L)

A V ad | IADVANClh Check for

EARTHAN Uupdates

ﬂvu SPACE SCIENCE

Geophysical Research Letters

RESEARCH LETTER
10.1029/2020GL089062

Special Section:
Understanding carbon-climate
feedbacks

Key Points:

« After controlling for stress-loading,
mechanical weathering rates—
measured in situ—still strongly
correlate with moisture and
temperature

« Vapor pressure's influence on crack-
tip subcritical cracking processes
appears to govern observed trends,
independent of stress magnitude

« Recognizing this novel facet of
weathering's climate-dependence
will enhance understanding of all
climate-dependent systems like
the carbon cycle and landscape
evolution

Supporting Information:

« Supporting Information S1

Correspondence to:

M. C. Eppes,
meppes@uncc.edu

Citation:

Eppes, M. C., Magi, B., Scheff, J.,
Warren, K., Ching, S., & Feng, T.
(2020). Warmer, wetter climates
accelerate mechanical weathering in
field data, independent of stress-
loading. Geophysical Research Letters,
47, 2020GL089062. https://doi.
0rg/10.1029/2020GL089062

Received 2 JUN 2020
Accepted 30 OCT 2020

© 2020. American Geophysical Union.
All Rights Reserved.

Warmer, Wetter Climates Accelerate Mechanical
Weathering in Field Data, Independent of Stress-Loading

M. C. Eppes’ ©, B. Magi' @, J. Scheff' 0, K. Warren?, S. Ching’, and T. Feng®

1Department of Geography & Earth Sciences, University of North Carolina at Charlotte, Charlotte, NC, USA,
2Department of Civil and Environmental Engineering, University of North Carolina at Charlotte, Charlotte, NC, USA,
*Department of Computer Science, University of North Carolina at Charlotte, Charlotte, NC, USA

Abstract Weathering is a foundational process in most Earth systems, but there has been a lack

of data directly quantifying what influences mechanical weathering. Here we use multiple years of in

situ field data, “listening” to acoustic emissions of naturally cracking rocks, to test a hypothesized link
between climate and subcritical crack-tip processes (i.e., the bond-breaking mechanism thought to
embody most mechanical weathering). Our results challenge the assumption of a singular dependence of
mechanical weathering on stresses. We find that mechanical weathering rates exponentially increase as
functions of atmospheric vapor pressure (VP), temperature, and relative humidity, even when controlling
for stress-loading. VP exerts the most pronounced influence on the observed mechanical weathering rates.
Put in the context of global climate change, our results underscore the potential for climate-dependent
subcritical crack-tip processes to influence all weathering-allied problems including the long-term
stabilization of the climate by weathering-carbon-cycle feedbacks.

Plain Language Summary Weathering refers to the mechanisms by which rocks
physically and chemically break down into soil, sediment, and dissolved molecules. Chemical
weathering rates are frequently inferred to be strongly coupled to climate, because chemical reactions
depend on factors like moisture and temperature. In past studies, climate has been connected

to physical weathering only through its influence on stress-inducing processes like freezing or
temperature cycling. In this study, we use field observations of the sounds that natural rock cracking
makes and find that cracking accelerates in warmer, wetter conditions, even when controlling for
stresses. Thus, this study provides field data to support a climatic influence on weathering via a
pathway—molecular bond-breaking at crack-tips—that is additional to, and distinct from, how
climate may influence stresses or chemical weathering. Accordingly, any system connected to
weathering, such as Earth's carbon cycle, surface erosion, or biosphere, could be impacted by this
additional process of accelerated rock breakdown during warmer and wetter climates, such as those
predicted under modern global warming trends.

