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Abstract

:

Soil creep is common along the hillslopes of the tropical Andes of Colombia, where very heterogeneous soils develop on old debris flow deposits and are subjected to abundant rainfall with a bimodal annual regime. In particular, the western hillside of the city of Medellín, Colombia, is comprised of a series of debris and earth flow deposits in which landslides and soil creep are common. To explore linkages between soil creep and hydrology, we selected an experimental site in the western hillslope of the Medellín valley to assess the behavior of water within the soil mass, its relationship with rainfall, and its connection with soil displacement. In experimental plots, we systematically measured runoff, percolation, water table levels, and volumetric water content, for a period of almost 2 years; we also conducted several alti-planimetric positioning surveys to estimate relative displacements of the soil surface. Moisture content of the soil remained above field capacity for most of the year (~68% of the time) and active and quasi-permanent lateral subsurface flow occurred within the upper 80 cm of the profile. The shallow flow likely facilitates the downslope movement. Additionally, our results suggest that displacement magnitudes are largest during the wet season of September–October–November, when a highly humid soil experiences changes in water content, so it is during this time that the effects of expansion / contraction of the soil particles (associated to wetting / drying cycles) contribute the most to the movement. This observational study represents a contribution to the understanding of soil creep in tropical hillslopes, where it responds to the wetting / drying cycles, with the particularities of a rainy weather (>1500 mm/year), warm temperatures (~22 °C on average), and a bimodal precipitation seasonality.
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1. Introduction


The Tropical Andes of northern South America are highly susceptible to mass movements given the climate, topography, and susceptibility to soil erosion. The city of Medellín (Colombia) is located in the Aburrá Valley, with an average annual precipitation of about 1800 mm, slope gradients between 0° and 40°, alluvial deposits, and frequent debris flows along the flanks and at the base of the valley [1]. Currently the city is undergoing an accelerated transformation in terms of land occupation due to the economic and social changes that have led to the migration of people from the countryside and small urban centers into the main urban area. In the Aburrá Valley, irregular urban sprawl is concentrated on the high slopes; by 2010 there were 284,000 people at risk of landslide, and by 2030, there will be more than 344,000 [2].



Mass movements within the metropolitan region of Medellín and the Aburrá Valley exhibit a bimodal annual distribution, similar to that of the average monthly rainfall [3]. The two maxima for landslides occur in May and October, and both rainfall and mass movements increase during the latter rainy season. Along the western hillslope of Medellín the soils are mainly derived from debris flow deposits, whose granulometry covers all ranges, from gravels to clays [4], thus generating different structures, which strongly influence their physical properties and mechanical and hydrological behavior [5]. Soil creep is a common form of slope instability, which is defined as a slow motion modified and accelerated by small changes within the soil mass, often difficult to observe and demonstrate due to the lack of typical geomorphic features in the landscape [6]. However, in cases where soil creep is widespread and progressive, hillslopes often have hummocky topography and various vegetative indicators are evident, such as curved trees [7].



Mass movements are linked to complex hydrological systems, and as such, a simple relationship between rainfall and displacement is seldom evident [8]. Still, rainfall, infiltration, and the resulting variation in pore pressure can be considered the main triggers of the movement [8,9]. Therefore, an approximation to this relationship would help determine to what extent hydrology controls and affects erosive and deformational processes.



Uncertainties surrounding the triggering effects of rainfall on mass movements include the parameters for unsaturated flow in soils, such as diffusivity, soil moisture curves, the depth distribution of the soil profile, and the initial content of water, which are generally unknown, but are sensitive parameters in soil hydrology models [10]. Thus, it is imperative to know the soil moisture conditions before starting the precipitation event and to define their role in the instability [11].



Here, we relate the hydrological dynamics of the soil to the stability of a visibly affected hillside from a geological, geomorphological, and pedological perspective. Subsequently, we focus on characterizing hydroclimatological variables such as precipitation, runoff, percolation, piezometric levels, and soil moisture, to explore their relationship with the creep phenomenon. It should be noted that soil moisture, in hydrological dynamics, is the key variable that synthesizes the interactions of climate, soil, and vegetation within the water balance [12].



Within the framework of this research, it is noted that mass movements such as landslides, debris flows, and subsidence, among mass movements, can be triggered by soil creep and its response is accelerated by rainfall [13,14,15,16]. For this reason, the analysis of the different processes in the climate-soil system depends on the temporal and spatial scales addressed. Thus, the hydrological response of the soil was analyzed weekly and biweekly and at the plot scale (a few meters); a basic level of analysis of the climate–soil–vegetation system [12].



