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Thermomechanical processes caused by short- and long-term temperature fluctuations are a prevalent weathering mechanism on exposed rock walls. While many authors have explored the potential for thermomechanical weathering in alpine and polar regions, few have examined the effects of seasonality on weathering in temperate climates. This is pertinent as seasonal climatic conditions may influence both short-term temperature oscillations which produce incipient fractures and diurnal-to annual-scale cycles which propagate pre-existing fractures via thermal fatigue. In this study, three rock outcrops located along the Niagara Escarpment in Hamilton, Canada were monitored to examine changes in the thermal regime at the rock surface and within pre-existing fractures over a 1-year period. Temperature was sampled in 1-min intervals, providing data at a fine temporal resolution. Our unique dataset demonstrates that the rock surface and fracture experience minute-scale temperature oscillations which magnify over time. Longer-term temperature cycles during the year are superimposed upon minute- and diurnal-scale fluctuations which likely augment weathering potential. This produces considerable thermal stress over the year which we estimate to be on the order of 18 GPa at the rock surface and 8 GPa in fractures. We also observed diurnal reversals of the temperature gradient between the rock surface and fracture which may further amplify crack propagation. Seasonality and site-specific characteristics interact to modify different components of the rockwall thermal regime. Vegetation shading has seasonal and diurnal-scale impacts on the temperature gradient between the surface and fracture, and the amplitude of daily warming and cooling cycles. Aspect has a stronger influence on minute-scale temperature oscillations. Estimates of diurnal thermal stress indicate that the thermomechanical weathering potential is seasonally variable, but highest in the spring. Our findings demonstrate that in a temperate climate, rockwall thermal regimes experience variability across the gradient of temporal scale with strong seasonal effects.
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1 INTRODUCTION
Thermomechanical processes are often cited as an influential mechanism for weathering of exposed rock walls, particularly in alpine and polar environments (Hall, 1999; Aldred et al., 2015; Morcioni et al., 2022). Fluctuations in solar radiation perform mechanical work by heating and cooling rock, resulting in expansion-contraction cycles (Hall and Thorn, 2014). When changes in temperature are rapid (i.e., at the scale of 1 minute or less) and of significant magnitude, the tensile strength of the rock may be exceeded. Termed thermal shock, this mechanism is often responsible for critical fracturing in which incipient fractures are produced (Hall and Thorn, 2014; Lamp et al., 2016). There remains significant debate in the literature about the magnitude of temperature changes required for thermal shock to occur or whether such a threshold exists, but many authors suggest that fluctuations must exceed 1°C–5 C/min in situ (Richter and Simmons, 1974; Hall, 1999; Thirumalai and Demou, 2003; Boelhouwers and Jonsson, 2013; Hall and Thorn, 2014; Wang et al., 2016; Fan et al., 2020). In addition to producing fractures via thermal shock, long-term cycles in temperature may cause thermal fatigue, a form of weathering in which expansion-contraction cycles below the tensile strength accumulate over time to drive sub-critical expansion of pre-existing fractures (Hall, 1999; Gunzburger et al., 2005; Vicko et al., 2009; Lamp et al., 2016; Marmoni et al., 2020; Morcioni et al., 2022).
Many authors have explored the role of thermomechanical processes in alpine and polar regions, which are subject to temperature extremes with rapid heating and cooling (Roth, 1965; Smith, 1977; Kerr et al., 1984; McGreevy, 1985; Warke and Smith, 1998; Hall and André, 2001; Hall et al., 2002; Gunzburger et al., 2005; McAllister et al., 2013; Eppes et al., 2016; Lamp et al., 2016; Morcioni et al., 2022). However, few have investigated thermomechanical weathering in temperate climates, despite the potentially significant role that seasonality plays in dictating the thermal regime (Gischig et al., 2011; Warren et al., 2013; Greif et al., 2017; Marmoni et al., 2020). This is a critical knowledge gap to address as data collected on thermomechanical weathering under climatic extremes cannot be translated to temperate climates (McAllister et al., 2017).
This study investigates thermomechanical weathering processes on the exposed rock face of the Niagara Escarpment in Hamilton, Ontario. The Niagara Escarpment is a heavily eroded cuesta located within a temperate climate in the northeastern United States and southern Ontario, Canada. The cuesta creates a topographic divide that bisects urban areas in Hamilton, where the highly fractured caprock renders the escarpment susceptible to rockfall and poses significant risks to urban infrastructure and safety (Formenti et al., 2022). In Hamilton, major roadways are situated meters away from exposed rock walls at high risk of slope failure, which have repeatedly caused significant damage (Dongen, 2016). A more thorough understanding of slope stability in this area is needed, yet few authors have explored the role of thermomechanical weathering processes in this region (Fahey and Lefebure, 1998; Gage et al., 2022).
In a temperate climate, seasonal oscillations in temperature are superimposed upon short-term changes initiated by solar radiation (e.g., Marmoni et al., 2020). This means that studies of weathering in temperate regions should examine the thermal regime across the gradient of temporal scale. Many authors have observed diurnal heating-cooling cycles which follow patterns in solar radiation (Hœrlé, 2006; Eppes et al., 2010; Gunzburger and Merrien-Soukatchoff, 2011; Smith et al., 2011). The magnitude of the diurnal temperature excursion, and rate of morning warming and evening cooling, determine the amount of thermal stress to which the rock is predisposed on a daily basis (Marmoni et al., 2020). In addition to this oscillatory pattern, rapid temperature changes occur as a result of shifts in cloud cover and wind, which cause minute-scale heating and cooling events (McAllister et al., 2013). When combined with seasonal shifts in the thermal regime, this can produce a high level of thermal stress as expansion-contraction processes operating at fine temporal scales augment or counteract temperature changes occurring over longer periods of time.
One issue with many field studies of thermomechanical weathering is that their focus is either on short- (e.g., Mufundirwa et al., 2011) or long-term (e.g., Gischig et al., 2011) temporal scales. This is problematic as the temperature changes relevant to rapid weathering can only be assessed at a temporal resolution of 1 min or finer (Hall, 1999), whereas long-term sub-critical processes such as thermal fatigue emerge at greater temporal scales (Gunzburger et al., 2005). It is therefore necessary to obtain data at a high temporal resolution, but for a sufficiently lengthy study period to interpret the interplay between these mechanisms of weathering.