1. Introduction

Accurate characterizations of how climate controls weathering, the in situ breakdown of rock, are essential
because weathering drives erosion and soil formation (Murphy et al., 2016; Richter et al., 2019), impacts
biomes (Lu & Hedin, 2019) including the evolution of human life (Kasting, 2019), degrades civil infrastruc-
ture (Phillipson et al., 2016), and—crucially—influences the rate of atmospheric CO, uptake by the litho-
sphere, which stabilizes climate on geological time scales (e.g., Isson et al., 2020; Macdonald et al., 2019;
Walker et al., 1981).

Currently, however, published quantifications of global-climate-weathering connections (e.g., Rugenstein
et al., 2019; Winnick & Maher, 2018) do not take into consideration climate's influence on the mechanical
component of rock weathering, the lengthening of fractures caused by stresses at Earth's surface—hereafter
referred to as “cracking.” Yet chemical weathering—and most other surface processes—are limited without
the breakdown and porosity facilitated by cracking (e.g., Ferrier & West, 2017; Holbrook et al., 2019). Prior
work clearly links mechanical weathering to climate (e.g., Collins et al., 2018; Draebing et al., 2017; Enzel
et al., 2012; Girard et al., 2013; Marshall et al., 2017; Pederson et al., 2000; Viles, 2005) but also shows that
the climate-cracking system is complex (e.g., Viles, 2013). We therefore lack quantitative data to support
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many common assumptions regarding the factors that govern natural mechanical weathering variability
(Scott & Wohl, 2019; SKklar et al., 2017).

Traditionally, climate-mechanical weathering studies have centered on identifying the environmental con-
ditions that maximize stresses associated with individual stress-loading processes like freezing, thermal
cycling, or mineral hydration (e.g., Fletcher et al., 2006; Hall & André, 2001; Hallet et al., 1991; Matsuo-
ka, 1990; Rempel et al., 2016). A new fracture mechanics conceptual framework for understanding me-
chanical weathering, however, advocates that climate plays an additional role in natural rock cracking via
subcritical crack-tip bond-breaking (Eppes & Keanini, 2017; background). Eppes and Keanini (2017) sup-
port this hypothesis with a review of published experimental data and with a physical model demonstrat-
ing that under constant stress-loading, linear increases in moisture can result in exponential increases in
cracking rates. To our knowledge, however, no study has documented such an effect in a natural setting. To
do so requires a study design that can simultaneously monitor natural cracking and environmental factors
like temperature and moisture, while also isolating how those factors relate to rock cracking, independent
of how they influence rock stresses. The data set must also be relatively long (months to years) as natural
cracking is predominately slow and nonlinear (e.g., Collins et al., 2018).

In this study, we seek to document whether a stress-independent climate-dependence of mechanical weath-
ering can be observed in natural settings. To control for stress, we focus on boulders rather than outcrops
so that the complicating influences of gravitational or tectonic stresses are minimized. Following methods
of Warren et al. (2013), we continuously measure in situ rock cracking for ~4 total years using acoustic
emission (AE) sensors attached to two natural boulders. Importantly, for both datasets the stress-triggers
for cracking have already been characterized (Ching, 2018; Eppes et al., 2016), allowing us to confidently
control for stresses and to document any remaining influence of moisture and temperature on cracking. Fi-
nally, in order to determine how our results may translate over larger time and space scales—under realistic
climatic conditions—we explore the data in the context of simulated CO,-driven global warming.

The data presented are consistent with a key additional pathway—subcritical crack-tip processes—by which
climate may modulate weathering rates, even over long time scales. This result strongly diverges from the
long-held, implicit assumption of most mechanical weathering research on Earth and other planets that
rock fracturing rates hinge solely on stresses.

2. Background

Rock cracking brought on by tectonic, topographic, and environmental stresses arising at Earth's surface
(~0-500 m depth; e.g., Moon et al., 2020) embodies mechanical weathering. Because the vast majority of
such stresses are less than rock’s critical strength, mechanical weathering is likely governed by subcrit-
ical cracking (Eppes & Keanini, 2017; Eppes et al., 2018; Hall, 1999; Martel, 2011; Molnar, 2004; Stock
et al., 2012; Walder & Hallet, 1985). “Subcritical cracking” is the generic term for any slow, steady crack
growth proceeding under cyclic or static stresses lower than the material's critical strength (where critical
strength is quantified by material properties like tensile strength or fracture toughness). Subcritical cracking
is also known as time-dependent cracking, brittle creep, progressive failure, and environmental cracking
(see fracture mechanics textbooks like Anderson, 2005).