Despite the clear hydrology–deformation relationship for the soil, there is a lack of spatially explicit data and calibrated models to illustrate how it influences slow-motion landslides [9]. Soil creep research is highly concentrated in regions of mid and high latitudes, and studies in tropical regions, particularly in South America, are rare [6]. A recent study reported some initial observations on an experimental site in the western hillslope of Medellín, including a general geophysical characterization of the subsurface and some first order hydrological measurements, suggesting that constant soil saturation and relatively shallow subsurface flow play active roles in the soil creep [17]. As a follow up, this study describes a more elaborate hydrological data set at the same site and aims to characterize the motion itself and its relationship with the soil hydrology using qualitative observations and quantitative relative positioning measurements. These observations will allow us to infer some aspects of how the well-known soil creep mechanisms [18] are linked to the hydrological characteristics of this mountainous tropical area and to the associated soil response.




2. Field Site Description


2.1. Geology and Geomorphology


The Aburrá Valley is the result of a complex tectonic evolution, and its landscape has been significantly modified by weathering. The alluvial and slope deposits occupy a considerable extension within the valley and are mainly associated with the Medellín River and its tributaries [4]. The locality of El Yolombo, on the western slope of Medellín, at elevations between 2100 and 2600 m.a.s.l., was chosen for this investigation (Figure 1). In this area, stability problems and numerous mass movements are evident, mostly landslides, soil creep and earthflows, that occur on slopes where older debris flow deposits appear [17]. The main depositional feature in El Yolombo has a wide range of grain sizes, from clay to heterometric blocks of gabbro and amphibolite; the soil matrix to rock ratio is between 40% and 60%, with angular pebbles prevailing among the blocks [17].



Slope gradients mainly range between 15° and 30°, with some flat sectors that favor water accumulation; the shape of the hillslope is generally straight to concave. The landscape in the area is characterized by a hummocky topography, defined as a set of mounds separated by irregular depressions that lack linear or lobed shapes, and do not align on ridges [19] (Figure 2). These mounds and depressions, in addition to being the product of denudation, are also generated from the accumulation of material displaced by creep (Figure 2). This slope heterogeneity can be highly controlled by the movement and distribution of water and suggests that the soil moisture regime is highly variable [20,21].



The experimental site (Figure 1) is located in an area of about 3 ha with slopes between 5° to 30°, steeper in its northern part; in the southern portion, the landscape has been smoothed by denudation and anthropic activity (mainly minor cattle grazing), with greater water accumulation. Geologically, the site is composed of slope deposits, landslides, and torrential alluvium associated with a creek located on the east side of the study area. On the surface, accumulation of angular to subangular blocks up to 1 m in diameter are present, as well as terracettes, furrows, subsidence, some slide scars, and material detached in the northern part (Figure 2a–d). Both rapid mass movements (landslides, rock falls) and slow ones (creep) are evident, and there are possibly deeper processes, as previous geophysical experiments report a major discontinuity between 4 and 6 m [17]. This discontinuity is probably related to the contact between two debris flows with significant differences in age and compaction; such surfaces can facilitate the downhill sliding and suggests that hillslope processes are occurring on the surface as well as at depth.




2.2. Pedostratigraphy


The soils in the study area were characterized as inceptisols, and classified as clay–skeletal, kaolinitic, subactive, isothermic Typic Dystrudepts [22], corresponding to the Tequendamita association [23]. They developed from metamorphic and intrusive rocks, such as amphibolite, gabbro, gneiss, schist, and phyllite, and may contain intermingled volcanic ash. The soil profile has a low pedogenetic development, consisting of a sequence of colluvial deposits. The shallow organic mineral layer overlies a sequence of heterometric deposits with a fine matrix (silty clay to clay), whose percentage decreases with depth.



The uppermost horizon (Ap) can be as thick as 40 cm, has a loamy clay texture and medium subangular block structure, rich in organic matter and fragments of roots and tissues. The underlying horizons correspond to 2Bw1 (~40–60 cm thick), 2Bw2 (~70–80 cm thick), on top of 3BC and 3C horizons around 1 m thick. Figure 2e,f shows the soil profiles in trenches at the plot locations. The boundaries between all horizons are very abrupt and clear fine materials, with iron oxyhydroxides, iron, and manganese nodules are very evident in the upper 1.2 m of soil. Fe depletions, Fe-Mn impregnated hypocoatings and nodules are related to redox environments [24]. Medium to fine textures predominate (silty clays to clays), but gravels and stones are common, as well as layers of iron oxides. Rock fragments within the soil mass have diameters between 10 and 40 cm. Colors vary from olive brown to olive gray. The diameter and percentage of rock blocks, fine textures, and grayish colors (gleyed soil) increase with depth.



Soils in the area show evidence of erosion due to diffuse runoff, furrows, cattle tracks, and localized mass movements. They are moderately acidic, have low fertility, high contents of iron and aluminum, high to low cation exchange capacity, medium to low total base at the surface and shallow depths, and low base saturation; organic carbon decreases from low at the surface to very low at depth. These soils are typical of those in the premontane wet forest life zone bh-P (wet coffee lands) [25]. The primary vegetation has been removed giving rise to forest plantations mixed with grass and stubble, and the site is currently used for livestock and marginal agriculture production.