Studies of thermomechanical processes must also account for the many site-specific characteristics that impact the distribution and intensity of weathering (McAllister et al., 2013). For instance, aspect determines the amount of solar radiation received by an outcrop which influences the diurnal temperature excursion and frequency of rapid temperature changes (McAllister et al., 2017). Vegetation intercepts insolation (Knipling, 1970), which may shift temperature peaks and the rate of warming/cooling experienced throughout the day (Winterringer and Vestal, 1956). Lithology also dictates parameters which control heat distribution (e.g., specific heat capacity, diffusivity; Warke and Smith, 1998; Hall, 1999), and fracturing (e.g., Young’s Modulus, tensile strength; Eppes and Keanini, 2017), while pre-existing fractures may impact the amplitude of thermal cycles (Eppes et al., 2016; Lamp et al., 2016; Marmoni et al., 2020). Given that these characteristics dictate the magnitude and frequency of thermomechanical processes, field studies must consider how they interact with seasonality.
This study seeks to examine the influence of temporal scale and site-specific characteristics on thermomechanical weathering processes along the Niagara Escarpment in Hamilton, Canada, with the following aims: i) to assess the role of seasonality in determining the potential for thermomechanical weathering processes in a temperate climate; ii) to characterize the thermal regime across the gradient of temporal scale in exposed rock outcrops of the Niagara Escarpment; and iii) to evaluate the relationship between site-specific characteristics and the outcrop thermal regime across temporal scales.
2 MATERIALS AND METHODS
2.1 Study site
The Niagara Escarpment is a Paleozoic sedimentary cuesta which spans 1,046 km from the northeastern United States to southern Ontario in Canada (Luczaj, 2013; Figure 1). During the upper Ordovician and lower Silurian periods, dolostone, sandstone, and shale strata accumulated in shallow marine environments across the region (Wallace and Eyles, 2015). Quaternary glaciation caused subsequent glacial and fluvial erosion of these Paleozoic sedimentary rocks creating the steeply sloped cuesta present today (Meyer and Eyles, 2007).
[image: Figure 1]FIGURE 1 | Map of study region and in-situ sites along the Niagara Escarpment. Blue dots indicate study sites [S = Sydenham Hill (S1, S2), M = Mountview Falls (M1, M2), Q = Queen St. Hill (Q1, Q2)]; red line indicates Niagara Escarpment.
This study examines the uppermost strata of the cuesta exposed in Hamilton, Ontario, specifically the Gasport Formation, Ancaster Member of the Goat Island Formation, Irondequoit Formation, and Rochester Formation (Figure 2). The Goat Island and Gasport formations belong to the 30 m thick Lockport Group that comprises the highly fractured dolomitic caprock (Hayakawa and Matsukura, 2010). The caprock overlies shales of the Rochester Formation, resulting in abrupt overhangs due to undercutting and differential erosion (Brunton et al., 2009; Stieglitz, 2016).
[image: Figure 2]FIGURE 2 | Uppermost lithological units exposed along the Niagara Escarpment in the Hamilton region. (Adapted from Formenti et al., 2022).
According to the Köppen-Geiger climate classification Hamilton, Ontario lies within a hot-summer humid continental climatic zone (Peel et al., 2007). This temperate region experiences significant seasonal temperature variability with warm summers (≥22°C) and cool winters (≤0°C). The mean daily maximum temperature of the hottest month is 27.3°C and the mean daily minimum temperature is −8.5°C in the coldest month, with a mean annual temperature range of −4.7°C–22°C (1981–2010; Environment and Climate Change Canada, 2013). The region experiences on average 897.1 mm of precipitation per year, most of which occurs during the summer months (Environment and Climate Change Canada, 2013).
2.2 In-Situ instrumentation
To examine the rockwall thermal regime, rock surface and fracture temperatures were recorded in situ at two sampling locations within three outcrop sites in the study area (Figure 1; Table 1; see Gage et al., 2022) between 1 January 2021 and 1 January 2022. The Sydenham Hill site (sampling locations “S1” and “S2”) is a southeast-facing, highly fractured dolostone outcrop of the Ancaster Member of the Goat Island Formation. Instrument location S1 is an east-facing, vertical fracture that is densely shaded by vegetation during the growing season, whereas S2 is a south-facing vertical fracture with no vegetation cover. The Queen St. Hill site (sampling locations “Q1” and “Q2”) is an east-facing, heavily fractured dolostone exposure of the Gasport Formation. Sampling locations Q1 and Q2 are both horizontal bedding plane fractures which are not directly shaded by vegetation but located in a forested area with high canopy cover during the growing season. The Mountview Falls site (sampling locations “M1” and “M2”) is an outcrop featuring bedded dolostone and shale strata located near a small cascade waterfall. M1 is situated in a vertical fracture within the massively bedded dolostone of the Irondequoit Formation on the east-facing side of the outcrop, with no vegetation cover. The M2 location is in a vertical dolostone fracture of the Rochester Formation on the west-facing side of the outcrop, with light canopy cover during the growing season. All fractures were empty and not involved in water circulation through the outcrop. These sampling locations were selected because they are relatively inaccessible to passersby and vary in site-specific characteristics such as aspect, lithology, fracture aperture, and vegetation cover which are expected to modulate the thermal regime.
TABLE 1 | Site characteristics of sampling locations.
[image: Table 1]Dual-thermistor HOBO MX2303 Data Loggers (accuracy ±0.2°C) were installed at each site to record temperatures at 1-min intervals throughout the study period, providing sufficiently frequent measurements to assess fine-scale temperature variability at both the surface and fracture. One thermistor tip was inserted at maximum depth into a pre-existing fracture (∼20 cm), while the second was affixed to the rock, touching the surface at the mouth of the fracture using clear silicone gel. Both thermistor tips were coated with dolostone rock dust from the Gasport Formation using a thin layer of clear silicone gel to minimize differences in radiative properties between the thermistor tip and rockwall. Silicone is an insulator and therefore may result in more conservative estimates of temperature changes. We expect this effect to be consistent across sites, which should not impact inter-site comparisons or the interpretation of temperature patterns over time.
2.3 Climate data
Climate data were obtained from the Royal Botanical Gardens Weather Station operated by Environment and Climate Change Canada to describe the seasonal changes in meteorological conditions in the study area. This station is located close to the sampling locations (43° 170′ 11.1″ N, 79° 540′ 18.78″ W; 144 m above sea level; Figure 1) and records hourly air temperature measurements. We defined each season by dividing the year into 3-month periods (winter—December to February; spring—March to May; summer—June to August; autumn—September to November).