Explicitly acknowledging that mechanical weathering proceeds subcritically is significant because the mo-
lecular bond-breaking processes of subcritical cracking innately and dominantly occur through chemo-
physical processes like stress corrosion (e.g., Brantut et al., 2013). In turn, these subcritical bond-breaking
processes—including fatigue—are all driven by stress-enabled chemical reactions involving rock molecules
and crack-tip pore-water, the latter of which may be in either liquid or gaseous phases (e.g., Atkinson, 1987).
Because chemical reactions are part and parcel to all subcritical cracking, subcritical cracking rates are not
only predicated on stress magnitude, but also on all of the factors upon which chemical reaction rates are
dependent like moisture and temperature (e.g., Chen et al., 2019), similar to the climate-dependence of
chemical weathering reaction kinetics (e.g., Hilley et al., 2010). Eppes and Keanini (2017) hypothesize that
this stress-independent climate-dependence of subcritical cracking is applicable to all mechanical weath-
ering on Earth. Here we seek to test this hypothesis for the first time in a natural setting, where stress and
cracking processes are necessarily more complex.
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3. Methods
3.1. Field Deployment

Two ~25 cm diameter rounded boulders were collected from an unvegetated boulder bar in the Santa
Ana wash, California, comprising identical rock types: 1-5 mm average grain size, and nonfoliated horn-
blende-biotite granodiorites. Thus, these boulders share a similar recent exposure history, having both been
periodically tumbled up until their collection, removing, we assume, any preexisting major cracks through
impact abrasion. We also assume, however, that smaller interior imperfections differ between the rocks due
to differences in long-term exposure and/or grain-scale heterogeneity.

The boulders were positioned in open sun (Figure S1) in a humid temperate deciduous forested area (North
Carolina [NC]: 35.2986°N, —81.0880°W, 235 masl) and a semiarid temperate shrubland (New Mexico [NM]:
34.3379°N, —106.7414°W, 1603 masl) from June 2010 to May 2011 and from August 2011 to July 2014 re-
spectively. Not including days marked by power or other equipment malfunction, we collected a total of
about 7,000 h of data in NC and 26,000 h in NM.

3.2. AE Data

The boulders were identically equipped with six 100-450 kHz AE sensors with an internal preamp gain of
40 dB (Physical Acoustics Corporation, PKI51). AE sensors were programmed to monitor cracking whose
energy exceeded our user-defined threshold of 45 dB. Rather than report on “hits” from individual AE
sensors, here we only consider larger AE “events”—emissions registered simultaneously by four or more
AE sensors. We present AE data as numbers of events, a proxy for the magnitude of cracking (Grosse &
Ohtsu, 2008). All sensors were calibrated (Warren et al., 2013), and the possible effects of background noise
on AE monitoring were closely scrutinized (Data Supplement in Eppes et al., 2016).

3.3. Meteorological Data

Atmospheric temperature (T), relative humidity (RH), and precipitation were measured adjacent to the
boulders (~2.5 m distance) at 1-min resolution using a Campbell Scientific weather station. Because we
seek to examine the role of atmospheric conditions in driving cracking, we do not consider the conditions
on the rock surface or in its interior. Instead, we assume that atmospheric conditions proportionally transfer
to the rock at time scales on the order of an hour (below), a necessary assumption for interpreting results as
reflecting crack-tip subcritical processes. Data during the monitoring periods were comparable with records
of nearby weather stations (Figure S2).

