized and dissolved during weathering. Unfortunately, this
explanation is missing in our text. We will thus add the following sentence to the data

publication:



“Ti was discarded as an immobile element for the calculations, as Ti contents are

common in biotite which is oxidized and dissolved in the profiles.”

I don't think that Figure 9 is a phase diagram. | think it is an activity-activity diagram.

We will delete “phase” in the first sentence of the figure caption.

I have hypothesized that WIF occurs when oxidation occurs deeper than dissolution
(Stinchcomb et al., 2018). If this is true, then the protolith’s capacity to reduce O2 [for example,
the Fe(ll) content] and O2 availability should affect WIF. Stinchcomb et al. argued that if the
ratio of pO2 to pCO2, in soil water, R’(aq), is greater than the ratio of the capacity of the
protolith to consume O2 and CO2, RO, then WIF is more likely to occur. We showed this to be
helpful in interpreting several weathering profiles. In that paper we also observed the presence
of smectite in some of our granite/diabase profiles and not others. | think the authors should at
least take a look at Stinchcomb et al., and perhaps consider whether any of the ideas in that
paper (which got pretty complex unfortunately) are helpful or not, or whether the profiles are
different or similar to the ones studied here.

The concept in Stinchcomb et al. (2018) is a great addition to our interpretation of the
weathering system in LC. In combination with recently published data on our profiles,

we will add the following sentence to our manuscript text (Line 473):

“It has been argued that WIF and thus a thicker regolith is more likely when the ratio
pO./pCO.in soil water is greater than the ratio of the capacity for O, consumption to the
capacity for CO, consumption in bedrock (Stinchcomb et al., 2018). In the study sites,
decomposition of organic matter is restricted to the topsoil, likely because organic
matter at depth becomes stabilized against microbial decomposition (Scheibe et al.,
2023). Thus, we suggest that the pCO; of water in the deeper profile part of LC is low
(i.e., pO2/pCO:2is high), and O2 is not being consumed by organic matter decomposition

but is available for Fe(ll) oxidation and hence WIF.”

The discussion on the effect of smectite in Stinchcomb et al. (2018) is based on Kim et

al. (2017) which we cite on several occasions in our manuscript.

Thanks again for your review and we hope that our answers do justice to your suggestions for

improvement.
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Additions and changes to the manuscript

This is a structured compilation of the additions (in blue) and changes to the manuscript. The
line numbers we give here refer to the revised version (with accepted changes) of our

manuscript.

Line 88-90: The annual precipitation rate (measured from April 2016 to April 2020) is 346 mm
yr* (Ubernickel et al., 2020) and the Holocene net primary production is 280 + 50 g C m? yr*
(Werner et al., 2018; Oeser and von Blanckenburg, 2020).

Line 104-106: The precipitation rate (measured from end of March 2016 to April 2020) is 1927
mm yr? (Ubernickel et al., 2020) and the Holocene net primary production is 520 + 130 g C m"
2yr! (Werner et al., 2018; Oeser and von Blanckenburg, 2020).

Line 378: (Al(OH); = gibbsite).

Line 381-383: We assume that the high precipitation rate in NA leads to more biomass
production by plants, which in turn implies more litter production and a stimulation of biogenic

decay that supplies plants with nutrients.

Line 409-412: The mineral composition of the clay-size fraction (Fig. 8) is dependent on the
bedrock composition (e.g., more chlorite in LC) and the climate-dependent mineral dissolution
(see Fig. 9) in the study sites. However, we argue that the amount of secondary minerals is
largely a function of the climatic conditions that control the weathering intensity via water

availability in the study sites.

Line 413-422: As this study does not consider the entire weathering profile in LC and NA, the
interplay between erosion rate and weathering advance rate (Lebedeva and Brantley, 2020) is
not addressed here. However, the different denudation rates in the study areas (mean solil
denudation rate in LC: ~ 61, in NA: ~ 33 t km? yr!; Oeser et al., 2018) likely affect the
weathering intensity. Due to the higher denudation rates in LC compared to NA (Oeser et al.,
2018; van Dongen et al., 2019), we hypothesize that the residence time of weathered material
in the regolith of LC is shorter than in NA. Thus, there is less time for chemical weathering in
LC. In combination with the lower water availability in LC, this factor might contribute to the
lower weathering intensity in the regolith of LC compared to NA. NA, on the other hand, is
characterized by a longer residence time of weathered material. Together with the higher water

availability, this factor might contribute to the high weathering intensity in the upper regolith of
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NA. The situation in LC may be comparable to an incompletely developed profile, and the

situation in NA to a completely developed profile (Reis and Brantley, 2019).