2.4 Statistics
The surface-fracture temperature gradient (hereafter “SF gradient”) was determined at each sampling location by calculating the difference between the temperature recorded by the rock surface thermistor and fracture thermistor. This gradient is employed to assess the potential generation of thermal stress within the outcrops, and to quantify diurnal to seasonal shifts in temperature gradients that may produce expansion-contraction cycles related to thermal fatigue. Positive values of the SF gradient indicate that the rock surface is warmer than the fracture, whereas negative values indicate that the fracture is warmer than the surface.
To assess variability in the thermal regime at a fine temporal scale, we identified every minute-scale temperature oscillation occurring at the rock surface and fracture over the study period and measured the amplitude and duration of the oscillation. At the daily scale, we identified diurnal temperature cycles manually by observing the raw data and extracting data points corresponding to the initial trough, peak, and final trough associated with diurnal temperature oscillations. We extracted the data manually as there is considerable variability in the shape of the temperature time series. Many instances where minute-scale rapid temperature changes produce local peaks and troughs made it difficult to correctly identify the diurnal temperature excursion and decline via an automated process. The daily trough and peak temperatures and times were recorded for every third day and verified by two of the authors. These data were then used to calculate the slope of the temperature excursion in the morning and recession in the evening. Given that this analysis was concerned with differences in the rate and magnitude of daily temperature increase and decrease in response to the pattern of insolation, we excluded days which exhibited a monotonic temperature trend, or had temperature peaks well before or after peak insolation had occurred (before ∼8:00 and after ∼21:00). These days represent a significant departure from the typical temperature trend across all sites which closely follows insolation trends, with a temperature peak near midday.
Thermal stress (σ, in units Pa) was estimated from the diurnal temperature cycles and minute-scale oscillations for each site using the following equation, which assumes that each outcrop is of uniform material:
[image: image]
where α represents the thermal expansion coefficient (°K-1), E represents Young’s Modulus (Pa), and ΔT represents the change in temperature (°K) between the initial and final times. Lithological parameters used for each formation are found in Supplementary Table S1. The diurnal magnitude of the temperature excursion and recession for each outcrop was used as ΔT to calculate the thermal stress upon heating and cooling, respectively. Thermal stress from heating and cooling were summed to estimate the total thermal stress experienced during the day. Thermal stress is produced across both temporal and spatial scales (Eppes et al., 2016; Ravaji et al., 2019), and is influenced by factors not considered in this formula, such as the presence of discontinuities, spatial variability in lithology, grain size, and duration of the oscillation (e.g., Lamp et al., 2016; Anderson, 2019). The objective of this study was not to precisely quantify the amount of thermal stress to which the outcrops were subjected, but rather to make comparisons between sites about the potential for thermomechanical weathering.
To investigate the lag time between the rock surface and fracture temperature, we determined the cross-correlation function between the surface and fracture thermistors at each site using the biwavelet package in R 4.3.1. The time interval over which there was the strongest correlation was extracted to determine the lag time between the rock surface and fracture. We grouped the data by season and calculated summary statistics for the SF gradient, minute-scale temperature oscillations, and daily temperature cycles in R 4.3.1.
3 RESULTS
3.1 Climate conditions
Seasonal climate conditions reflect that the study region is situated in a temperate climate, with warm (mean 21.6°C) summers and cold winters (mean −1.11°C; Table 2). The seasonal temperature range during the study period was greatest in the spring (41.2°C) and lowest in the summer (25.4°C), while the mean daily temperature range was greatest in the spring (10.6°C) and summer (10.1°C) and lowest in the winter (6.76°C).
TABLE 2 | Temperature conditions during study period 1 January 2021–1 January 2022.
[image: Table 2]3.2 Minute-scale thermal regime
All sampling locations experienced ∼300 temperature oscillations on a daily basis throughout the study period. At both the rock surface and fracture, the daily mean oscillation length ranged from approximately 4–8 min (Figures 3A,B). The mean rock surface oscillation length was highest at S1 and S2, followed by M1 and M2, and Q1 and Q2 throughout the study period. Oscillation length increased in the spring and summer relative to the autumn and winter. In the fractures, the Sydenham Hill and Queen St. sites experienced similar daily mean oscillation durations across seasons, whereas oscillations at the Mountview sites were about 1 minute shorter on average. Oscillation length exhibited slightly less seasonality in the fractures than at the rock surface.
[image: Figure 3]FIGURE 3 | Duration (A), rock surface; (B), fracture and magnitude (C), rock surface; (D), fracture of minute-scale temperature oscillations by sampling location (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2).
Differences among sites in the daily mean oscillation amplitude were more pronounced and followed similar patterns at the rock surface (Figure 3C). Oscillation amplitude was highest at Sydenham Hill, followed by Mountview and Queen St., which had oscillations that were approximately an order of magnitude smaller than at Sydenham. There were few differences across seasons, except for a much higher daily mean amplitude at M1 and M2 during the spring and summer, and a much lower amplitude at S1 and S2 during the summer. As with the oscillation duration, the mean daily amplitude in fractures was similar between the Sydenham and Queen St. sites, except during the summer when Q1 had a much higher daily mean amplitude than any other sampling location (Figure 3D). M1 and M2 experienced very low amplitude oscillations across all seasons.
3.3 Diurnal-scale thermal regime
The SF gradient at the Mountview Falls (M1, M2) and Sydenham Hill sites (S1, S2) followed diurnal patterns in insolation, with a peak in the gradient toward midday in all four seasons (Figure 4). In general, the rock surface was warmer than the fracture during the day, and cooler at night. The opposite was true of the Queen St. Hill sites (Q1, Q2), which peaked in the morning and reached the lowest point in the early afternoon, when the fracture recorded warmer temperatures than the rock surface.
[image: Figure 4]FIGURE 4 | Mean diurnal surface-fracture temperature gradient by sampling location (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2).
The Sydenham Hill sites (S1 and S2) had the greatest mean diurnal range in the SF gradient (S2, 12.3°C ± 5.66°C; S1, 10.8°C ± 7.99°C) throughout the study period, followed by those at Mountview Falls, M1 (8.12°C ± 5.80°C) and M2 (5.94°C ± 4.81°C), and Queen Street Hill, Q1 (4.32°C ± 3.20°C) and Q2 (5.00°C ± 2.59°C).