2.3. Soil Creep


Slow-moving landslides are found in various climatic and geological environments, and when examined in detail, it is difficult to infer direct relationships between precipitation, slope gradient, and rate of movement. However, these slow mass movements often exhibit a seasonal pattern of acceleration and deceleration [7,9]. Soil creep is determined and modified by climate (temperature and soil moisture conditions), biota, topography, rock weathering processes, and soil production rates [6,26]. With the first objective of characterizing the movement type, a qualitative description of the phenomenon that affects the stability of the slope was conducted.



Continuous creeping is a phenomenon that occurs below the surface and the shallow zone of seasonal variations, and depends on the viscosity and rheological properties of the soil. On the other hand, seasonal creeping occurs superficially and depends on fluctuations in soil moisture (wet and dry periods), rock, regolith and soil changes due to weathering, and short-term increases and/or decreases in loading on the soil surface. Thus, we can assume that seasonal soil creep occurs on top of the continuous creep zone [6,27,28]. In this research, we focus on seasonal soil creep, which is highly controlled by the slope angle, curvature of the topography, soil depth where hydroclimate exerts a major control (to about ~0.80 m depth), soil texture and density, and fluctuations of moisture within the soil. We also assume that creep can precede or follow other mass movements such as landslides and/or earthflows [6,13,14].



Along the slope, recent evidence of creep was found, including cracks in roads, damaged containment structures, bent trees due to deformation of roots by the downhill movement of the soil, and damage to houses (Figure 3a–d). At the hillslope scale, evidence of soil displacement was found in the terracettes where scars or cracks were observed, and in the mounds that are the product of accumulation of mobilized material (Figure 2a–d). The latter, in most cases, were not aligned and smoothed by denudation, and the depressions are irregular, consistent with the characterization of the hummocky landscape [19]. At the pedon level, rock blocks of centimetric dimensions and subangular shapes (Figure 3e,f) were found integrated within the organic matter horizons; thus, we infer that this mixture could have occurred as a result of the movement. It is presumed that these rock blocks, which are also observed on the surface, are exposed by the weathering of the slope deposit and/or come from a pre-existing scarp upslope.



Although a variety of mechanisms could be at play to generate soil creep, expansion and contraction processes within the soil mass, associated to changes in soil moisture, have been addressed as one of the main causes [18,29,30]. Stresses associated to soil expansion take place in a direction perpendicular to the surface, and those associated to contraction occur in a nearly vertical direction [18]. This may result in a zigzag movement of soil particles, roughly following the slope direction, without scars or a single surface of rupture [29]. Given the hydrological regime at the study site, with the soil wetting and drying cycles operating in an annually bimodal fashion, the associated expansion and contraction of the soil particles should also be linked to the annual hydrological cycle.





3. Data and Methods


3.1. Hydrological Instrumentation


A total of 2 experimental runoff plots were installed at the study site (Figure 1d) with areas of 4 m2 (plot 1) and 1.6 m2 (plot 2), according to a previously established methodology [5]. In addition to runoff, lysimeters were installed to estimate percolation. The site was monitored from March 2018 through December 2019. The measurement campaigns were conducted weekly; however, given the logistical limitations at the beginning of the monitoring process, visits were sometimes biweekly and in some cases it was not possible to regularly take samples. Therefore, the data were limited to 2 time windows: March to May 2018 and August 2018 to December 2019.



For percolation estimates, we used zero tension lysimeters [32], which were installed according to the edaphological and geomorphological characteristics of the slope. These consisted of rectangular boxes of 0.2 × 0.3 m, designed to collect the flow that infiltrates into the soil profile, both by direct percolation from the surface and by lateral subsurface flow. Finally, a total of 4 lysimeters (2 per plot) were installed at different depths, 2 within each runoff plot, according to the description of the soil profile. Table 1 shows the main characteristics of the runoff plots and the associated instrumentation, including the capacity of the tanks that collect runoff and percolation water. The capacity of the tanks limits the maximum values of runoff and percolation that can be measured, so the scale of the data might be saturated for some measurements during the rainy periods. During the course of monitoring, the deepest lysimeter in both plots collected the largest amount of weekly water. A total of 4 open-type piezometers [33] were installed along the studied slope (see Figure 1d for locations) to monitor shallow water tables in the soil. These were constructed from PVC pipes with a length of 1.50 m. Figure 4 shows photographs of one of the two runoff plots and one of the piezometers.