Line 424-425: Figure 9: Schematic phase-diagram showing the transformation of primary
minerals to secondary minerals (clay minerals and aluminium hydroxide) depending on the
activities of H+, Si, Al, K, Na, Mg and Ca.

Line 461-465: The feedback mechanism of weathering-induced fracturing is presented here
for granodiorite. However, the significance of this mechanism is not restricted to plutonic rocks.
Weathering-induced fracturing requires Fe(ll)-bearing minerals such as biotite and/or
potentially the presence of expandable clay minerals that cause the formation of cracks by
volume increase during weathering. This feedback concept is thus transferable to all igneous,

metamorphic and sedimentary rocks that contain these minerals.

Line 493-498: It has been argued that WIF and thus a thicker regolith is more likely when the
ratio pO2/pCO: in soil water is greater than the ratio of the capacity for O, consumption to the
capacity for CO, consumption in bedrock (Stinchcomb et al., 2018). In the study sites,
decomposition of organic matter is restricted to the topsoil, likely because organic matter at
depth becomes stabilized against microbial decomposition (Scheibe et al., 2023). Thus, we
suggest that the pCO. of water in the deeper profile part of LC is low (i.e., pO2/pCOs: is high),
and O is not being consumed by organic matter decomposition but is available for Fe(ll)

oxidation and hence WIF.

Line 519-521: At the same time, these conditions foster a long fluid residence time in the upper
regolith and thus promote the precipitation of secondary minerals such as clay minerals that
may impel the weathering of primary minerals in the upper part of the weathering profile (see
Maher, 2010).

Line 524-527: The negative feedback mechanism presented here is demonstrated for granite.
However, the concept is essentially based on newly formed minerals such as clay minerals
that inhibit the subsurface fluid flow by blocking pathways. This feedback mechanism can thus
be significant for weathering systems developing from all igneous, metamorphic and
sedimentary rocks where secondary minerals can block the permeable porosity formed by WIF

and primary mineral dissolution.

Line 552-553: The main findings and factors that are most relevant to the development of the

different weathering systems are summarized in Figure 10.
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Line 554-558: The relationship between precipitation and the degree of chemical weathering
along the climate gradient of the Chilean Coastal Cordillera was found to be non-linear and
non-systematic (Oeser and von Blanckenburg, 2020; Schaller and Ehlers, 2022). We argue
that a systematic relationship is likely concealed by variations in the mineral content of the
bedrocks and the associated feedback mechanisms. However, the investigated feedbacks

provide a causal explanation for the depth of chemical weathering.

Line 562-574:
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Figure 10: Schematic summary of the two weathering systems. According to our findings, the regolith of
La Campana (LC) is dominated by a positive feedback loop between weathering-induced fracturing
(WIF) and the infiltration of fluids to depth. WIF creates deep-reaching pathways for fluids (water, Oz)
and hence a good connectivity between the surface and the subsurface. Moreover, the low water
availability in the Mediterranean climate inhibits the formation of large amounts of secondary minerals
(i.e., low weathering intensity) that could seal these pathways. The high denudation rate in LC results in
a short residence time of weathered material in the profile and could therefore contribute to the detected
lower weathering intensity (i.e., less chemical weathering). The regolith of Nahuelbuta (NA), on the other
hand, was found to be dominated by a negative feedback loop between the formation of secondary
minerals and amorphous phases, and the infiltration of fluids to depth. These secondary solids are
consequences of the high water availability in NA that results in intense chemical weathering (i.e., high
weathering intensity). The high weathering intensity entails the formation of abundant secondary
minerals and amorphous phases that reduce the connectivity between the surface and the subsurface.
The lower denudation rate and thus longer residence time of weathered material in NA likely contributes
to the more intense chemical weathering. dep. = depletion.
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