The mean diurnal temperature excursion at the rock surface was greatest at Sydenham S1 (2.84°C ± 2.35 °C) and S2 (3.04°C ± 2.04 °C), moderate at the Mountview sites M1 (1.22°C ± 1.24 °C) and M2 (1.06°C ± 1.48°C), and small at Queen Street Hill Q1 (0.37°C ± 1.10 °C) and Q2 (0.42°C ± 1.60 °C). In the fracture, mean diurnal temperature excursions were much lower on average, and similar at the Q1 (0.66°C ± 0.97 °C), Q2 (0.73°C ± 0.71 °C), S1 (0.74°C ± 0.73 °C), and S2 (0.82°C ± 0.43 °C) sites. Fracture temperature was relatively stable at M1 (0.07°C ± 0.04 °C) and M2 (0.07°C ± 0.04 °C).
3.4 Seasonal-scale thermal regime
The SF gradient was most positive at Sydenham Hill (S1 and S2) during the spring and most negative during the winter (Figure 5). The maximum SF gradient occurred at about 10:00 at S2 and 11:00 at S1 throughout the study period. At Mountview Falls (M1) the SF gradient in the autumn and winter was more negative than at M2 and similar to Sydenham Hill, with a smaller daily maximum. In the spring and summer, the SF gradient was much larger on average and similar to the values observed at S1 and S2. During the day at the Queen Street Hill sites (Q1 and Q2) there was an inversion of the SF temperature gradient. The gradient was most negative in the spring and summer. In the autumn and winter the average fracture temperature was not warmer than the surface at any time.
[image: Figure 5]FIGURE 5 | Annual variability in the surface-fracture temperature gradient recorded at each sampling site (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2). Black lines represent loess-smoothed maximum and minimum temperature gradient; light grey lines represent raw data.
The diurnal range in the SF gradient was highest in the late winter and early spring at S1 and M1, and during the spring at Q1 and Q2 (Figure 5). It was stable year-round at S2. All sites reached a peak in the diurnal maximum (positive; surface warmer than the fracture) gradient during the spring, and a relatively small diurnal maximum in the winter. The minimum gradient was negative throughout the study period across all outcrops, indicating that there is a consistent diurnal inversion of the temperature gradient between surface and fracture. The fracture was warmest relative to the surface during the winter at S1 and S2, and during the spring at Q1 and Q2, but the minimum diurnal gradient remained stable year-round at M2.
Across all seasons, the mean rate of warming and cooling recorded at the rock surface was greater than in the fracture, excluding Q2 in the spring (Table 4; Table 5). The Sydenham Hill sites (S1 and S2) consistently experience the fastest warming of the surface, which is at minimum 1.5 times greater than at all other sampling locations. The most drastic surface cooling temperature changes are recorded by S2 during the colder seasons (autumn, winter), and M1 and M2 during the warmer seasons (spring, summer). Q1 and Q2 experienced the slowest rates of surface cooling and warming across all seasons. This trend differs considerably inside the fractures, for which the greatest warming rates are recorded by Q2 during winter and spring (Table 4). Conversely, during autumn and summer, S1 and S2 show the greatest rate of warming in the fracture. The Sydenham Hill site, S2 records the highest rate of cooling in the fracture in summer, fall and winter; the Q1 site shows the highest rate of fracture cooling in the spring (Table 4). The rate of fracture cooling at sites M1 and M2 is consistently low during all seasons.
TABLE 4 | Rate of fracture diurnal warming and cooling by site (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2) and season.
[image: Table 4]TABLE 5 | Wavelet cross-correlation lag times between rock surface and fracture by probe (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2).
[image: Table 5]When measuring the amplitude of the daily heating-cooling cycle, we estimated diurnal thermal stress of approximately 1–20 MPa at the rock surface and 0–1 MPa in fractures across sites (Figures 6A,B). Measuring every minute-scale temperature oscillation yielded diurnal thermal stress estimates far larger at both the rock surface (5–100 MPa) and fracture (10–30 MPa; Figures 6C,D). The relatively high thermal stress at S1 and S2 was consistent across seasons, and far larger than at M1 and M2, which was low in the autumn and winter and higher in the spring and summer. At Q1 and Q2, heating-cooling cycles during the study period were insufficient to generate much thermal stress at the rock surface in comparison to the other sites, but larger temperature fluctuations in the fractures produced considerable (≥10 MPa) thermal stress on a daily basis. Over the entire study period we estimate the cumulative thermal stress to be as high as ∼18 GPa at S1 and S2 at the rock surface and ∼8 GPa in the fractures.
[image: Figure 6]FIGURE 6 | Diurnal thermal stress generated at the rock surface and in the fracture by sampling location (Sydenham Hill: S1, S2; Mountview Falls: M1, M2; Queen Street Hill: Q1, Q2) and season. Thermal stress in (A) (rock surface) and (B) (fracture) were estimated from the daily temperature excursion, whereas stress in (C) (rock surface) and (D) (fracture) were estimated by measuring and summing every temperature oscillation throughout the day at the minute-scale.
All sites recorded hysteresis in the mean diurnal rock surface and fracture temperatures (Figure 7). Across all seasons, site S2 experienced the largest diurnal oscillation in both surface and fracture temperature, followed closely by S1. The orientation of the long axis and size of each ellipse shown on the hysteresis plots (Figure 7) indicates that sites M1 and M2 had larger oscillations in surface temperature than fracture temperature, whereas the opposite was true of sites Q1 and Q2. At Sydenham Hill (S1 and S2), the diurnal rise and fall in surface and fracture temperatures are proportional. Notably, the orientation and size of the hysteresis ellipses changed little between seasons, except S1, which shows larger amplitude oscillations in the winter and spring than in the summer and autumn, with an orientation skewed more toward variability in surface temperature. The shape and orientation of hysteresis ellipses are similar between sampling locations at each site.
[image: Figure 7]FIGURE 7 | Hysteresis plots illustrating mean hourly surface and fracture temperature by probe (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2) during autumn (A), winter (B), spring (C), and summer (D).
Fracture temperature lagged changes in surface temperature recorded at the Sydenham Hill (S1 and S2) and Mountview sites (M1 and M2), but not at the Queen St. sites (Q1 and Q2; Table 5). Probe S1 experienced very little lag time in the spring and the highest lag time in the winter, whereas the opposite was true of S2, which had the highest lag time in the spring and shortest in the winter. Both M1 and M2 experienced a steady increase in lag time from autumn to summer, respectively. In contrast, changes in surface temperature lagged fracture temperature the greatest amount during the spring at Q1 and winter at Q2, and the least during the winter at Q1 and spring at Q2.