At the point scale, where Trench 3 (Plot 2) is located (Figure 1d, Figure 2f), soil moisture was measured from October 2018 to December 2019. In total, 4 ECH2O-EC5 sensors (Decagon Devices Inc., Pullman, WA, USA) were installed vertically at depths of 0.2, 0.4, 0.6, and 0.80 m, which correspond to the identified soil horizons and their textural differences: the shallowest sensor was at the base of the Ap horizon and the other 3 were located within the 2Bw1 horizon (Figure 2f). These sensors measure volumetric content of water in the soil (m3/m3) and the data were stored at 15-min intervals, using a EM-50 Data-logger (Decagon Devices Inc., Pullman, WA, USA), and compiled in a daily time series. To calibrate the 4 sensors, soil cores were collected in situ at depths of 0.2, 0.4, 0.6, and 0.80 m, the water content was measured, and gravimetric moisture content was estimated for each of them. This soil moisture was compared with the sensor readings and the calibration was performed through linear regression, with a determination coefficient of 0.67, and a measurement precision of ±7%. To contextualize the results obtained from monitoring soil moisture, and to relate them with its hydraulic properties, such as field capacity and permanent wilting point, we used ternary diagrams, which are a function of the percentage of sand, silt, and clay [34]. Likewise, to determine the degree of volumetric saturation of the soil, we used an approximation from the soil texture [35]. Table 2 shows the soil moisture conditions for the four sensors according to the Volumetric Water Content.



The discussion of the behavior of piezometric levels, runoff, percolation, and soil moisture was conducted based on the analysis of precipitation, which occurs in the study area throughout the entire year with maxima in March and October. This meteorological information was collected from 2 climate stations located 0.6 km and 3 km from the monitoring site. A study by Bedoya-Soto et al. [36] shows a very consistent behavior among rain gauges in the area in terms of the mean annual and diurnal cycles of rainfall, so we infer it is safe to use data from these 2 stations as a proxy to rainfall on the study site. They have 2 rain gauges each and rainfall is recorded every minute; the information is collected in the database of the Early Warning System of Medellín and Valle de Aburrá (SIATA). It should be noted that the precipitation series is compiled on a daily basis and due to the variable quality and availability of data, the 2 stations were processed.



In the results of this work, data are presented exactly as they were taken in the field, so as long as a measurement was successfully collected, it was reported and added to the time series. The basic statistics (mean, standard deviation, median, and 25 and 75 percentiles) of the collected data at plots and piezometers are shown in Tables S1 and S2 of Supplementary Materials.




3.2. Positioning Surveys


To better characterize the deformation of the terrain and the relative displacements, a systematic alti-planimetric survey was conducted. Our choice of measuring relative motion was due to the difficulty of finding a stable location on the hillslope. For the measurements of relative positions, we used a Topcon total station, during 6 campaigns between June and December 2019; these surveys were intended to be conducted monthly (26 to 35 days between field campaigns), but during August we were unable to go to the field (Table 3). A total of 13 cylindrical concrete benchmarks were installed as survey points (Figure 6); their length was 0.35 m. In each survey, we took North, East, and elevation (Z) coordinates with respect to a point within the study site (triangle in Figure 5), so the measurements correspond to relative position between 2 creeping points. To observe the evolution of relative soil displacement in different periods, the difference in survey position between 2 consecutive field campaigns was taken; such differences were calculated as the Pythagorean distance between 2 points. The estimated uncertainty in the relative position is associated to the nail diameter on the total station fixed survey point and on the benchmarks of the measuring points, which affect the location of the total station’s laser; this was estimated to be 10 mm. The basic statistics (mean, standard deviation, median, and 25 and 75 percentiles) of the collected positioning data are shown on Table S3 of Supplementary Materials.





4. Results


4.1. Hydrological Behavior: Water Table, Runoff and Percolation


Water table fluctuations are closely related with precipitation (Figure 6). During wet periods, the water table oscillates mostly between 0 and 0.4 m below the surface. During dry periods the water level decreases gradually and may reach levels below the bottom of the piezometers (Figure 6b–d); when the rainy season starts, it can take several weeks to detect a response, which ultimately rises close to the ground surface. Notably, this response was slower during the last wet period of 2019 (Figure 6). The water table ascent is controlled by the volume and periodicity of the rainfall; it then remains at the surface until the end of the wet season and in some cases this behavior extends to the dry season for up to 3 weeks. Even though the piezometers are most likely recording a perched water table [17], it is clear that for most of the year, its level is above 1 m depth, and for nearly 70% of the time it is above 0.4 m. According to the most recent Aburrá River basin development planning and management study [37], and based on 25 years of data taken at a station within 3 km from our study site, the real evapotranspiration is quite homogeneous throughout the year: its value during the dry months of the year (June–July–August and December–January–February) does not surpass that of the wet months by more than 10%. This means that fluctuations in the water table are mainly linked to the variations in rainfall rather than increases in evapotranspiration during the dry periods.