Vapor pressure (VP), which reflects the air's total water vapor content, was calculated from measured T and
RH using:
RH

VP = ﬁ X VPSa[

L 1 1
VP, = 6.11hPa x exp| —+| —— — —
S‘“ pl:RV(273K Tﬂ

where VP, is the saturation VP analytically determined from the Clausius-Clapeyron equation using T in
degrees Kelvin, L, = 2.5x10° ] kg™" is the latent heat of vaporization, and R, = 461J kg™ K" is the gas
constant for water vapor (e.g., Chapter 6 of Tsonis, 2002).

3.4. Controlling for Stress

In general, subcritical cracking rates are strongly predicated on the magnitude of external stress-loading
experienced by the cracking solid, regardless of the source(s) of that stress. Prior work on the datasets by
Eppes et al. (2016) and Ching (2018) identified two primary sources of stresses causing cracking in the two
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datasets: (1) freezing and (2) thermal cycling brought on by both weather

100 and daily insolation.We thus assume these boulders, sitting stationary on
10 the ground, experienced no other signficant sources of stress, allowing us

] to control for both stress source and magnitude.
0.1 To isolate the source of stresses analyzed in our study, we exclude days
0.01 2 NG containing any minutes with subfreezing temperatures (7 < 0°C). This fil-
® MM ter is based on the conservative assumption that frozen water is unlikely
0 5 15 20 25 30 35 to remain in boulder interiors more than 24 h after experiencing freezing

Vapor Pressure (hPa) temperatures.

100 Assuming that all remaining nonfreezing-related cracking in the data-
10 ° e sets is driven by thermal stresses, we employ parameters, based on T, as
] proxies for the magnitude of those stresses. Published numerical mode-
ling identifies three primary T-based parameters that can scale with ther-
0.1 mal stress magnitude in rock: (1) absolute temperature (T), (2) rate of
0.01 A : WY temperature change (dT/dt), and (3) diurnal temperature range (Daoud
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5

Temperature (°C)
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et al., 2020; Molaro & Byrne, 2015; Ravaji et al., 2019). Our analysis sug-
gests no statistically significant relationship between diurnal temperature
range and cracking rate (Figure S3), so we concentrate on T and d7/dt as
the thermal stress proxies. As would be expected, our data show strong
positive correlations at both field sites between cracking rates and both T
and dT/dt (Figure 1 and Figure S3; Table S1), supporting our assumption
that they represent the key stress-drivers controlling cracking rate. We
acknowledge here—and discuss later—the complexity that arises in the
® study design whereby T may act as a source of stress, but also as a factor

20

that may impact crack-tip processes.
40 60 80 100 yimp PP

Relative Humidity (%) Finally, to control for stress magnitude, we studied cracking rates seg-

regated into periods of time when the rocks experienced limited ranges

Figure 1. Hourly mean cracking rates within “bins” of T, RH, and (bins) of the thermal stress proxies T or dT/dt (e.g., +£2°C or +£0.1°C/min),

VP. Calculated (Table S1) for the NM and NC boulders as a function of
ambient (a) VP (bin width 2.5 hPa), (b) T (bin width 2.5°C), and (c) RH

and we examined how those cracking rates—under each distinct stress

(bin width 10%). NC, North Carolina; NM, New Mexico; RH, relative magnitude—related to T, RH, and VP. We reason that if climate influ-

humidity; T, temperature; VP, vapor pressure.

ences cracking independent of stresses, we should observe correlations
between measured cracking and T, RH, and/or VP for each level of stress
magnitude given as a small range of T or dT/dt.

3.5. Data Processing and Analysis

We chose an hourly analysis for the data because rock conditions can lag atmospheric conditions (e.g.,
Matsukura & Takahashi, 2000). To make this decision, we estimated both the time required for thermal
signals to penetrate the rock to the depths at which cracking occurred, and the time for ambient vapor
to diffuse into the cracks. The majority of measured AE in both rocks was located within 0-10 cm depth
(Ching, 2018; Eppes et al., 2016). A measurement of thermal diffusivity from a boulder of identical rock
type (1.208 mm?/s) yields a thermal penetration depth of 4.7 cm per hour. A measured porosity of the upper
5 cm of the same boulder (3.0%-3.7%) implies vapor diffuses to observed cracking depths on time scales of
an hour as well (Peng et al., 2012).