4 DISCUSSION
4.1 Seasonality of thermomechanical processes
Our findings suggest that seasonality exerts a strong influence on the potential for thermal fatigue. At the rock surface, the rates of diurnal warming and cooling were especially high during the spring across all sites, and low during the winter at the rock surface (Table 3). The same trends were observed for the magnitude of diurnal temperature excursions and minute-scale oscillations, with the largest excursions recorded during the spring and the smallest excursions during the winter (Figure 3). We suggest that this is due to the variability in climatic conditions typical of spring in a temperate climate. This includes both precipitation, which can influence insolation and insulate the rockwall during snowfall, and ambient temperature, which was most variable in the spring. A more direct angle of insolation during the spring also increases radiative heat flux throughout the day. The effects of these factors have been documented elsewhere (e.g., Hall and André, 2001; Matsuoka, 2008; Gunzburger and Merrien-Soukatchoff, 2011; Vasile and Vespremeanu-Stroe, 2016; Kellerer-Pirklbauer, 2017; Draebing, 2021; Taye and Viles, 2021), although not in relation to weathering seasonality. Diurnal temperature cycles and minute-scale oscillations occurred more slowly in fractures and rates were consistent across seasons (Table 4; Figure 3). Fractures experienced much smaller temperature oscillations because they do not experience direct insolation for most of the day and are therefore most likely to be controlled by conduction from the rock surface and convection of ambient temperature which operate more slowly and weakly than radiative heat flux (Gunzburger and Merrien-Soukatchoff, 2011).
TABLE 3 | Rate of surface diurnal warming and cooling by site (Sydenham Hill, S1, S2; Mountview Falls, M1, M2; Queen Street Hill, Q1, Q2) and season.
[image: Table 3]Collectively, these results indicate that the thermal regime is the most dynamic during the spring and least dynamic during the winter. Given that the rate of warming or cooling necessary for weathering is temperature-independent (i.e., temperature changes are equally effective irrespective of the season; Hall and André, 2001), weathering potential should also be highest in the spring in the study region. A more energetic thermal regime with frequent temperature changes may enhance weathering by raising the probability of rapid temperature changes and amplifying expansion-contraction cycles which drive thermal fatigue (McAllister et al., 2017). These results support the findings of Racek et al. (2021) who measured rock slopes in Czechia and determined that crack movements were greatest during the spring and autumn, during which they recorded the largest oscillation in rock surface temperature. Similarly, Gómez-Heras et al. (2006) investigated thermomechanical weathering in granite and determined that the spring and autumn seasons experience the highest frequency of large, rapid temperature changes which result in weathering. Studies of freeze-thaw processes in alpine and polar regions have also found that the frequency and magnitude of short-term temperature fluctuations are greatest during the shoulder seasons, which results in higher rates of crack formation and expansion (Thorn, 1979; Matsuoka, 2001; 2008). Some studies have determined that thermomechanical weathering intensity is highest during the summer (Greif et al., 2017; Marmoni et al., 2020); however, their results are consistent with our finding that the potential for weathering is linked to temperature variability.
We observed hysteresis between the mean hourly surface and fracture temperatures at all sites during the study period, indicating that both the rock surface and fractures experience routine cyclical heating and cooling year-round (Figure 7). Previous work suggests that these warming-cooling cycles result in a hysteretic temperature-deformation response throughout the day (Collins and Stock, 2016; Fiorucci et al., 2018; Draebing, 2021). The orientation of the hysteretic pattern remained relatively constant across seasons which reflects that the relationship between surface and fracture temperature is independent of seasonality in climatic conditions. The diurnal pattern of the SF gradient was also unimpacted by seasonality, peaking near midday at all sites throughout the study period. This is consistent with Breytenbach (2022), who also observed a peak in the temperature gradient between the rock surface and subsurface near midday when radiative heat flux is strongest. We conclude that seasonality does not strongly influence the timing of diurnal temperature patterns between surface and fracture.
The magnitude of the SF gradient, however, did exhibit strong seasonality, with high positive (surface warmer than fracture) mean values in the spring, and more negative values (fracture warmer than the surface) in the winter months. During the spring, solar insolation heats the surface, while the cooler ambient temperature moves through convective currents in fractures. In the winter, solar insolation is less intense, reducing the surface temperature relative to fractures which retain heat due to the thermal properties of the rockwall (Fiorucci et al., 2018). The exception to this trend was at Queen Street Hill (Q1 and Q2), where the SF gradient was negative during all seasons except in the winter. This is likely due to the orientation of the vegetation canopy relative to the rockwall which is situated in a forested area (see section 4.3). Changes in the SF gradient have implications for thermal fatigue because spatial variability in temperature gradients enhances deformation and weathering rates (Marmoni et al., 2020).
The data do not provide evidence for thermal shock, given that deformation data is required to confirm the rate of temperature change required for critical fracturing to occur in situ (Boelhouwers and Jonsson, 2013; Eppes et al., 2016). However, the data do emphasize that irrespective of vegetation cover or aspect, higher magnitude temperature oscillations occur at the scale of minutes during the spring months at the study site (Figure 3). This may be due to higher variability in climatic conditions during the shoulder seasons which can rapidly alter radiative heat flux. These fine-scale temperature oscillations produce a higher thermal stress than in other seasons (Figure 5), and may be more likely to result in thermal shock (as in Hall and Thorn, 2014; Ravaji et al., 2019) which necessitates rapid temperature fluctuations that exceed the tensile strength of the rock.
The magnitude and duration of minute-scale temperature oscillations exhibited little seasonality in fractures. The fracture thermal regime is unlikely to facilitate rapid temperature changes as it is dominated by conduction through rock or convection of air into the open space of the fracture (Zhou et al., 2022). Our finding aligns with the notion that pre-existing fractures provide planes of weakness for subcritical fracture propagation, rather than the production of incipient cracks (Eppes et al., 2016; Lamp et al., 2016).