Figure 7 shows the behavior of runoff and percolation in the two experimental plots of our study site; the time series of both variables suggest a positive correlation with the rainfall. For the rainy periods, runoff reached a maximum of 37.5 mm/week (Figure 7b,d) shortly after rainfall events greater than 50 mm/day. Runoff values greater than 10 mm/week are in general associated with previous rainfall events greater than 20 mm/day; the lowest values of runoff (nearly 0 mm) are generally associated with dry periods and, in some cases, this behavior extends into the wet season. This is particularly noticeable for the last transition from dry to wet season in 2019 (Figure 7b). The mean runoff values for the wet seasons are about 5.3 mm/week.



For the shallowest lysimeters (0.4 and 0.2 m in plots 1 and 2, respectively), the highest values of percolation ranged from 333 to 500 mm/week (Figure 7c,e), associated with weekly rainfalls typically greater than 60 mm and daily precipitation values that in some cases exceeded 50 mm. Percolation values greater than 140 mm/week are normally associated with weekly precipitation values greater than 20 mm. In general, percolation at these shallow levels is nearly zero during the dry season, and then responds to continuous precipitation events of more than 5 mm/day. About 90% of the rainfall episodes record < 20 mm/day; in this case, the main factor that determines the volume of percolated water is the rainfall frequency rather than intensity (Figure 7a,c,d). Percolation values at 0.8 m below the surface are larger, reaching up to 1000 mm/week during the rainy periods; shortly after precipitation events > 50 mm/day (Figure 7a,c,d) and associated with weekly rainfall of about 140 mm. At the beginning of the rainy season, percolation values at these levels are <200 mm/week and may reach ~600 mm/week after the first month. In general, during these wet periods, which include continuous precipitation events (some of them > 20 mm/day), deep percolation values are at least 250 mm/week; values > 400 mm/week are associated with daily rain events > 30 mm. During the dry season, deep percolation is typically zero, but in occasional rain events it can raise values to almost 100 mm/week.




4.2. Soil Moisture


Figure 8 illustrates the behavior of soil moisture, showing the time evolution of measurements at four different depths. Soils at the study site have clay textures and a high content of rock blocks at depth [17]. In general, we observed a relatively rapid response of the soil moisture to the rainfall events (within a day) for all installed sensors. For the shallowest (0.2 m), the soil is usually above field capacity (68% of the year); during the dry seasons, soil moisture approaches the wilting point. Rainfall events > 40 mm/day favor rapid soil saturation. At 0.6 m below the surface, the soil mostly remains very wet year-round (Figure 8b,c), rapidly reaching the saturation point. In general, sensors at 0.4 and 0.8 m depths show the best relation for dry and wet periods (Figure 8b).



The recorded values of soil moisture are consistent with the behavior of the water table, which responds rapidly to precipitation and remains at shallow depths (<0.4 m) for most of the year, favoring the capillarity effects in the soil. Thus, the combination of high moisture values during most of the year and a perched water table very close to the surface, favors the rapid hydrological response in periods of high precipitation and facilitates the rapid saturation as a function of the volume and periodicity of precipitation.




4.3. Measurement of Movement


To estimate displacement magnitudes, we calculated the difference in position of the survey points between two consecutive measurements during each field campaign; the resulting vectors are shown in Figure 9. As the positions are relative to a point that is also moving, they cannot be interpreted as absolute positions and should only be taken as a first order result with the intention of estimating the short term evolution of the displacement. The survey observations yielded displacements between consecutive campaigns ranging from 15 to 204 mm. Results indicate that the smallest displacement magnitudes (in terms of mean values) occurred between November and December (campaign 6, mid-December, Figure 9e) and the largest displacements occurred between September and October (campaign 4, mid-October, Figure 9c). The spatial distribution of displacement does not show a specific pattern, and it seems like the maxima and minima of the vectors occur randomly.



It is noteworthy that in some cases, the displacement apparently occurs in a direction opposite to the prevailing slope gradient (Figure 9). This may be due to the fact that the motions are relative to a moving point and to counter-slope-wise rotations of the survey milestones. During campaign 4, the one with the largest mean displacement, only 2 out of 13 vectors have a component opposite to the slope gradient (Figure 9c); for campaign 6, which is associated with the shortest mean displacement, nine (9) vectors have a component opposite to the slope gradient (Figure 9e). This suggests that, in spite of the limitations, we are roughly capturing the downslope motion of the soil and that these displacement measurements are providing us with valuable preliminary information.