We processed all data into hourly averages of T, VP and RH, and hourly totals of AE events (Supple-
mental Data). Hourly dT/dt was calculated as the maximum per-minute T change recorded in each
hour (d7/dt Max). We then organized the data into discrete intervals (bins) of T, RH, VP, and dT/d¢
Max and calculated cracking rates under the conditions of each bin or in combinations of bins. Us-
ing this binning method—as opposed to the prior evaluation of simple, bivariate correlations (Eppes
et al., 2016)—accounts for uneven sampling of different ranges of T, VP, RH, and dT/dt Max condi-
tions, permits scrutiny of the relative influence of covarying factors, and allows for isolation of stress
magnitudes.
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Figure 2. Hourly mean rock cracking rates calculated for coinciding measured hourly average ambient VP (bins

of 4 hPa NC; 2 hPa NM) and temperature (bins of 4°C) for (a) NC and (b) NM. Lines of constant RH are overlaid.
Modeled changes in seasonal-mean T, RH, and VP conditions with RCP8.5 global warming are indicated from the base
to the point of the arrows (blue = DJF; pink = MAM; red = JJA; orange = SON). Regression statistics for CR versus
VP or T within each row or column are in Table S3. NC, North Carolina; NM, New Mexico; RH, relative humidity; T,
temperature; VP, vapor pressure.

Cracking rates (CR, in AE events/h) in any given bin i (CR;) of Figure 1 are calculated as

CR; = &
2t

where 2 E; is the number of events in bin i, 2.4 is the total number of hours in bin i, and bin i is defined as

a discrete range of either VP, T, or RH.

Because of the interdependence of VP, T, RH, and the thermal stress proxies, we also calculated CR for
paired T, RH, VP or dT/dt conditions (CR; ;) to explore CR dependence on the variables under controlled
conditions as

E. .
CR,; = LE,
Xt

where 3. E; ; is the number of events in bin @7 2, ; is the total number of hours in bin (i,]), and bin (i, j) is
defined as a discrete range of combinations of two of the variables T, RH, VP, or dT/dt Max (Figures 2 and
3). Lines of equal RH are indicated in Figure 2 with VP and T.

The distributions of cracking rates are strongly positively skewed resulting in large standard deviations
(Figures S4 and S5), but our goal—so that results are applicable for climate-related research—is insight
built from what multiyear data reveals about the behavior of mean cracking rates as a function of VP, T, RH,
and d7T/dt Max.

Bin ranges in Figures 1-3 and Figures S3-S9 were determined using an iterative approach that maximized
(1) the amount of data available for a meaningful calculation in each bin (i.e., reasonable statistics) and (2)
the resolution that bin width could provide. We excluded bins with less than 24 h of data as not large enough
to be representative. We evaluated a range of bin widths and saw no evidence of artifacts in the results that
arose purely from our choices, other than Figure S3B where the smaller data set for NC produces insignifi-
cant correlations if smaller bin-sizes are employed.

3.6. Projections of Global T, VP, and RH Change

Because global warming tends to reduce RH on land even as it increases T and VP (e.g., Byrne & O'Gor-
man, 2016), we also explore our data in the context of how mechanical weathering rates might be impacted
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Figure 3. Hourly mean rock cracking rates calculated as a function of coinciding measured hourly maximum per-
minute dT/dt (dT/dt Max; bins of 0.2°C/min) versus ambient (a and b) VP (bins of 4 hPa NC; 2 hPa NM), (c and d)
temperature (bins of 4°C), and (e and f) RH (bins of 10%) for the boulder in NC (left) and NM (right). Regression
statistics for each row and column are in Table S4. NC, North Carolina; NM, New Mexico; RH, relative humidity; VP,
vapor pressure.