4.2 Temporal scales
By collecting data at short 1-min intervals across all seasons, our findings reveal that the temperature regime creates thermal stress across multiple temporal scales. At the finest scale, we observed a high frequency of temperature oscillations <10 min in duration at both the rock surface and fracture. Variability in the thermal regime at this scale is likely due to short-term changes in weather conditions, such as shifts in wind speed and direction or cloud cover which can rapidly heat or cool the rock surface (McFadden et al., 2005; Warren et al., 2013; Lamp et al., 2016). Temperature changes documented in surface rocks were larger and may be sufficient to cause critical fracturing (Hall and Thorn, 2014), or more likely, accelerate subcritical fracture growth throughout the day by causing variability in spatiotemporal stress gradients on the rock surface (Eppes et al., 2016).
Temperatures within pre-existing fractures appear to be relatively unaffected by these surficial changes. Fractures may only be warmed directly by insolation for short portions of the day when the angle of incidence aligns with the fracture orientation. These instances likely explain the occasional high magnitude oscillations observed in the fractures. In general, however, heat flux through the rock does not transmit temperature changes at the surface rapidly to the fracture via conduction. Fracture aperture, surface roughness, infilling material, and specific heat capacity all impact the efficiency of conductive heat transfer (Chen and Zhao, 2020).
At the diurnal scale, all sites experienced warming-cooling cycles resulting from daily patterns of insolation. The mean temperature excursions recorded were 15°C or higher at the rock surface and 5°C in pre-existing fractures (Figure 7). Our findings align with previous work which indicates that minimum rock surface temperatures are similar to the minimum ambient temperature, whereas the maximum daily temperature peak is often about 10°C higher than the maximum ambient temperature across climates (Hall and André, 2001; McKay et al., 2009; Eppes et al., 2016). The temperature changes we observed in fractures are similar to those that have been measured at depths of ∼50 cm in the rock subsurface, which experiences less variability than the rock surface due to thermal diffusivity (Gunzburger and Merrien-Soukatchoff, 2011; Racek et al., 2021; Breytenbach, 2022).
Over time, these diurnal temperature cycles cause subcritical failure (e.g., Eppes et al., 2016; Collins et al., 2018) resulting from repetitive thermal stresses which we estimate to be 5–100 MPa daily when the temperature excursion is greatest (Figure 6). Warming-cooling cycles producing stress of this magnitude are sufficient to cause subcritical fracture propagation by causing routine expansion and contraction of pre-existing fractures (i.e., thermal fatigue; Eppes and Keanini, 2017). Hysteretic crack expansion and contraction resulting from diurnal temperature changes has been observed to result in breakage by expanding discontinuities over time (Draebing, 2021; Racek et al., 2021). Collins and Stock (2016) measured the work performed upon discontinuities by hysteretic cycles which aligns with our finding that diurnal warming and cooling can exert a high magnitude of thermal stress.
In addition to diurnal warming-cooling cycles, we also observed a daily reversal in the temperature gradient between the rock surface and pre-existing fractures (Figure 4). Similar temperature gradient inversions have been documented between the rock surface and subsurface in sandstone blocks (Halsey et al., 1998) and in the field (Breytenbach, 2022). This temperature gradient reversal may impose further thermal stress upon the outcrop by varying the spatiotemporal distribution of warming and cooling rates. When ambient temperatures are cooling, the subsurface is warmer than the rock surface which produces tensile stress through the rock, whereas during ambient warming periods the surface is warmer than the subsurface, creating compressive stress (Hall, 1999). Reversals of the SF gradient likely result from a difference in heat fluxes at the surface and fracture, whereby the surface warms faster in the day due to radiative heat flux while the fracture retains heat in the evening as the surface loses heat via conduction. The temporal lag between the rock surface and fracture may also exaggerate this process.
Diurnal temperature cycles are superimposed upon weekly or monthly-scale variability in the thermal regime which occur at irregular time intervals and magnitudes (e.g., Figure 8). Periodic warm or cool intervals reflect changes in meteorologic conditions, such as changing cloud cover, high winds, and precipitation which can attenuate temperature changes by reducing insolation and cooling (rainfall) or insulating (snow cover) the rock surface (Hall and André, 2001; Matsuoka, 2008; Gunzburger and Merrien-Soukatchoff, 2011; Vasile and Vespremeanu-Stroe, 2016; Kellerer-Pirklbauer, 2017; Fiorucci et al., 2020; Draebing, 2021; Taye and Viles, 2021). While we did not aim to quantify such events, they can certainly be observed in the temperature time series (e.g., Figure 8B), suggesting that outcrops experience net warming or cooling over periods of days to weeks while also fluctuating in temperature diurnally. On the annual scale, seasonality results in the largest warming and cooling cycles which are further superimposed upon the variability we measured at finer temporal scales. Seasonality also modulates diurnal- and hourly-scale variability in the thermal regime as a result of solar path variation and sun elevation (Fiorucci et al., 2018), which may shift the relationship between temperature oscillations occurring across scales as the seasons change (see section 4.1.).
[image: Figure 8]FIGURE 8 | Rock surface and fracture temperature oscillations at Sydenham Hill (S1 site) during the study period at (A) annual, (B) monthly, (C) daily, and (D) hourly scales. Data were smoothed with the following parameters: annual scale, loess smoothed (span 0.2); monthly scale, 2-day moving average; daily scale, hourly moving average. Red bars represent the extent of each figure illustrated in the figure below.
Temperature cycles operating at different temporal scales can amplify weathering intensity by increasing spatiotemporal stress gradients. Long-term warming-cooling cycles tend to penetrate deeper into the subsurface than diurnal temperature oscillations and are driven by conduction between the rock surface and subsurface (Gómez-Heras et al., 2006; Fiorucci et al., 2020; Breytenbach, 2022). In the large (centimeter-scale) fractures we instrumented, these prolonged and deeply penetrating temperature cycles are likely responsible for subcritical crack propagation, as has been demonstrated in studies of thermal fatigue (Racek et al., 2021) and freeze-thaw processes (Matsuoka, 2008). Over finer temporal scales, short-term oscillations in temperature do not penetrate deeply but occur frequently and quickly magnify thermal fatigue (Gómez-Heras et al., 2006). Accordingly, the surface and near-subsurface experience many thermal stress events which cause irregularities in the expansion and contraction of the rockwall relative to the deeper subsurface and pre-existing fractures (Racek et al., 2021). This increases thermal loading over time (Gunzburger et al., 2005).