5. Discussion


The contributions of shallow groundwater to the soil water balance, evapotranspiration, plants, and ecosystems have been extensively studied and documented [38,39,40,41]. In our case, after measuring moisture for several months and at least two cycles of dry-wet time periods, we can identify an udic moisture regime, as there are horizons in the soil that remain wet all year, and even during the dry periods are nearly at field capacity. It is clear for measurements 0.6 m below the surface, the volumetric water content remains relatively high during the dry seasons. Additionally, the soil profile takes from two weeks to a month to reach a near saturation state after the beginning of the rainy season. This behavior is consistent with the observations of fluctuations in the water table, which remains near the surface for most of the year, supported by the presence of hydrophytes and evidence of redox features in the soil profile [17].



Based on a compilation of landslides near our study site, evidence exists that the first rainfall maximum of the year (during March–May) recharges the soils, so that during the second rainy season (September–November) the soil rapidly reaches saturation, initiating more landslides during this latter period [42]. Our data also suggest that the conditions of antecedent moisture in the soil determine the behavior of the soil water during the second annual rainy season; the high antecedent moisture between 0.4 and 0.6 m below the surface favors a rapid water table rise. Conversely, the water table decline during the dry season occurs slowly [43], as our data indicate that the levels in the piezometers take about 4 weeks to reach 0.6 m below the surface; during this season the capillarity plays an essential role in maintaining relatively high values of soil moisture, and the water table is highly controlled by textural discontinuities within the soil profile, which may be related to hydrologic discontinuities that create perched levels [17].



Percolation values measured in the deep lysimeter were systematically greater than those in the shallow one for both experimental plots during the rainy seasons, and it is common that percolation exceeds precipitation (Figure 7). These data indicate that subsurface lateral flow actively occurs at depths between 0.4 and 0.8 m; this is also consistent with the year-round shallow water table (most likely perched). Loaiza-Usuga et al. [17] present a more comprehensive description of this subsurface flow. Electrical resistivity surveys [17] suggest that meteoric water is concentrated in the uppermost 2 meters of the subsurface. Large rainfall events (>20 mm/day), in conjunction with near-field capacity antecedent moisture conditions, favor the saturation of the shallowest soil horizons and an increase in the surface runoff via saturation overland flow (Figure 7 and Figure 8). Similar situations have been reported by Corominas et al. [43] and Crosta [44] for mountain basins, where the soil parent materials determine porosity and the dynamics of water in the soil, which in turn may favor soil creep [43,45]. Therefore, we propose that the continuous subsurface downhill flow is exerting a quasi-permanent force upon the soil that actively contributes to creep.



The hummocky landscape at the study site is characterized by a series of mounds separated by irregular depressions, indicating a structure of independent blocks, which is consistent with very irregular and spatially discontinuous movement of the uppermost soil layers [18]. Expansion and contraction of the soil particles and the associated stresses are plausible processes to explain the heterogeneous movement of the soil that produces these geomorphic features; during years when the soil experiences drying, the effects of expansion and contraction on soil creep should be clearer. During our measurement period, even though the soil did not completely dry, there are variations in the water content which are linked to changes in the state of stress that contribute to soil movement.



The results of the positioning measurements (Figure 9) indicate that slope creep movement is far from homogeneous; there exist apparent chaotic patterns with no clear trends. Even though this heterogeneous pattern arises because the positions were measured relative to a moving point, the results are consistent with the concept that there is not a single mechanism that drives soil creep, and rather a combination of factors such as expansion / contraction cycles, differential motion between layers, and effects of the subsurface flow acting at different depths, needs to be considered. Other studies note that short-term measurements of soil creep follow very heterogeneous and somewhat random patterns, and the net movement does not always occur in the direction of predominant slope gradient [46,47]; in our study site this was clearly the case. Additionally, in some cases, the movement (taken as the difference in positions between two consecutive survey campaigns) apparently occurs with a component in the upslope direction; as noted previously, this may be due to our measurements of relative positions with respect to a moving point. It is also clear that what we are measuring is not the position of the soil particle, but the position of a point on the cylinders used as milestones; torque on the 35 cm long cylinders, caused by the differential motion between soil layers, differential water push, or differential expansion / contraction stresses can generate this apparent upslope motion (Figure 10).



Aside from the fact that our positioning surveys do not necessarily measure soil motion, we interpret the change in the displacement magnitude (relative to the previous field campaign), regardless of the direction, as a first order indicator of creep rate. The change of magnitude of displacement is calculated by the difference in the displacement vector magnitude between two consecutive measurement periods. In Figure 11 it is shown that when using the positioning data from the mid-October field campaign, there is an increase in the magnitude of displacement relative to the one computed in the previous survey (mid-September); for the other campaigns (September, November and December), such movement decreases or remains approximately the same. This means that there is an increase in the displacement magnitude roughly between mid-September and mid-October in the middle of the rainy season (Figure 11b), the time during which water content in the soil approaches its maximum but fluctuates significantly in the upper layers of the soil (Figure 11c), changing the stress state and contributing to the movement. This correspondence between soil moisture fluctuations at a near-saturation state and the highest relative displacement magnitude, suggest that the expansion and contraction mechanism liked to soil wetting and drying, is playing a major role in soil creep.