as a function of realistic covariation of these three variables. For each of 34 climate models in the Coupled
Model Intercomparison Project phase 5 (CMIP5; K. E. Taylor et al., 2012), we computed annual-mean and
seasonal-mean near-surface climatological fields of T, VP (using specific humidity and air pressure), and
RH (using T and VP) for the 1975-2004 period of the historical experiment and for the 2070-2099 period of
the “RCP8.5” high emissions experiment. For each model, we differenced the warm-future and historical
climatologies to obtain change projections, linearly remapped those projections to a common 1-degree grid,
and took multimodel statistics (Figure 4).
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(a) temperature change (°C)

The climate-change trajectories for the two field sites (arrows in Figure 2;

Table S2) in T-VP-RH space begin at the observed seasonal-mean condi-
tions, and then add the multimodel-median seasonal-mean change pro-
jections for T'and RH at the 1-degree gridpoint nearest each site to obtain
the “warmed” seasonal T and RH (and thus VP) at each site.

4. Results and Discussion

4.1. Influence of VP, RH, and Temperature on Cracking

We find statistically significant exponential relationships for both study
sites between rock cracking rate (CR, in AE events/hour) and VP, T, and
RH (p-values < 0.05; Figure 1; Table S1). On average, cracking rate doubles
for every 2.9 hPa increase in VP, every 4.6°C increase in T, and every 19%

increase in RH. These relationships between cracking and T, RH, VP are
obscured if uneven sampling of conditions is not accounted for, and thus
had not been identified in past analyses (Ching, 2018; Eppes et al., 2016).

However, since VP, T, and RH are all interdependent, relationships in
Figure 1 may be misleading. To more carefully characterize each influ-
ence, we examine cracking in the context of the VP-T-RH system as a
whole (Figure 2). If T is necessary and sufficient in controlling cracking

rates, then cracking should generally increase toward the right on Fig-

Figure 4. Median projected 21st century changes in (a) temperature, (b) ures 2a and 2b, but instead the behavior is inconsistent. Similarly, crack-
VP, and (¢) RH from 34 CMIP5 climate models (RCP8.5 scenario). RH, ing does not consistently increase toward the upper-left as a function of

relative humidity; VP, vapor pressure.

RH. The strongest, and most consistent, relationship is that cracking in-

creases with higher VP, that is, toward the top of Figures 2a and 2b. Thus,

the influences of T and RH on cracking rate (Figure 1) appear to reflect
a dependence of CR on VP. Correlations between log(CR) and T along each row of Figure 2, and between
log(CR) and VP along each column, are given in Table S3; correlations between log(CR) and VP are both
stronger and more often significant (p < 0.05), confirming the visual impression.

4.2. Stress-Independent Climate Influence on Cracking

Acknowledging that our stress-proxies T and d7/dt Max influence cracking rates (rows in Figure 2; columns
in Figure 3), we examine remaining relationships between CR and 7, VP and RH under the quasi-uniform
stress magnitudes represented by each stress-proxy bin. Cracking rates strongly scale with VP for all levels
of inferred stress-loading (e.g., within any one column in Figure 2 or row in Figure 3). The influence of RH
is similar to VP (Figures 3e and 3f). Regression statistics for CR versus T, VP, or RH within each stress-load-
ing bin support these interpretations (Tables S3 and S4).

Further analyses suggest that observed relationships are not an artifact of wetter weather driving temperature
changes and thus thermal stress. Past work had identified that the majority of cracking in the two datasets oc-
curred due to abrupt temperature changes brought on by weather (rain or wind) that rapidly cooled the rock
surface during periods (midday and sunset) of high antecedent thermal stresses brought on by diurnal insolation
(Eppes et al., 2016). When we filter the data to remove times of rainfall onset, however, the relationships between
cracking rate and VP and RH are still clear (though somewhat weaker) (Figures S6 and S7; Tables S3 and S4).