While it is broadly recognized that temperature changes at different temporal scales result in weathering (Halsey et al., 1998; Gunzburger et al., 2005; Collins and Stock, 2016; Draebing, 2021; Racek et al., 2021; Breytenbach, 2022), few authors to date have collected data which characterizes the thermal regime over multiple temporal scales in a temperate climate. Our findings demonstrate the benefit of collecting data at a high temporal frequency over a long study period which can capture temperature changes at the scale of minutes, days, weeks, and months (Figure 8). This has significant implications for weathering because the timing, rate, and magnitude of temperature changes over one temporal scale may either reinforce or counteract changes occurring at another scale (Marmoni et al., 2020).
The discrepancy between the thermal stress we estimated when analyzing only the daily temperature excursion versus minute-scale temperature oscillations reinforces that fine-scale temporal data is required to precisely understand weathering mechanics. Indeed, others have suggested that rock temperature measurements must be taken at a frequency of 1 minute or greater to identify rapid temperature changes related to thermal shock (e.g., Hall, 1999). Yet here we demonstrate that a finer temporal resolution is also critical to capturing the temperature oscillations that drive thermal fatigue. By measuring minute-scale temperature oscillations we estimated the total thermal stress to be nearly an order of magnitude higher on a daily basis than by measuring daily temperature excursions alone.
4.3 Site-specific factors influencing weathering potential
While previous work has described the role of various site-specific factors in thermomechanical weathering (e.g., Warke and Smith, 1998; McAllister et al., 2013; 2017; Eppes et al., 2016), our data illustrate that these factors do so at varying temporal scales, and are only relevant to certain components of the thermal regime (see Figure 9 for conceptual summary). For instance, there is a clear interaction between seasonal temperature variability and vegetation. Much of the vegetation at our study sites is deciduous and intercepts insolation during the growing season. This lowers the surface-fracture temperature gradient by reducing the effect of rapid radiative warming at the rock surface relative to the fracture. At the Sydenham sites, the lack of vegetation at S2 resulted in a relatively stable magnitude of the SF gradient year-round, whereas the growth of vegetation cover at S1 caused a sharp decline in the magnitude of the gradient during the growing season (Figure 5). There was also a very short lag time between surface and fracture temperature at S1, but a long lag time at S2, which suggests that when vegetated, the rockwall thermal regime becomes driven by changes in ambient temperature at both the surface and fracture. Vegetation may also influence temperature oscillations occurring at shorter temporal scales by attenuating the rate and amplitude of daily warming-cooling cycles, as was observed in the growing season at S1 compared to S2 (Figure 4).
[image: Figure 9]FIGURE 9 | Conceptual diagram illustrating relative differences in the temporal scale at which thermomechanical processes occur, and their dependence on site-specific characteristics. SF Gradient—surface-fracture temperature gradient.
At the Queen Street Hill sites, there is a unique trend in the diurnal cycle of the SF temperature gradient, whereby the fracture is warmer than the surface in the late morning and early afternoon, while the surface warms relative to the fracture in the early morning and evening (Figure 4). We suggest that this trend is also due to vegetation cover as both sites are situated on a slope which is heavily vegetated by mature trees. During the early morning, when the solar position is low on the horizon, the sites receive direct insolation as sunlight passes through the tree trunks beneath the canopy. Approaching midday when the solar position is much higher, the canopy intercepts insolation and the rock surface cools relative to the fracture as it is shaded. The same process is likely to occur in the early evening. This may also explain why rock surface temperature change lags behind fracture temperature change, as the rock surface cools once it is shaded by the canopy while the fracture continues to warm as the ambient temperature rises. To our knowledge this is the first observation of this effect and it warrants further investigation.
Unlike vegetation cover, aspect has a strong influence at the minute- and diurnal-scale. Our findings that the southeast-facing Sydenham sites experienced the largest minute-scale temperature oscillations, SF gradient, diurnal temperature excursion, and rates of daily warming and cooling align with previous work emphasizing that south-facing sites experience more intense radiative heat flux during the day (Matsuoka, 2008; Ng et al., 2014; Widen and Munkhammar, 2019). Draebing (2021) also found that aspect influences the thermal regime at the daily scale by producing diurnal temperature variations four times greater at southerly aspects compared to northerly aspects. In turn, the larger amplitude of warming-cooling cycles at south-facing aspects raises weathering rates both in the field and experimentally (Vasile and Vespremeanu-Stroe, 2016; Martínez-Martínez et al., 2023). The magnitude of minute-scale oscillations also increased at the Sydenham sites because changes in cloud cover and precipitation will result in more intense changes to rock surface temperature at southeast-facing aspects (Gunzburger et al., 2005; Fiorucci et al., 2020). The east- and west-facing Mountview Falls (M1 and M2) and Queen Street Hill (Q1 and Q2) sites exhibit similar hysteretic warming-cooling behaviour to Sydenham, but with a smaller magnitude and rate of temperature change due to their aspect relative to the solar position (Garg and Datta, 1993).
Lithology influences variability in the thermal regime at broader temporal scales by dictating the rate and magnitude of temperature changes that result from heat flux into or out of the rock (e.g., via thermal diffusivity and thermal conductivity; Weiss et al., 2004). M1 and M2 are the only sampling locations at the same site which differ in lithology—during the winter months, where the canopy cover is negligible, there were large differences in the peak SF gradient, rates of warming and cooling, and amplitude of diurnal warming-cooling cycles (Figures 4, 7; Tables 3 and 4). This may be due to the fact that these sampling locations differ in thermal conductivity (Modlich, 2014; Maldaner et al., 2019), which influences the rate of conduction that can be achieved between the surface and subsurface, as well as during outward heat flux from the rockwall during the evening. However, it is difficult to attribute these differences entirely to lithology given that there are differences in aspect between M1 and M2.
Lithological parameters also dictate the magnitude of thermal stress imposed on the outcrop by the thermal regime as they control the rate and magnitude of deformation (Weiss et al., 2004). For instance, sites S1 and S2 are in bedded dolostone (Supplementary Table S1) of the Goat Island Fm., with a moderately high thermal expansion coefficient (7.6 × 10−6 °K-1), and very high Young’s Modulus (62 GPa) in comparison to the shale of the Rochester Fm. (M2) and dolostone of the Goat Island Fm. (Q1 and Q2; 23 GPa and 27 GPa, respectively; Supplementary Table S1). Our estimates of diurnal thermal stress are an order of magnitude larger at S1 and S2 than at most other sites. This, in part, reflects the fact that the magnitude of expansion and contraction with temperature change will be greater in rock with a high thermal expansion coefficient, and that stiffer rock (i.e., with a higher Young’s Modulus) will experience higher tensile and compressive stress during deformation. Eppes and Keanini (2017) developed a model for subcritical cracking resulting from climatic cycles which demonstrates that lithological properties such as these control both the thermal regime experienced by the rock and the propensity for crack propagation to occur during temperature changes. Experimental observations from numerous authors reinforce that deformation in response to temperature change, and consequently thermomechanical weathering rates, differ between lithologies (McGreevy, 1985; Warke et al., 1996; Weiss et al., 2004).