The change in displacement magnitude reported for mid-September is given relative to the previous campaign, which was in July; during this period there is a transition from dry to wet seasons, with an associated increase in water content (Figure 11c); however, the displacement magnitude does not change significantly (Figure 11b). This is consistent with results by Crawford et al. [48] for a colluvial soil, where they found that the cumulative displacement decreased as the soil water content increased and approached saturation; the nature of this movement is different from the one we studied, but there is a similar response to the moisture change in terms of displacement rates. For the campaigns in mid-November and mid-December, the displacement magnitude predominantly decreases; between mid-October and mid-November, the soil moisture was at its highest, with smaller fluctuations compared with the previous period (mid-September–mid-October, Figure 11c). The relatively stable high-water content, in conjunction with the subsequent development of a more compact topsoil and a dense root system, may determine the decrease in the displacement rate [49]. During the time interval between mid-November and mid-December the dry season is established and the water content in the upper soil layers decrease (Figure 11c), consistent with stabilization as the drying occurs [48].



Unfortunately, the time window of our measurements is very limited and this is only a rather rough order estimate of what can occur at monthly time scales; to better address the role of the wetting / drying (expansion / contraction) processes in soil creep in our study site, a longer term positioning study should be continued. However, our data suggest that an increase in the displacement magnitude is related to fluctuations in the soil water content during a period of high pore pressure, and other factors, such as contrasting properties in between different soil layers and the forces exerted by subsurface lateral flow that contribute to the slow downhill movement of soil.




6. Summary and Conclusions


Different pieces of evidence indicate that soils are creeping in many locations on the western slope of the Medellín–Aburrá Valley, in the northern Andes of Colombia. The humid weather and the steep slopes make soil creep and landslides common in the area. We selected a monitoring site to improve our understanding of the creep phenomenon and to assess its relationship with the soil hydrology. We found a soil with significant vertical variations in texture and structure, which favor relative displacements in between different soil layers. The first 2 meters below the surface have a high-water content, resulting from perched water tables. We found sufficient evidence of active subsurface flow in the shallow subsurface (within the first 80 cm); forces exerted by this flow upon the soil particles are likely contributing to soil creep movement.



It is known that the effects of soil particle expansion and contraction, as a result of cycles of wetting and drying, are one of the main driving mechanisms of soil creep; this suggests a strong link between soil hydrology and its displacement. Therefore, we conducted a series of positioning surveys at the study site to elucidate this relationship. We observed that the relative displacement magnitudes and their changes were at their maxima between mid-September and mid-October, by the middle of the rainy season, so we infer that the effects of expansion / contraction seem to be more significant in terms of creep rate when changes in water content occur within a wet period, during which the soil is nearly saturated. In other words, our results suggest that changes in soil moisture during the rainy season play an essential role in favoring the slow downhill motion of the soil particles.
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Figure 1. Location of the study site: (a) The northwestern corner of South America and the Northern Andes; location of Medellín shown in red; (b) location of the study area relative to Medellín (gray) and the Aburrá Valley (blue); (c) monitoring site with the hydrological instrumentation; and (d) an expanded view including the location of trenches that we used to soil characterization; red box as in (c). 
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Figure 2. General geomorphic, morphodynamic, and pedostratigraphic features around the study site: (a) terracettes; (b) terracettes, boulders, and mounds; (c) landslide on the road; (d) some scars (red) resulting from mobilized material, and signs of accumulated material (blue); (e) soil profiling at Plot 1; and (f) soil profiling at Plot 2; see Figure 1 for locations of plots and trenches. 
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Figure 3. Evidence of soil creep in the study area: (a) cracked walls; (b) cracks in roads; (c) broken retaining walls; (d) bent trees; (e) organic matter overlying the slope deposit; and (f) horizon of organic matter mixed with subangular rock blocks. The mass movement at our site was not classified as an earthflow since it implies a faster motion of the ground compared to creep, and therefore it would be more noticeable, while creep is nearly imperceptible [6,31]. Movement rates depend on the feedback among slope processes, pedogenesis, and biomorphic activity; together these generate complex morphometric characteristics, even at local scales [6]. Therefore, the activity of this phenomenon is not spatially uniform throughout the entire slope, causing the generation of the previously mentioned mounds and depressions, which agree with previous observations and reviews [6,8]. 
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Figure 4. Field instrumentation for hydrological measurements: (a) runoff plot; two zero-tension lysimeters were installed at different depths within the plots; and (b) one of the four piezometers installed along the slope. 
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Figure 5. Location of the survey points in the monitoring area. The triangle depicts the reference point for relative locations, and orange circles denote each survey point. 
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Figure 6. Consolidated piezometer measurements. Daily rainfall is indicated at the top of diagrams, from two available gauges in the area (Stations 48 and 20). Gray shaded areas denote rainy seasons. Squares indicate water levels in each piezometer. Dashed line indicates the maximum depth reached by the piezometer. (a) piezometer 1; (b) piezometer 2; (c) piezometer 3; and (d) piezometer 4. See Figure 1 for piezometer location. 
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Figure 7. Runoff and percolation measurements at the experimental plots. Gray shaded areas denote rainy seasons. (a) Daily rainfall from two rain gauges in the area; (b) runoff from plot 1; (c) percolation at two depths from plot 1 (indicated by the legend); (d) runoff from plot 2; and (e) percolation at two depths from plot 2 (indicated by the legend). 
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Figure 8. Volumetric water content measurements with the sensors in Plot 2. Gray-shaded areas denote rainy seasons. (a) Daily rainfall from two rain gauges in the area; (b) time series of volumetric water content at each sensor. Legend indicates sensor depth; and (c) profile with the interpolation of volumetric water content in the soil profile. 
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Figure 9. Displacement vectors between consecutive campaigns: (a) displacement campaign 2 with respect to campaign 1; (b) displacement campaign 3 with respect to campaign 2; (c) displacement campaign 4 with respect to campaign 3; (d) displacement campaign 5 with respect to campaign 4; and (e) displacement campaign 6 with respect to campaign 5. 
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Figure 10. Schematic cartoon of the hillslope illustrating a possible cause for the obtained movements which are opposite to the slope gradient. Differential forces (red arrows) may act on the cylinders generating a torque that causes a counter slope turn, and therefore, an apparent upslope movement of the terrain. We illustrate the possible effects of differential downslope movements in between layers (left), differential vertical forces resulting from contraction (center), and differential surface–perpendicular forces resulting from expansion (right). 
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Figure 11. Changes of displacement magnitude between consecutive campaigns. (a) daily rainfall from two rain gauges in the area; (b) changes of displacement magnitude for each survey point; and (c) time series of daily volumetric water content for the shallow sensors. 
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Table 1. Main characteristics of the runoff plots.
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	Plot 1
	Plot 2