Under constant dT/d¢-driven stresses, however—with and without rainfall-onset—cracking does not con-
sistently correlate with T (Figures 3c and 3d and Figures S7C and S7D). This could be due to complex lo-
cation- and time-dependent factors impacting d7/dt (wind, rain, seasons). In other words, periods of high
dT/dt occurring under overall low T—relatively common in the datasets (Ching, 2018; Eppes et al., 2016)—
may result in a conflicting influence of T on crack-tip processes (slower cracking) versus its influence on
stress-loading (faster cracking), thus obscuring correlations between CR and T overall. In bedrock or loca-
tions with different sources of stresses, a stress-independent relationship between CR and T may be clearer.
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We interpret the observed stress-independent influence of VP—and to a lesser extent RH and T—on crack-
ing as a reflection of the subcritical nature of natural rock fracture, whereby rates of crack-tip bond break-
ing are influenced by the “environment” of the crack-tip. This interpretation is supported by published
experimental and modeling studies—conducted on a full range of rock types—that hold stress constant and
measure or calculate subcritical cracking rates under varying temperature and moisture (e.g., Atkinson &
Meredith, 1981; Dove, 1995; Eppes & Keanini, 2017; Heap et al., 2009; Nara et al., 2010; Nara et al., 2017;
Voigtldnder et al., 2018). All of these studies measure exponentially positive moisture- and tempera-
ture-cracking relationships similar to those presented herein (Brantut et al., 2013).

Cracking (total observed AE) for the NM boulder is nearly triple that of the NC boulder for a given year, but
measured AE energy from each event (Dash, 2015) shows that NC events are characterized by more than dou-
ble the energy of the NM events. Importantly, because subcritical cracking rates are highly sensitive to how
crack length and density impact the stress magnitude “felt” at crack-tips (conceptualized by stress intensity),
actual crack-tip stresses cannot be readily controlled for in rocks of this relatively large size (e.g., Lobo-Guer-
rero & Vallejo, 2006). Thus, prudence is needed when comparing cracking rates for a given set of conditions
between two rocks whose interior microcrack characteristics undoubtedly vary and whose experienced cova-
rying T, RH, VP, and dT/dt differ. Nevertheless, we cautiously propose that NM may have more total events
due to the higher overall dT/dt-related stress-loading (double that of NC; Figure S3), while the energy of NC
events may be higher due to higher overall VP impacting subcritical crack-tip processes (Figure 1).

4.3. Implications for Long-Term Weathering in Changing Climates

Examining model simulations of T, VP, and RH under greenhouse warming, we find that, for any giv-
en stress, a warmer Earth should ultimately result in faster mechanical weathering via the hypothesized
climate-crack-tip mechanism. Increases in global temperature increase VP nearly everywhere on Earth,
due to the ~6% per degree Celsius increase in VPg, with warming (Chadwick et al., 2016). For example,
surface warming of about 3°C-5°C (Figure 4a) leads to a median modeled increase in VP of about 2-5 hPa
(Figure 4b). In our data set, this VP increase causes a 1.6-3.6 fold acceleration in cracking (Figure 1; Ta-
ble S1). In contrast, RH is modeled to slightly decrease on land as the climate warms (Figure 4c) (Byrne &
O'Gorman, 2016), but increases in cracking rates due to increases in VP appear to outweigh any decreases in
cracking rates due to decreases in RH (arrow trajectories in Figure 2). Past warm climates likely experienced
even smaller RH decreases with warming (Burls & Fedorov, 2017) and past cold climates apparently gained
RH as they warmed (Scheff et al., 2017), so our results likely apply to past climate changes as well.