Lithology does not appear to have a significant influence on processes occurring at the minute-scale (e.g., the duration or amplitude of temperature cycles), which are driven by insolation. This is perhaps because the thermal properties that differ between the lithologies examined in this study have a stronger influence on conductive heat flux (e.g., conductivity, diffusivity; Modlich, 2014; Maldaner et al., 2019) than radiative heat flux (e.g., albedo), although more work is required to confirm that this is indeed the case.
An interesting finding was that minute-scale temperature oscillations in the fractures, but not diurnal cycles, appeared to be much larger at Q1 and Q2 than at other sites. One explanation for this trend is that fractures at these sites are oriented horizontally. Vertically-oriented fractures (S1, S2, M1, and M2) may experience more consistent periods of direct insolation when the solar angle is at an appropriate inclination to reach the interior of the fracture. The horizontal fractures at this site may experience more sporadic insolation into the fracture interior at moments when the sun is at a low angle and passes through the trees surrounding the rockwall. Thus, dependent on fracture orientation and time of day, the primary mechanism of heat transfer may alternate between convection controlled by the ambient temperature and radiation through direct insolation. Additionally, the intensity and density of fractures within the thermally active layer of the rockwall can alter heat flux propagation between the surface and fracture crack tips which may explain the rapid oscillations we observed (Fiorucci et al., 2018).
4.4 Limitations and future work
To evaluate the potential influence of site-specific characteristics on the thermal regime, we compared sites differing in aspect, lithology, and vegetation. However, there are numerous other confounding variables that were not monitored here. For instance, topographic variability creates distinct micro-climates across an outcrop by modifying the amount of solar radiation received by the rock face (Dubayah, 1994). Albedo also modifies the absorption of short-wave radiation which impacts subsurface temperatures and SF gradients (Warke and Smith, 1998). Some authors have considered moisture in addition to temperature changes as it may shift the thermal properties of rock outcrops and enhance weathering rates (Elliott, 2008). Further work should consider the role of these factors in controlling thermomechanical weathering processes, and control for each of the site characteristics we examined to isolate their potential effects.
The characteristics (aperture, length, depth) of the fractures we instrumented may further influence the thermal regime by determining the rate at which heat can enter and exit the fracture via convection and conduction (see Gage et al., 2022 for discussion of potential effects of fracture characteristics). For instance, fracture aperture modifies the magnitude of temperature oscillations inside of fractures and thermal stress gradients across an outcrop (Marques et al., 2017). At the Queen Street Hill sites (Q1 and Q2) this may contribute to the inverted SF gradient as these are the only sites with horizontal bedding plane fractures. Even when temperature changes are not significant enough to produce new cracks, insolation-driven thermal stresses expand pre-existing fractures via subcritical cracking, a process dependent on the magnitude and frequency of temperature oscillations (Eppes et al., 2016). To draw conclusions about the role of fracture characteristics future research should examine crack aperture, volume, roughness, orientation, and shape while controlling for other site-specific factors.
There remains much debate in the literature about whether thermomechanical weathering can be consistently identified based solely on rock temperature data (Hall and Thorn, 2014). While our data provide important insight on the seasonality of the thermal regime and potential for subcritical fracture propagation resulting from warming-cooling cycles (i.e., thermal fatigue), future work should gather deformation data to directly link temperature changes to weathering (e.g., Collins and Stock, 2016; Eppes et al., 2016; Draebing, 2021; Racek et al., 2021). We recognize that the use of silicone to affix rock dust to the thermistors is a limitation of our instrumentation. Thermistors insulated with a layer of silicone may underestimate the magnitude of temperature changes. Our absolute temperature measurements should be treated with caution, although we do not expect this to influence our interpretations as this effect was applied uniformly across sites. We prioritized affixing rock dust to the thermistors because the high albedo of the thermistor tip would have variable impacts on temperature measurements across sites given their differences in insolation strength.
5 CONCLUSION
This work aims to characterize the in situ thermal regime at fractured rock outcrops in a temperate climate. Our unique dataset provides insight on the thermal regime across multiple temporal scales, indicating that the rock surface and fracture experience: i) frequent temperature oscillations at the minute-scale which magnify thermal stress over time; ii) diurnal warming-cooling cycles characteristic of those able to generate thermal fatigue; iii) oscillations in the magnitude and direction of the SF gradient; and iv) long-term seasonal warming and cooling phases superimposed on variability at finer temporal scales. These temperature changes are significant because they may augment or attenuate one another to amplify the thermal stress experienced by the rockwall. The potential for thermomechanical weathering is highest during the spring months, when the amplitude of warming-cooling cycles is the largest and the frequency of minute-scale temperature oscillations is high. Site-specific factors, particularly aspect and vegetation cover, operate at varying temporal scales to modify the thermal regime.
Vegetation influences the thermal regime at the diurnal and seasonal scales by modifying the amount of insolation received by the rock surface. Outcrops with less vegetation cover experienced larger amplitude warming-cooling cycles, and higher surface-fracture temperature gradients year-round than those shaded by vegetation which had attenuated temperature fluctuations during the growing season. At the minute-scale, aspect influences the magnitude of rapid temperature changes; southeast-facing outcrops experience a higher diurnal thermal stress resulting from stronger temperature oscillations throughout the day. Lithology also plays a role in dictating thermal stress by determining daily warming and cooling rates.
The thermal regime we observed is likely to cause subcritical expansion of pre-existing cracks by subjecting outcrops to repeated expansion-contraction cycles. There is potential for critical fracturing to occur at southeast-facing, unvegetated outcrops where insolation is strongest. Future work should aim to control site-specific characteristics to determine the role of individual factors such as fracture aperture and lithology in thermomechanical weathering potential. Our findings emphasize that seasonality and fine-scale thermal variability in temperate climates may facilitate a spatially and temporally dynamic weathering regime.
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