	Approximate slope (°)
	30
	20



	Lysimeter 1 depth (cm)
	40
	20



	Lysimeter 2 depth (cm)
	80
	80



	Lysimeter 1 volume (L)
	20
	30



	Lysimeter 2 volume (L)
	60
	60



	Runoff tank volume (L)
	60
	60
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Table 2. Frequency of soil moisture conditions according to measurements of Volumetric Water Content (VWC) at four sensors in Plot 2.
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Soil Moisture Condition

	
VWC Range (%)

	
Number of Data Points

	
Percentage






	
Sensor 1 (0.2 m depth)




	
Saturation

	
0.39–0.45

	
5

	
1%




	
Partially saturated

	
0.25–0.39

	
196

	
56%




	
Field capacity

	
0.21–0.25

	
21

	
6%




	
Below Field capacity

	
0.15–0.21

	
47

	
13%




	
Wilting point

	
0.08–0.15

	
84

	
24%




	
Sensor 2 (0.4 m depth)




	
Saturation

	
0.38–0.40

	
2

	
0%




	
Partially saturated

	
0.36–0.38

	
3

	
1%




	
Field capacity

	
0.34–0.36

	
16

	
4%




	
Below Field capacity

	
0.19–0.34

	
233

	
55%




	
Wilting point

	
0.17–0.19

	
19

	
4%




	
Hygroscopic point

	
0.09–0.17

	
153

	
36%




	
Sensor 3 (0.6 m depth)




	
Saturation

	
0.38–0.40

	
4

	
1%




	
Partially saturated

	
0.36–0.38

	
22

	
5%




	
Field capacity

	
0.34–0.36

	
21

	
5%




	
Below Field capacity

	
0.19–0.34

	
338

	
81%




	
Wilting point

	
0.17–0.19

	
13

	
3%




	
Hygroscopic point

	
0.09–0.17

	
21

	
5%




	
Sensor 4 (0.8 m depth)




	
Saturation

	
0.38–0.40

	
17

	
4%




	
Partially saturated

	
0.36–0.38

	
61

	
15%




	
Field capacity

	
0.34–0.36

	
34

	
8%




	
Below Field capacity

	
0.19–0.34

	
136

	
32%




	
Wilting point

	
0.17–0.19

	
36

	
9%




	
Hygroscopic point

	
0.09–0.17

	
135

	
32%
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Table 3. A chronology of the field campaigns.
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	Campaign Number
	Date





	1
	06/15/2019



	2
	07/20/2019



	3
	09/21/2019



	4
	10/19/2019



	5
	11/15/2019



	6
	12/13/2019
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