4.4. Limitations and Other Considerations

This study is for a single rock type in two climates, but experimental data (e.g., Brantut, 2013: Gangloff &
Harlow, 2017) suggest our results will be applicable for all rock types and climates—noting that extreme cold
subcritical cracking studies are rare for rock. We could find no rock subcritical cracking experimental studies
that hold VP constant and examine T effects lower than ~75C (Meredith & Atkinson, 1985), but T clearly
impacts subcritical cracking independent of moisture and stress in other materials (Gangloff & Harlow, 2017).
Similarly, although we only consider thermal stresses in boulders, physical models and experiments suggest
the results should stand for bedrock and also regardless of the types of stresses being experienced (Eppes &
Keanini, 2017).

We acknowledge that a broad range of variables, and other stresses besides thermal, alongside a changing
climate, will impact the precise climate-mechanical weathering relationships in any given location on Earth.
For example, experimental and modeling studies demonstrate that the precise relationships between cracking
rate and VP, T, and RH will vary in magnitude depending on rock-material properties, crack properties (crack
length and density), water chemistry, weathering history, and stress (reviewed in Eppes & Keanini, 2017).
Also, in natural settings, VP, T, and RH influence the magnitude and type of other stresses not considered
herein like ice segregation (e.g., Draebing & Krautblatter, 2019; Murton et al., 2006). Thus, warmer climates
may result in lower stresses related to freezing, but the effect of increased VP on cracking rates via crack-tip
processes could offset or exceed the effect of decreases in freezing-related stress regimes. Such conflicting roles
of temperature and moisture in mechanical weathering will need to be considered in future work.
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5. Conclusions

Our field data support the hypotheses (Eppes & Keanini, 2017) that natural mechanical weathering is subcriti-
cal in nature and that the majority of Earth's surface and near-surface rocks mechanically weather at rates de-
pendent on factors that impact both stresses and subcritical crack-tip processes. Of the factors studied herein
(T, RH, VP), the amount of water vapor in the air (VP) appears to most clearly control the cracking-climate sig-
nal, independent of stress-loading. VP is not commonly considered in mechanical weathering or surface pro-
cesses studies but is central to theories of crack-tip processes for subcritical cracking in rock and other solids.

Although a precise quantification of long-term climate effects on weathering is beyond the scope of this study,
our results suggest Earth climate change on the order of what is predicted for the next 100 years could significant-
ly increase mechanical weathering rates. Therefore, we conclude that past global warming and cooling—Ilike that
associated with glacial/interglacial cycles—almost certainly resulted in significant changes in mechanical weath-
ering attributable to the types of climate-driven crack-tip processes supported herein. Thus, our results could pro-
vide a new mechanistic explanation for increased sediment production during glacial periods in regions that did
not experience freezing temperatures but were wetter (e.g., the desert southwestern United States, as proposed
by Persico et al., 2019), or for the extreme variance in global erosion and soil production rates plotted as a func-
tion of climate (Perron, 2017; Portenga & Bierman, 2011). Accelerated mechanical weathering under warm wet
climates also provides an additional explanatory mechanism for observed strong associations between low-lati-
tude mountain building and global ice ages (Macdonald et al., 2019), or between Earth cooling and land surface
reactivity (Rugenstein et al., 2019), or for unexpectedly high erosion rates found in low relief, wet mountainous
regions (Adams et al., 2020). Our findings provide a new avenue of exploration for global warming mitigation
by weathering (L. L. Taylor et al., 2016) or for understanding the climate-dependent architecture of the critical
zone (e.g., West et al., 2014). Perhaps most importantly, they suggest an additional, previously unconsidered
mechanism for climate to modulate global weathering rates and thus to stabilize itself, providing a synergy with
known pathways involving chemical weathering (e.g., Caves et al., 2016; Walker et al., 1981). The next generation
of field data, modeling, climate-weathering parameterizations, and rock testing—examined in the framework of
climate-dependent subcritical cracking—will enable us to fully integrate this newly identified characteristic of
mechanical weathering into the lexicon of global change.

Data Availability Statement
Data presented are available at figshare.com by searching: 10.6084/m9.figshare.12410210.
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